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Abstract
The story of oxytocin (OXT) began long ago in evolutionary terms with its recognition as a
classical neurohypophyseal hormone important for lactation and uterine contraction. With the
recent discovery of its local actions in the brain, its previously-unappreciated diverse functions in
regulating social behaviors and metabolic physiology are emerging. In light of metabolic control,
OXT has been shown to induce feeding restriction and body weight lowering through acting on
brain regulatory regions, in particular the hypothalamus. Studies from pharmacologic
interventions and genetic manipulations demonstrated that OXT can play significant roles in
affecting glucose metabolism as well as insulin secretion and lipolysis, many of those functions
being regulated both centrally and peripherally. Also excitingly, recent therapeutic success was
obtained in clinical endeavor showing that OXT nasal spray effectively induced weight loss and
metabolic improvement in human patients with obesity, thus further indicating OXT as a tangible
drug target for treating obesity and metabolic complications. In addition to the native form, OXT-
derived analogues have been found effective in inducing body weight control and glucose balance.
Altogether, all recent advances in studying OXT and metabolic regulation has promoted a
promising foundation for the therapeutic strategy of developing innovative OXT peptidyl drugs
for the treatment of obesity and related metabolic diseases.

Introduction
The increasing prevalence of obesity and the associated metabolic syndrome disorders have
made them challenging public health problems, and identifying effective therapeutic
strategies is more imperative than ever. Although, quite a few anti-obesity drugs have been
launched in the market over the past decades, they have either failed or been red flagged due
to severe side effects. Alternatively, bariatric surgery has proved effective in lowering body
weight and other metabolic complications under severe obesity conditions, but on the other
hand, they may pose serious risks and side effects, and evaluations of long-term outcomes
still remain to be followed up. Of interest, the continuing quest for newer and better
therapeutic approaches have resulted in recent discovery of peptide-based dugs such as
intestinal peptide glucagon-like peptide-1 and dipeptidyl peptidase-4 inhibitors in
controlling obesity as well as diabetes [1,2]. The promising clinical success of peptide
therapeutics is seemingly suggesting a research direction towards the therapeutic
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development of neuropeptides which are known to regulate body weight and glucose
homeostasis. Indeed, compelling evidences have been documented to implicate that obesity
and metabolic syndrome development are significantly attributed to the dysregulation of the
central nervous system (CNS). In light of the hypothalamus, recent research has
conclusively recognized that disruption of various hypothalamic pathways can be
responsible for disordered feeding and energy balance which underlie the development of
obesity and related health problems [3–7]. Taking lead from these findings, research has
made efforts to target the neural components for therapeutic options, based on hypothalamic
neural circuits and neuropeptides that are critical for maintaining energy and body weight
balance, and OXT is one such neuropeptide. In addition to the emerging appreciated
neuropsychiatric functions of OXT [8–11], OXT was recently revealed to be critical for
metabolic regulation [12–17] and can work as a therapeutic approach for obesity and related
metabolic diseases [15–19], and this review focuses on discussing the role of OXT in
metabolic physiology and in particular its therapeutic potentials for obesity and diabetes.

Classical functions of OXT in reproduction
The hypothalamo-neurohypophyseal neuropeptide OXT is classically known for its
functions in reproductive physiology of mammalian females, such as uterine contractions
and delivery, milk ejection and maternal care. Such hormonal actions are mediated through
OXT secretion into the circulation via stimulation of the OXT system which incorporates
OXT and its receptor [20]. It has been shown in rats that suckling is one of most intense
stimuli of the OXT system, resulting in burst activity of OXT neurons and pulsatile peptide
secretion into the blood during the milk ejection reflex [20,21]. Also, exogenous OXT
administration can improve sexual motivation and sexual performance in females, and
further studies showed that OXT acts as a neurotransmitter that centrally regulates
reproduction including parental and sexual behaviors [21]. The actions of OXT in uterine
contraction and milk secretion are based on OXT synthesis in the magnocellular neurons of
hypothalamic paraventricular nucleus (PVN) as well as the supra optic nucleus (SON) and
its secretion into the circulation via projections of OXT neurons in the posterior pituitary. In
addition to aiding female reproductive activities, central OXT pathways are recognized to
have roles in sexual behavior and reproduction of males [10,21,22]. Through multiple
signaling pathways in the CNS and the peripheral nerve system, OXT can work to control
reproductive or sexual behaviors of males including penile erection, ejaculation, post-
ejaculatory detumescence to post-orgasm refraction [21,22]. Indeed, administration of OXT
antagonist centrally greatly reduces sexual interest and performance of males without
affecting general locomotor activity [21], and similar effects of OXT antagonist were seen
on female sexual behaviors [21,23], reinforcing the importance of central regulation on
physiological functions of OXT.

Non-classical neuropsychiatric functions of OXT
In addition to its classical role in reproductive physiology, growing evidence indicates that
OXT plays important roles for a wide spectrum of neuropsychiatric functions. Several lines
of findings have suggested that these new functions of OXT include modulating
neuroendocrine reflexes and establishing complex pro-social behaviors which range from
the domains of maternal behavior, infant attachment, emotional control, pair bonding,
reward, and social signals-cognition linkage, and the positive neuropsychiatric effects of
OXT even encompass moral judgment, selfless decision-making and interpersonal
relationships [8–11]. Promoted by this background, OXT has recently attained research
attentions as a potential novel treatment for psychiatric disorders such as social anxiety,
autism and borderline personality disorder and supportively, individuals with autism tend to
have lower OXT levels [11,24]. Clinical studies albeit within small samples, have shown
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that OXT treatment improved social, aggressive and paranoid behavior of autistic patients
[11]. Infusion of OXT has been shown to reduce repetitive behaviors while improving
speech recognition and social cognition [11]. Also, compelling clinical trial results indicated
that OXT can improve both positive and negative symptoms in schizophrenia [25]. Besides,
OXT exhibits early-life neuroprotection and anti-stress properties, further stimulating
research on therapeutic use of OXT in neuropsychiatric disorders [25]. All these evidences
suggest that OXT and OXT-like drugs bear potentials of therapeutics for treating
neuropsychiatric disorders.

Role of OXT in feeding and metabolic regulation
Feeding behavior, bodyweight and energy balance are critically regulated by the
hypothalamus in the CNS [7,26–28]. Established understandings have depicted that the CNS
controls feeding and energy balance through the hypothalamic actions of hormonal signals
such as leptin and insulin, which modulate the production of orexigenic neuropeptide Y and
agouti-related peptide as well as anorexigenic pro-opiomelanocortin derived α-melanocyte
stimulating hormone and cocaine- and amphetamine-regulated transcript, and these
neuropeptides are released to activate or inhibit melanocortin receptors (MC3/4R) in second-
order neurons to reduce or increase food intake [3]. Of interest, some MC3/4R-expressing
cells located in the PVN are OXT neurons [12], and many of classical and nonclassical
actions of OXT are known to be associated with feeding changes [29–32]. Indeed, using
pharmacological approaches via brain ventricular injections, the anorectic action of OXT
was documented decades ago [32,33], and recent studies further linked OXT to the
hypothalamus-brain stem circuits that work to inhibit feeding [12–14]. However, the
physiological and disease relevance of OXT were unexplored until recently when
researchers found that obesity is significantly attributed to OXT release defect, and OXT
treatment was able to effectively correct overeating and obesity [15–19]. Further, it was
discovered that OXT plays a vital role of OXT in integrating circadian control with
metabolic regulation, and OXT treatment can amend the circadian dysregulation of
metabolic physiology leading to reduction of obesity [15]. In terms of circadian physiology,
there is a striking similitude between the circadian rhythm of food intake patterns and
circulating OXT levels across a 24-hour period [15], suggesting that OXT is involved in
circadian control of feeding by the hypothalamus. Agreeably, feeding has been associated
with changes in OXT neuronal activity [34] and elevated plasma OXT levels [35].
Significance of OXT for feeding regulation was also appreciated in reproduction-related
physiology, as lack of central OXT action in mid-pregnancy was shown to be a basis of
maternal hyperphagia [29]. Also, the effects of OXT in feeding and body weight regulation
were further supported by the observations that genetic deficiency of OXT [36,37] or OXT
receptor [38] both led to hyperphagia and weight gain in mice. In addition to feeding
regulation, evidence exists showing that OXT has an effect in promoting energy expenditure
[15,16,18], thus providing a parallel mechanism for body weight regulation by OXT. In
summary, as elucidated in Figure 1, hypothalamic oxytocinergic machinery regulates body
weight homeostasis through the actions OXT on feeding and energy expenditure.

Metabolic action of OXT via central vs. peripheral release
The histologically appreciated effect of OXT in appetite suppression did not immediately
lead to an active query of whether it could be therapeutically useful for overnutrition-
induced diseases such as obesity and diabetes. This situation was probably related to the
paucity of knowledge regarding the mechanisms how OXT acts to affect metabolism, and
the complex nature of OXT release represents another stumbling block which suppressed
research from aiming to understand its relevance to metabolic physiology. Indeed, based on
studies from basic neurobiology, OXT has dual actions mediated by its peripheral versus
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central release, and various stimuli can differentially determine the release of OXT from the
two kinds of oxytocinergic neurons in the hypothalamus [11,31]. Depending on the quality
and intensity of a given stimulus, the magnocellular neurosecretory neurons of the SON and
PVN are excited to release OXT into the circulation via the neurohypophysial projections
and axonal transportation, and the biological functions of this release are classically related
to milk letdown and uterine contraction. OXT in the parvocellular neurons of the PVN
(which have central projections) can release within the brain via direct axonal connections to
the critical brain regions or by ‘volume diffusion’ effects in areas that express OXT receptor,
and this intra-brain release has been related to the actions of OXT in controlling the
autonomic functions which seem to also include feeding regulation [39]. In addition to food
intake, activation of central or peripheral OXT receptors also regulates energy expenditure
directly or indirectly [15,16,31]. Research demonstrated that OXT when delivered
systemically causes reduction in fat mass and adipocyte size [19], and OXT receptor
deficiency incurs an opposite effect [38]. Taken together, all these observations signify that
OXT release patterns are functionally critical towards determining the bioavailability of this
neuropeptide in systemic circulation or locally in the brain, while the control of OXT gene
expression represents only an initial step in the whole cascade. However, despite the existing
evidence about the effect of OXT in feeding, the physiological relevance and therapeutic
significance of OXT in metabolic balance are still much in oblivion. Regardless, while
current research has been recognizing the important role of neuropeptide release in body
weight control, OXT release was identified to be relevant to obesity and metabolic
syndrome both mechanically and therapeutically [15–17].

Anti-obesity effect of OXT in animal models
Few recent evidences have suggested that obesity is associated with defect of OXT
signaling. Mice with haploinsuffciency of single-minded 1 (SIM1) gene have reduced OXT
expression and are characterized to be hyperphagic and highly susceptible to diet-induced
obesity [36,40,41]. In humans, mutations in SIM1 were associated with severe obesity; also,
reduction in the number and size of OXT neurons in the PVN have been reported in patients
with Prader-Willi syndrome, a genetic disorder characterized by severe hyperphagia and
obesity [42]. The importance of OXT release dysregulation in feeding, body weight and
obesity pathogenesis was first delineated very recently in a study using mouse model with
high-fat diet (HFD)-induced obesity [16]. It was observed that HFD-induced obesity was
significantly directed by downregulation of OXT release through increased vesicle binding
of atypical synaptic exocytosis modulator, synaptotagmin-4 (Syt4). Syt4, which was found
rich in OXT neurons of the hypothalamus [16], is a member of vesicle fusion machinery,
and being Ca2+ insensitive, it is known to act as a negative regulator of neurotransmitter or
neuropeptide release [43]. Zheng et al recently reported that HFD feeding led to
upregulation of Syt4 in hypothalamic OXT neurons, and Syt4 knockdown can restore OXT
release to protect against HFD-induced obesity [16]. While these evidences indicated that
Syt4-mediated reduction of OXT release is a causal factor for the hypothalamic mechanism
of obesity, the investigators further assessed if OXT could be therapeutically useful in
treating obesity and related diseases. Indeed, as shown in the same study [16], data were
provided demonstrating that administration of OXT provided protection against HFD-
induced obesity in mouse models, and this protective effect was significantly attributed to
the improved neural regulation of feeding, energy expenditure and body weight. In
corroboration with these findings, Deblon et al reported that chronic central OXT infusion
dose-dependently restricted weight gain and increased adipose tissue lipolysis in rats with
HFD-induced obesity [18]. Of interest, studies by Zhang et al further showed that peripheral
administration of OXT could also stimulate the central release of OXT to kindle the desired
anti-obesity benefits in mice [15,16]. Consistently, Morton et al reported that peripheral
OXT delivery induced weight loss in rats with HFD-induced obesity, and the authors
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mechanistically related this effect to reversal of leptin resistance through OXT's action on
the satiety-related inputs in the hindbrain [44]. Taken together, all these observations clearly
point to that the peripheral-central interactions mediated by OXT are involved in regulation
of metabolic balance, and are opening up a new vista for drug development in obesity
therapeutics (Figure 1).

Anti-diabetic effect of OXT in animal models
In addition to regulating body weight balance, OXT seems to have a role in affecting
glucose and insulin homeostasis, which can be hinted by early studies reporting that OXT
promotes glucose uptake and stimulate insulin secretion [45–48]. Studies using pancreatic
islets or intact pancreas showed that OXT stimulated insulin secretion independently of
plasma glucose changes while it also stimulated pancreatic glucagon secretion [47], which
might suggest an involvement of OXT in diabetology. By focusing on diabetic
pathophysiology, recent research demonstrated that OXT administration reduced obesity-
related diabetic changes ranging from insulin resistance, glucose intolerance, pancreatic islet
hypertrophy and hepatic steatosis in mice while obesity also reduced [15,16,19]. However,
given that it was still unclear if the anti-diabetic effects were secondary to weight control,
follow-up studies by Zhang et al employed acute experimental paradigms in mice with
HFD-induced obesity, and found that acute treatment with OXT or OXT analogs reversed
insulin resistance and glucose intolerance prior to reduction of obesity [17], thus dissecting
the OXT's glucoregulatory pathways from its long-term effect on body weight. Furthermore,
to directly examine the potential role of OXT in insulin secretion, Zhang et al performed
treatment with OXT or OXT analogues in a streptozotocin-induced diabetic mouse model,
and observed that the treatment led to improved insulin secretion so that diabetic changes
were induced to a significantly less degree. Thus, while research on the therapeutic role of
OXT on diabetes is still extremely limited compared to the research on obesity, the initial
findings discussed above can provide a support to the conceptual model (Figure 1) that OXT
may work as a therapeutic target for treating diabetes through promoting insulin
sensitization and insulin secretion in addition to weight control.

Anti-obesity effect of OXT in patients
To address whether OXT and derived peptides could be the next generation anti-obesity and
anti-diabetic drugs, a critical step is to examine if patients could respond to the treatment
with good efficacy as did the rodents. Also, could OXT and its derivatives prove safe, unlike
most weight-loss drugs marketed over the past decades which were associated with severe
psychiatric and cardiovascular side effects [49]? After all, the hallmark of a successful
weight-loss drug is the ability to reduce energy intake and/or increase energy expenditure
without major adverse side effects. A very recent clinical trial of using OXT to treat human
obesity proves to be promising and keeps the hope alive. In this clinical design, researchers
considered that although OXT's effects on weight control is predicted to be largely mediated
through the CNS, peripheral OXT administration can indeed stimulate the central release of
OXT to induce metabolic benefits [15]. Based on this rationale, a pilot clinical study was
performed to evaluate if OXT delivery through nasal spray could treat metabolic problems
in human patients with obesity. In fact, OXT therapy in humans through intranasal route is
already in practice for improving neuropsychiatric symptoms [9,50]. In addition to its
peripheral action, intranasal delivery route may provide better feasibility for this small
peptide to cross the blood brain barrier through the leaky areas and thus stimulate the central
neural circuitry directly. In this study, Zhang et al found that multiple nasal sprays of OXT
per day successfully lowered body weight of obese patients as opposed to placebo treatment
[17]. The therapeutic benefit amplified with the increase of treatment duration from 4 weeks
to 8 weeks [17]. Also as shown, the effect of weight loss by OXT treatment was reflected by
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decreases in waist and hip circumferences of patients thus endorsing the benefits further, as
waist to hip ratio is a cogent predictor of body composition and fat distribution and is
accepted as a more meaningful indicator of health outcomes. These findings are the first
report of successful clinical use of OXT in lowering body weight in obese patients, and such
clinical data should lead to a further expansion of research dimension towards the
development of OXT-based drugs for obesity therapy in humans.

Therapeutic effects of OXT against obesity-related metabolic disorders in
patients

Critical comorbidity factors associated with obesity are known to include pre-diabetic
changes such as glucose intolerance, insulin resistance and hyperlipidemia. Despite that
OXT is in clinical use for many decades, no thorough studies have been reported from the
perspective of its possible effects on these conditions which may eventually benefit diabetic
patients. In the recent clinical trial study, Zhang et al [17] demonstrated that OXT treatment
in humans was found not only to reduce body weight in patients, it also improved the lipid
profile of the patients by lowering serum low density lipoprotein (LDL) and cholesterol
levels and a propensity for low density lipoprotein (HDL) level improvement. Also
postprandial blood glucose and insulin levels in patients tended to be improved to a healthier
range. Still a key outstanding question was, if these metabolic beneficial changes were just
ancillary precipitates of obesity reversal? The study did not find positive correlation between
these metabolic improvements and weight reduction in patients, which may indicate that
OXT exerts a direct action on glucose and insulin homeostatic machinery independently of
body weight control. The patients who underwent the treatment showed slight improvement
in hepatic function, a possible outcome of obesity control which can reduce hepatic
steatosis. Also importantly, OXT yielded all these metabolic benefits but without having the
negative side effects on cardiovascular, liver or kidney functions; problems reflected by
most anti-obesity drugs marketed recently. Thus, all these beneficial observations, in
addition to obesity control which is discussed above, should further endorse OXT and its
analogues to be significantly druggable for human obesity and diabetes.

Conclusion
Over the past years progress has been made towards understanding of the glucoregulatory
action of nonapetide OXT which was classically known for its reproductive functions and its
recent use for neuropsychiatric treatments. While research on animal models clearly
elucidated the benefits of OXT on lowering of body weight by increasing energy
expenditure, satiety signals, adiposity and decreasing food intake, recent clinical success of
using OXT nasal spray for the treatment of obesity and associated metabolic symptoms in
patients makes it a novel target for treating obesity and related metabolic diseases. Also, the
observed metabolic benefits of OXT analogues in animal models and recent pharmaceutical
focus on peptidyl innovative drug development make them promising candidates with great
clinical potentials for treating obesity and related metabolic disorders. Continued research is
still imperative to overcome the challenges of short half lives and limited blood brain barrier
permeability of OXT or analogues, and to minimize off-target effects; nonetheless, these
small peptides hold the promise of being the next generation therapeutic strategy for
treatment of obesity and related metabolic diseases.
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Figure 1. Role of OXT in metabolic physiology and disease intervention
OXT is released into the brain to work on brain regulatory regions leading to control of
feeding and energy balance. OXT released in the circulation and peripheral tissues, while
potentially generating local effects in metabolic tissues, can employ a positive feedback loop
to promote central OXT release to induce the central metabolic actions of OXT. Altogether,
OXT can incorporate multiple mechanisms to regulate energy and metabolic homeostasis,
and represents a new-generation peptidyl drug target for obesity and diabetes therapeutics.
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