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Summary

Oxytocin was once understood solely as a neuropeptide with a central role in social
bonding, reproduction, parturition, lactation and appetite regulation. Recent
evidence indicates that oxytocin enhances glucose uptake and lipid utilization in
adipose tissue and skeletal muscle, suggesting that dysfunction of the oxytocin
system could underlie the pathogenesis of insulin resistance and dyslipidaemia. Mu-
rine studies revealed that deficiencies in oxytocin signalling and oxytocin receptor
expression lead to obesity despite normal food intake, motor activity and increased
leptin levels. In addition, plasma oxytocin concentration is notably lower in obese
individuals with diabetes, which may suggest an involvement of the oxytocin
system in the pathogenesis of cardiometabolic disease. More recently, small scale
studies demonstrated that intranasal administration of oxytocin was associated
with significant weight loss as well as improvements in insulin sensitivity and pan-
creatic B-cell responsivity in human subjects. The multi-pronged effects of oxytocin
signalling on improving peripheral insulin sensitivity, pancreatic function and lipid
homeostasis strongly suggest a role for this system as a therapeutic target in obesity
and diabetes management. The complexity of obesity aetiology and the pathogen-
esis of obesity-related metabolic complications underscore the need for a systems
approach to better understand the role of oxytocin in metabolic function.

Keywords: beta cell function, glucose metabolism, insulin sensitivity, lipid
metabolism.

Introduction

studied comprehensively in animals in the following de-
cades, and the use of oxytocin in clinical obstetrics enabled

Oxytocin was first characterised by Sir Henry H. Dale in
1906 as an extract made from the human posterior pituitary
gland causing uterine contractions in a pregnant cat (1,2). It
was not long after when physicians began using the pitui-
tary extract to stimulate uterine muscle contractions during
labour. The extract was described then as having ‘oxytocic’
activity, derived from the Greek words ‘0&0¢’, meaning
sharp, and ‘toxo¢’, meaning birth — in reference to its
uterotonic action. Kamm ez al. then successfully isolated
the pressor and oxytocic components of the posterior pitui-
tary lobe extracts and named the oxytocic fraction ‘oxyto-
cin’ (3), formally, in 1928. The function of oxytocin was
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considerable advances in the understanding of its physiolog-
ical action in women. Physicians found that higher dosages
of oxytocin could be used to induce abortions, prevent
post-partum haemorrhaging and treat heterotopic cardiac
arrhythmias (4). However, knowledge gaps remained:
studies of its physiological action in human males were
lacking, and the metabolic effects of oxytocin in its natural
or synthesised form were still largely unknown.

It was not until 1963 that accounts of the metabolic ef-
fects of oxytocin emerged (5): administration of oxytocin
(Syntocinon) to 20 puerperal women caused prompt,
sustained elevations in non-esterified fatty acids (NEFAs),
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followed by reductions in blood glucose 30 min to 1 h
later. Similar elevations in NEFA were observed in non-
pregnant women as well as women in labour (natural
and oxytocin-induced) (5,6), except that glucose levels
did not fall significantly in the women in labour (6,7). By
then, scientists had already noted a multitude of interspe-
cies and sex differences in the expression, receptor sensitiv-
ity and metabolic effects of oxytocin (5,8), which made
inference of its equivalent functions in humans difficult.
Regardless, research into oxytocin continued to flourish
with the discovery of its effects in lactation, social bonding,
cognition and appetite regulation (9).

Today, synthetic oxytocin (Pitocin/Syntocinon) is regu-
larly prescribed to induce as well as augment labour. Un-
published data from the 2010 World Health Organisation
Global Survey on Maternal and Perinatal Health showed
that nearly 10% of deliveries globally are induced (10). In
the intensified effort to remediate the obesity epidemic,
oxytocin has been cast into the spotlight for its potential
use in obesity therapeutics, following results from human
and animal studies showing it could reduce food and calorie
intake (11-14). While oxytocin has been shown in murine
studies to increase fat oxidation, improve insulin sensitivity
and glucose transport in peripheral tissues, marked species
differences in the localization and expression patterns of
oxytocin receptors (OTRs) suggest that some of its observed
effects may be species-specific. Animal studies also suggest
that the effects of oxytocin differ in the obese and diabetic
state. The central effects of oxytocin on appetite regulation
and metabolic homeostasis have been reviewed previously
(15-19). The peripheral actions of oxytocin have not been
assessed extensively in literature, particularly in regard to
its effects in humans and translational implications. In this
review, we aim to expand current knowledge concerning
the role of the oxytocin system by reviewing studies on the
peripheral effects of oxytocin and its role in human appetite
regulation, metabolic homeostasis and other areas pertinent
to obesity and diabetes management.

Biochemistry and physiology of the human
oxytocin system

Oxytocin in humans

Oxytocin belongs to the category of neurohypophysial
hormones that are nonapeptides (oligopeptides comprising
nine amino acids) characterised by a disulphide bridge
between cysteine residues 1 and 6. This results in a peptide
with a cyclic hexapeptide ring structure and a highly flexible
C-terminal o-amidated three-residue tail. The isoleucine at
position 3 and leucine at position 8 differentiates oxytocin
from vasopressin, another neurohypophysial hormone with
a similar primary structure, and it is generally believed that
differences in polarity of the amino acid residues at these
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positions enable the specific binding of oxytocin and
vasopressin to their respective receptors (20). Vasopressin
and oxytocin are produced by specific neurons in the
hypothalamo-neurohypophysial system (21). Oxytocin is
co-synthesised with neurophysin I, a 93-95 residue
disulphide-rich protein that ensures proper targeting,
packaging and storage of oxytocin within the granula be-
fore release into the bloodstream. The two peptides are
complexed in a 1:1 ratio and moved along the axon where
they are eventually stored in the axon terminals until neural
inputs elicit their release. The protonated a-amino group
(Cys-1) in oxytocin is the principal binding residue for
neurophysin; the complex is held together by electrostatic
and hydrogen bonds. Due to the binding dependence on
amino group protonation (pKa ~6.4), oxytocin and
neurophysin are kept tightly bound in the neurosecretory
granula that has an acidic environment (pH ~5.5). The
dissociation of the complex is facilitated by the change in
pH as neurosecretory granules are released into the
plasma (pH ~7.4).

External to the hypothalamus, oxytocin gene expression
has been detected in a wide range of cells and tissues
(Table 1). In humans, estimates of median plasma half-life
of oxytocin range from 3.2 min after a single 2 U bolus in-
jection to 4.8 min during a 500 mU min~" infusion (22).
Oxytocin is rapidly metabolised in the liver and kidneys,
and also in the plasma during pregnancy by secreted
oxytocinase (leucyl/cystinyl aminopeptidase), with some
degree of metabolism also taking place in the mammary
glands (23,24). In humans, leucyl/cystinyl aminopeptidase
activity has also been found to be abundantly expressed in
placenta, heart, kidney and small intestine. It has also been
detected at lower levels in neuronal cells in the brain, as well
as in skeletal muscle, spleen, liver, testes and colon (25-27).
The hydrophobic region near the N-terminus in the deduced
sequence indicates that oxytocinase is a type II integral
membrane protein, with northern blots analyses demon-
strating that two forms of mRNAs are expressed, likely to
be in relation to its multiple functions including peptide
degradation (vasopressin, oxytocin, angiotensins), glucose
transporter type 4 (GLUT4) receptor translocation and re-
lease of its secreted form into the circulation under specific
physiological conditions (i.e. second and third trimester
and after parturition) (25-27).

The human oxytocin receptor

Molecular cloning experiments have confirmed that the
human OTR is a member of the rhodopsin-type class I
G-protein-coupled receptor superfamily, characterised by
seven hydrophobic transmembrane o-helices joined by alter-
nating intracellular and extracellular loops, with an extra-
cellular N-terminal domain and a cytoplasmic C-terminal
domain (9,20,28). The human OTR is 388 amino acids long
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Table 1 Expression of oxytocin and oxytocin receptors in human cells and tissues

Cell or tissue Oxytocin mRNA/co-localization with  Oxytocin receptor mRNA/protein Reference
neurophysin expression

Reproductive system
Amnion + + (144,145)
Chorion + + (144,145)
Decidua + + (144,145)
Endometrium + (146)
Epididymis + + (147)
Foreskin fibroblasts + (148)
Mammary tissue + (149,150)
Myometrium + + (145,146,150-152)
Ovary (corpus luteum) + + (28,153-156)
Placenta + + (152,157)
Prostate + + (38,147,158)
Testis + + (38,147,154,159,160)

Brain regions
Central structures + + (161)
Cerebellum + + (161)
Frontal lobe + + (161)
Insula and CC + + (161)
Occipital lobe + + (38,161)
Parietal lobe + + (38,161)
Temporal lobe + + (161)

Other peripheral tissue and organs
Adrenal gland + (159)
Caval vein + (38)
Gastrointestinal tract + + (38,162)
Heart + (38)
Kidney + (38)
Larynx + (38)
Lungs + (38)
Pancreas + (38)
Skeletal muscle + (38)
Skin epidermis + + (163)
Spleen + (38)
Thymus + (164,165)
Thyroid + (38)
Trachea + (38)
Vascular endothelium + (166)

Primary cells
Aortic endothelial cells + (68)
Aortic smooth muscle cells + (68)
Dermal fibroblasts + + (163)
Human airway smooth muscle cells + (38)
Human lymphocytes + (167)
Human myoblasts + + (57)
Human peripheral blood mononuclear cells + (168)
Human primary fibroblastic cells (HFF) + (148)
Human primary trophoblasts + (152)
Keratinocytes + + (163)
Osteoblasts + + (88,169,170)
Osteoclasts + (171)

Cell lines
Breast cancer (MCF7) + (146,149)
Human 1.1B4 clonal -cells + (83)
Human breast BT20 cells + (149)
Human breast Hs578T cells + (149,172)
Human endometriosis cell line (122) + (146)
Human granulosa-lutein cell line (HGL5) + (173)

+ (148)
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Table 1 (Continued)

Cell or tissue Oxytocin mRNA/co-localization with  Oxytocin receptor mRNA/protein Reference
neurophysin expression
Human osteosarcoma cell lines (U20S, MG63,
0S15 and Sa0S2)
Human THP-1 monocytes/macrophages + (68)
Human umbilical vein endothelial cells (HUVEC) + (167)

with a relative molecular mass (M,) of 42,716. Oxytocin
binding involves the extracellular N-terminus E1 and the
extracellular loops E2 and E3 of the OTR. Specifically,
Arg (34) within the distal segment of the N-terminal domain
has been shown in mutagenesis studies to be important for
high-affinity oxytocin binding. The human OTR also
contains a number of sites for possible post-translational
modifications: three consensus N-glycosylation sites in the
N-terminal region and possible phosphorylation sites in
the third cytoplasmic loop and in the C-terminal region of
the receptor (28). Site-directed mutagenesis studies suggest
that post-translational modifications at the N-glycosylation
sites do not influence ligand affinity or receptor trafficking
(29). In the human myometrium, binding of oxytocin to
its receptor leads to the activation of heterotrimeric G-
proteins (30) resulting in the activation of phospholipase
C, which hydrolyses phosphatidylinositol 4,5-bisphosphate
(PIP,) to diacylglycerol and inositol triphosphate (IP3). IP5
triggers the increase in cytosolic Ca?*, which binds to
calmodulin and activates the myosin light-chain kinase for
myometrial muscle contraction. Additionally, Ca®*-medi-
ated diacylglycerol activation of protein kinase C (PKC)
forms an integral part of the intracellular Ca®* oscillator
mechanisms, generating phasic contractions in pregnant
myometrial tissue, as well as inflammatory mediators asso-
ciated with the onset of labour (31,32). Both oxytocin and
vasopressin are OTR agonists, with the former having ap-
proximately 10-fold higher affinity for the human OTR
(9). Further, a 100-fold higher concentration of vasopressin
in relation to oxytocin is needed to elicit the same electro-
physiological responses in ligand specificity studies (28).
Mounting evidence suggests that the human OTR binding
site for antagonists is different from that of agonists: studies
with chimeric receptors showed that the binding site for
OTR antagonists was formed principally at transmembrane
domains 1, 2, and conditionally at domain 7, with no bind-
ing activity at the N-terminus (33,34). The human OTR is
also known to exist as homodimers or heterodimers with
vasopressin receptor la (V1a) and vasopressin receptor 2
(V2), and oligomerization of the human OTR has also been
demonstrated (35,36). The specific functions of dimeriza-
tion or oligomerization of the human OTR have not been
clearly elucidated, although it has been suggested that
targeting of dimeric human OTR may induce greater signal-
ling potency and that oligomerization of human OTR may
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mediate possible crosstalk between the protomers leading
to negative and positive cooperative ligand binding (35,37).

The OTR is expressed ubiquitously in human cells and
tissues (Table 1). Evidence suggests that the human OTR
gene is differentially expressed in various tissues (38) and
may be subject to further variation by external regulatory
agents such as hormones and mediators of inflammation.
In uterine myometrial cells, OTR expression is increased
by oxytocin and oestradiol, and this expression rises signif-
icantly more with both hormones combined (39). Data from
transfection studies also suggest progesterone may inhibit
binding of oxytocin to human OTR (40). OTR expression
is also reduced by proinflammatory cytokines tumour
necrosis factor-alpha and interleukin-13 in airway smooth
muscle cells, while interferon-alpha, interleukin-6 and
interleukin-1B have been shown to down-regulate OTR in
human myometrial cells (38,41,42). Lysophospholipids
have also been linked to increased translation of OTRs,
supporting a possible role for high lysophospholipase
expression in the human amnion during OTR-mediated
initiation of labour (43,44).

Cellular mechanisms of oxytocin in glucose
metabolism

Glucose uptake in skeletal muscle

Oxytocin was shown to increase glucose uptake in murine
C2C12 myoblasts, through the stimulation of intracellular
Ca”* release and activation of AMP-activated protein
kinase in a time-dependent and dose-dependent manner
(45), although it could not be concluded whether these
effects were associated with specific binding of oxytocin to
the OTR. Down-regulation of fatty acid binding protein 4
(Fabp4, also known as aP2) mRNA expression was also ob-
served with oxytocin treatment of murine C2C12 myotubes
(46). Although no direct links have been established
between Fabp4 and glucose metabolism in muscle cells, in-
creases of Fabp4 mRNA expression in skeletal muscle cells
(bovine and murine) have been linked to the inhibition of
myoblast differentiation as well as transdifferentiation of
myotubes and muscle-derived stem cells into adipocyte-like
cells (47,48). Ectopic Fabp4 expression in muscle-derived
stem cells also caused an up-regulation of stanniocalcin-2
expression that is linked to reduced skeletal muscle growth
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(47,49). Oxytocin-mediated down-regulation of Fabp4 gene
expression may therefore have important implications for
the maintenance of optimal muscle-adipose ratios for ade-
quate glucose disposal and muscle glycogen storage, as well
as preventing insulin resistance resulting from lipid infiltra-
tion of skeletal muscle. Macrophage recruitment in the
obese state is thought to result in impaired triglyceride
(TG) deposition and increased lipolysis in adipose tissue
(50), leading to excess circulating TG and NEFA levels that
may disrupt mitochondrial oxidative phosphorylation
and insulin-stimulated glucose transport in muscle (51).
Reduction of macrophage infiltration in adipose tissue was
observed in obese mice treated with oxytocin, and this
suggests a role for oxytocin in reducing NEFA-mediated
insulin resistance in obesity (51-53).

Oxytocin may also directly influence glucose metabolism
through promotion of muscle cell differentiation. Increased
oxytocin production has been associated with the anabolic
effects of steroids in bovine and ovine skeletal muscle
(54,55). In murine studies, subcutaneous injections of oxy-
tocin improved muscle regeneration in old mice subjected
to cardiotoxin muscle injury, to a level comparable with
that of young mice (56). Further intracellular signalling
studies in human and mice myoblasts linked the observa-
tions to oxytocin-mediated promotion of myogenic cell
proliferation through extracellular signal-regulated kinase
1/2 phosphorylation in the mitogen-activated protein
kinase/extracellular signal-related kinase pathway (2,56).
Binding of oxytocin and the OTR-selective agonist [Thr
(4), Gly (7)] OT to the OTRs in human myoblast cultures
was also shown to promote myoblast fusion (57), substanti-
ating prior observations of oxytocin-mediated myogenic
differentiation in murine L6-C5 skeletal muscle cells (58).
An oxytocin-induced augmentation of muscle mass would,
in turn, directly affect glucose uptake and insulin sensitivity.

Glucose uptake in adipose tissue

Oxvytocin receptors have been detected in both human and
murine adipocytes (9,59,60). Oxytocin was shown to elicit
transient increases in intracellular Ca** and stimulate PKC
activity (61,62), which increases glucose uptake in murine
adipocytes, and has been reported to be similar to phorbol
esters in its ability to initiate glucose transporter transloca-
tion (presumably GLUT1 and GLUT4), without the glucose
transport activity of insulin (62-64). Again, it is unclear if
these effects were the result of specific binding of oxytocin
to the OTR. In further evidence of its insulin-like activity
in adipose tissue, oxytocin stimulated glucose oxidation
via enhancement of pyruvate dehydrogenase activity in
murine epipidymal adipocytes (64). To add, this process
was found to be independent of insulin-mediated glucose
transport. Glucose oxidation was augmented with oxytocin
to a lesser extent compared with insulin stimulation (64).
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Nevertheless, no evidence for an oxytocin—PKC interac-
tion or an associated effect on glucose uptake in human
adipocytes was found. Cortright ez al. found that inhibition
of PKC activity enhanced glucose transport in human
adipocytes above that of controls incubated with insulin
alone (65). However, 2 uM of the bisindolylmaleimide
GF109203X was used to inhibit PKC in adipocytes, which
is above the established ICs, values for most PKC isoforms,
but well below the ICsq value for the PKCC isoform (~6 uM)
(65,66). Therefore, it is likely that not all PKC isoforms
were sufficiently inhibited in this study. As PKC( has been
shown to be required for insulin-mediated glucose transport
in cultured human adipocytes (67), the question of whether
oxytocin-mediated PKC activation augments glucose up-
take in human adipocytes remains to be clarified. Further-
more, macrophage infiltration was reduced in the
epididymal white adipose tissue (WAT) of obese mice
treated with oxytocin over 2 weeks (52). To add, oxytocin
decreased both superoxide production and release of proin-
flammatory cytokines from human endothelial cells and
THP-1 monocytes and macrophages (68). Oxytocin-
mediated reductions in macrophage localization and
cytokine production may alleviate their inhibitory effects
on GLUT4-mediated glucose transport and prevent amplifi-
cation of proinflammatory response within adipose tissue
(50,51). It is not currently known if oxytocin or OTR sig-
nalling increases brown adipose tissue (BAT) glucose uptake
— central administration of oxytocin was recently associated
with increased BAT thermogenesis but did not alter plasma
glucose levels in murine studies (69). In addition, antago-
nism of the adenosine receptor AIR in oxytocin neurons
in the paraventricular nucleus by central administration of
caffeine was recently associated with increased Ucpl and
PGCI1p expression in mouse BAT, as well as increased
energy expenditure (70). More investigation is needed to
determine the role of oxytocin in cell differentiation and
substrate metabolism in BAT.

Hepatic, pancreatic and whole-body glucose
metabolism

In lean control mice, chronic oxytocin treatment induced a
concomitant increase in mRNA expression for gluconeo-
genesis (Glucose-6-phosphatase catalytic subunit — Gé6pc,
Fructose-1,6-bisphosphatase 1 — Fbp1 and Phosphoenol-
pyruvate carboxykinase — Pck1) and glycolysis (glucokinase
— Gck, ATP-dependent 6-phosphofructokinase — Pfkl and
Pyruvate kinase — Pklr) in the liver, suggesting increased
futile cycling (Table 2). A trend for lowered glycaemia was
observed in pyruvate tolerance tests in the same mice that
had undergone oxytocin treatment; the concomitant
increase in the mRNA expression of hepatic glycogen
phosphorylase (Pygl) with no change in glycogen synthase
expression corroborated the decrease in liver glycogen
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Table 2 Changes in hepatic glucose metabolism gene or protein expression in response to oxytocin administration

Glucose metabolism gene/protein Hepatocytes/perfused liver Murine lean Murine obese
Glycolysis
ATP-dependent 6-phosphofructokinase (Pfk/) Up (52) No change (52)
Glucokinase (Gck) Up (52) No change (52)
Pyruvate kinase (Pkir) Up (52) No change (52)
Glycogenesis
Glycogen phosphorylase (Pygl) Up (71)F Up (52) No change (52)

Glycogen synthase (Gys2)
Gluconeogenesis
Fructose-1,6-bisphosphatase 1 (Fbp1)
Glucose-6-phosphatase (G6pc)
Phosphoenolpyruvate carboxykinase (Pck1)

Activity inhibition (71)*

No change (52) No change (52)

Up (52) No change (52)
Up (52) Up (52)
Up (52) No change (52)

TExcept for Arifio et al. where gender was unspecified, all murine models represented are male.

content (52). Taken together, the data suggest oxytocin
treatment enhanced net hepatic glucose oxidation. In vitro,
reduced glycogen synthase activity and increased glycogen
phosphorylase activity in oxytocin-treated rat hepatocytes
was reported (71).

Increased adipose tissue inflammation in obesity also
enhances fatty acid delivery to the liver and hepatic gluco-
neogenesis, thereby promoting fasting and postprandial hy-
perglycemia that leads to disruption of glucose homeostasis
(51). Although no direct links have been established, the
reduction of macrophage infiltration in adipose tissue
observed in obese mice treated with oxytocin suggests a role
for oxytocin in reducing NEFA-mediated up-regulation of
gluconeogenesis in Type 2 diabetes mellitus (T2DM) and
obesity (52).

Oxytocin appears to directly modulate pancreatic func-
tion. Oxytocin was shown to stimulate insulin secretion in
isolated mouse pancreatic islets independent of glucose
concentration (72). The mechanisms by which oxytocin
modulates murine insulin secretion was shown to be
two-pronged: centrally via vagal cholinergic neurons inner-
vating B-cells (73) and peripherally by stimulation of
phosphoinositide turnover and activation of PKC in pancre-
atic B-cells (72). Oxytocin was also shown to increase both
insulin and glucagon secretion in vivo as well as in situ
and appears to have a greater effect on glucagon secretion
than on insulin secretion (and to a much greater extent in
insulin-deficient diabetic rats), which is in line with the ob-
served increase in hepatic glucose output in canine studies
as well as in oxytocin-infusion studies in men (74-76).
The extent to which the increase in insulin secretion is
attributed to a direct effect of oxytocin or to indirect stimu-
lation by glucagon (which can be an insulin secretagogue
itself) remains unclear. Interestingly, perfusion studies in
the rat pancreas also showed oxytocin mediates insulin re-
lease from B-cells through binding with vasopressin receptor
1b (V1b), but not by V1a or OTR (77).

The observed effects of oxytocin on peripheral systems
suggest that the oxytocin system may have a significant role
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in whole body glucose metabolism. In support of this hy-
pothesis, decreased insulin sensitivity and impaired glucose
tolerance were found in oxytocin-deficient (Oxt'~) and
high fat diet-fed OTR-deficient (Oxzr'~) mice (78,79). In
addition, peripheral oxytocin administration was shown to
improve insulin sensitivity as well as glucose tolerance in
mice maintained on standard and high-fat diets, as well as
in obese diabetic (db/db) mice (80-84). However, in a study
conducted in obese (ob/ob) mice, 2 weeks of chronic treat-
ment with oxytocin was associated with deteriorations in
glucose and insulin tolerance. This was attributed to the
oxytocin-induced increase in corticosterone levels that en-
hanced hepatic gluconeogenesis without changing hepatic
glycogenolysis and glycolysis in the leptin-deficient mouse
model — an extreme model of obesity (52). The data, how-
ever, are inconclusive in humans. Improvements in glucose
tolerance, lowering of postprandial plasma glucose and
insulin concentrations have been reported in subjects with
normal weight and obesity who were given oxytocin
(11,13,14,85,86). In contrast, increases in plasma glucose
and hepatic glycogenolytic activity concurrent with an
absence of effects on peripheral insulin sensitivity have also
been reported (76) (see: VI. Therapeutic role of oxytocin in
human clinical trials).

Oxytocin and lipid metabolism

Adipogenesis

Oxytocin receptor mRNA is highly expressed in mouse ad-
ipocytes and increased during differentiation (87). The data
on oxytocin effects on adipocyte differentiation appear di-
vided. In one study, both oxytocin and carbotocin (a stable
oxytocin analogue) dose-dependently inhibited adipocyte
differentiation in human multipotent adipose-derived stem
cells (88). It also reduced Fabp4 mRNA expression and ad-
ipocyte number in the humerus of ovariectomised mice (88).

However, human fat cells were shown to increase intracel-
lular H,O, production in response to oxytocin, and
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although direct associations have not been established, mul-
tiple lines of evidence suggest increased H, O, initiates and
drive adipocyte differentiation (64,89,90). In support of oxy-
tocin’s pro-adipogenic effects, rises in the mRNA levels of
Fabp4, Pparg (peroxisome proliferator-activated receptor
gamma), Glut4, Adipoq (adiponectin) and Lep (Leptin) in
the epididymal WAT of oxytocin-treated (2 weeks) rats were
reported (91). Expression of endothelial marker Pecam1 also
increased, indicating enhanced angiogenesis (91). To add,
the average diameter of epididymal adipocytes decreased
and this coincided with increased protein content in epididy-
mal WAT without alterations in WAT mass. Similar observa-
tions in adipocyte size were made in mesenteric and
epididymal fat pads from oxytocin-treated (2 weeks) diet-
induced obese (DIO) mice (80). The discrepancy in results
could be attributed to the longer treatment duration in the
ovariectomised mice, in addition to the gender of rodents
used (female mice in Elabd et al.; male rats in Eckertova
et al.; male mice in Maejima et al.) and differences in fat
depots studied, which could affect adipocyte turnover rate.
Furthermore, increases in intracellular Ca** appear to inhibit
early WAT differentiation and drive differentiation at later
stages and could therefore confound direct comparison of
data (53,92). Further studies should be undertaken to
confirm the chronic effects of oxytocin on adipogenesis.

Lipogenesis, lipolysis and B-oxidation

Oxytocin increases fatty acid synthesis in isolated rat adipo-
cytes (93) and, like insulin, is linked to the activation of

pyruvate dehydrogenase, a rate-limiting step in fatty acid
synthesis from endogenous substrates and glucose (64).
However, the rate at which fatty acid synthesis occurs with
oxytocin is reduced compared with insulin (93). Oxytocin
treatment of 3T3-L1 adipocytes was also associated with
an increase in lipoprotein lipase (Lpl) mRNA expression
(82). Taken together, the data suggest a role for oxytocin
in the regulation of adipocyte fatty acid availability from en-
dogenous synthesis as well as extracellular uptake. In the
same in vitro study of 3T3-L1 adipocytes, oxytocin treat-
ment also increased mRNA expression of hormone sensitive
lipase (Hsl; or Lipe), patatin-like phospholipase domain
containing 2 (Pnpla2), acyl-CoA oxidase 1 (Acox1), perox-
isomal bifunctional enzyme (Ehbbadh), medium chain
specific acyl-CoA dehydrogenase (Acadm), uncoupling
protein 3 (Ucp3) and peroxisome proliferator-activated
receptor alpha (Ppara), suggesting a role for oxytocin in
augmenting lipolysis and B-oxidation in adipose tissue
(Table 3) (82).

In studies of lean mice, Altirriba et al. showed that oxyto-
cin did not change Lp/ mRNA expression in epididymal
WAT (52). Oxytocin also did not modify the mRNA expres-
sion of fatty acid synthase (Fasn) and phosphoenolpyruvate
carboxykinase (Pckl) in epididymal WAT. However,
Eckertova ef al. observed an up-regulation of Fabp4, Lep,
Pparg and Glut4 mRNA expression in the epididymal
WAT of normal Wistar rats, suggesting oxytocin may en-
hance adipocyte maintenance and glucose uptake in adipose
tissue (91). To add, Hs! mRNA expression was also unaf-
fected in the epididymal WAT of lean mice, suggesting no

Table 3 Changes in lipid metabolism gene expression in WAT in response to oxytocin administration

Lipid metabolism gene Murine adipocyte (in vitro) Murine lean Murine obese
Lipid synthesis in WAT
Acetyl-coenzyme A carboxylase a (Acaca) No change (82)
Acyl-CoA desaturase 1 (Scd1) Up (82) Up (82) Up (82)
Diacylglycerol O-acyltransferase homologue 1 (Dgat1) No change (82)
Fatty acid transporter (Cd36) Up (82)
Fatty acid synthase (Fasn) No change (52) Down (52)No change (82)
Glucose transporter type 4 (Glut4) Up (91)
Lipoprotein lipase (Lpl) Up (82) No change (52) Down (52)Up (82)
Peroxisome proliferator-activated receptor gamma (Pparg) Up (91)
Phosphoenolpyruvate carboxykinase (Pck1) No change (52) Up (52)
Pyruvate dehydrogenase Up (64)
Lipolysis in WAT
Fatty acid-binding protein (Fabp4) Up (91)
Hormone sensitive lipase (Lipe) Up (82) No change (52) Up' (52)Up (82)
Patatin-like phospholipase domain containing 2 (Pnpla2) Up' (82) Up (82)
B-oxidation in WAT
Acyl-CoA oxidase 1 (AcoxT) Up (82) Up (82) Up (82)
Leptin (Lep) Up (91)
Medium chain acyl-CoA dehydrogenase (Acadm) Up (82) Up (82) Up (82)
Peroxisomal bifunctional enzyme (Ehhadh) Up (82) Up (82) Up (82)
Peroxisome proliferator-activated receptor alpha (Ppara) Up (82) No change (82)
Uncoupling protein 3 (Ucp3) Up' (82) Up (82) Up (82)

TDenotes trend; not statistically significant. All murine models represented in Table 3 are male. WAT, white adipose tissue.
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effect on lipolysis. Oxytocin did not affect fat mass in either
study. Oxytocin treatment also had no effect on macro-
phage localization in the WAT of lean mice (52). One may
speculate that WAT receptor sensitivity to oxytocin may be
enhanced in obesity or that oxytocin may have discernable
effects only on macrophages polarised towards the classi-
cally activated, proinflammatory (M1) phenotype. Further
studies will be needed to ascertain the mechanisms.
Oxytocin regulation of lipid metabolism in the
obese/diabetic state appears to be different. In DIO mice,
Lpl and Cd36 mRNA expression in epididymal WAT were
up-regulated by oxytocin treatment (82), substantiating
the lowered plasma TG concentrations. Oxytocin did not
modify mRNA expression of acetyl-coenzyme A carboxyl-
ase o (Acaca), Fasn and diacylglycerol O-acyltransferase
homologue 1 (Dgat1) in epididymal WAT, enzymes which
are involved in lipogenesis and TG storage, in the DIO mice
(82). Oxytocin increased expression of lipolysis enzymes,
such as Hsl and Pnpla2, and B-oxidation genes Acoxl,
Ebbadh, Acadm and Ucp3 (82) in the epididymal WAT of
DIO mice. Accordingly, oxytocin treatment of DIO mice
led to decreased TG and glycerol content in epididymal
WAT and did not change NEFA content. In ob/ob mice,
Lpl and Fasn mRNA expression in epididymal WAT were
down-regulated (52). Pckl mRNA was also increased
in the epididymal WAT of the oxytocin-treated ob/ob
mice, which may possibly be attributed to an increase in
expression of Cd36, suggesting increased fatty acid
re-esterification and increased futile cycling of TG (52).
Opverall, the increase in lipolysis enzymes together with
TG and fatty acid uptake, with no concurring change in
lipogenesis (and TG storage) and no net change in NEFA
release in murine adipocytes (93), mice (52,82) as well as
in humans (85) (slight decrease) suggests a possible role
for oxytocin in futile metabolic cycling that could help
ameliorate obesity by promoting the use of fat as energy
substrate (thermogenesis) in WAT and preventing NEFA-
mediated lipotoxic damage (82,94). NEFAs may also be
channelled to B-oxidation, which could underlie the de-
creased respiratory quotient (RQ) observed in oxytocin-
treated DIO rodents and healthy men (13,80,82).
Interestingly, central oxytocin infusion did not modify
lipid metabolism genes in murine skeletal muscle and liver
(82), suggesting that the principal action of oxytocin is on
adipose tissue. To corroborate, the expression of OTRs in
adipose tissue was documented to be ninefold greater than
that of skeletal muscle in lean rats (60) and comparable with
classical oxytocin target tissues (52). Oxytocin-mediated
reduction of WAT macrophage infiltration (52) may also
remediate obesity-associated lipolysis in WAT and increase
hepatic TG synthesis from enhanced fatty acid esterification
(51). With respect to adipose tissue depots, continuous
oxytocin administration for 2 weeks did not lead to any
reductions in retroperitoneal or epididymal WAT mass in
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normal rats (91). In DIO mice, however, continuous oxyto-
cin infusion for 10-13 days reduced subcutaneous and
visceral fat mass as well as adipocyte size (80,95), adding
to evidence that oxytocin may have greater effects in the
obese state compared with the lean state.

Alterations in the oxytocin system in obesity and
diabetes

Obesity, diabetes and metabolic syndrome

Data regarding the oxytocin system in rodent models of
obesity and human subjects with obesity appear divided.
Plasma oxytocin levels were reported to be decreased in
high fat diet-fed mice (mice developed glucose intolerance,
profound insulin resistance and leptin resistance), and oxy-
tocin release in the paraventricular nucleus of these mice
was shown to be blunted (96). Plasma oxytocin concentra-
tion was also lower in obese Zucker (fa/fa) rats, although
hypothalamic oxytocin gene expression was not changed.
Further, gene expression of synaptotagmin 4 (Sy#4), a nega-
tive regulator of oxytocin exocytosis, and Fto, a proposed
transcription cofactor for oxytocin expression, was also
not altered in the fa/fa rats, suggesting that lowered plasma
oxytocin concentration was not attributed to reduced
oxytocin release (60). Both OTR mRNA and protein were
significantly up-regulated in the epididymal WAT of the fa/
fa rats, although this could be attributed to OTR expression
with higher macrophage localization. However, despite a
several-fold increase in OTR mRNA, there was substan-
tially reduced OTR protein expression in skeletal muscle
compared with lean controls. It was concluded that in-
creased oxytocinase activity may have been responsible for
the lowering of plasma oxytocin concentrations, as hepatic
oxytocinase activity was higher in fa/fa rats than in the lean
controls. Oxytocinase activity was also increased in adipose
tissue and decreased in skeletal muscle of fa/fa rats, while
plasma oxytocinase activity was not different when
compared with controls (60).

In human studies, mean overnight serum oxytocin levels
were reported to be higher in overweight women compared
with healthy normal-weight controls by Schorr et al. Similar
findings were reported by Stock et al. in men and women
with obesity (97). Mean oxytocin concentration was posi-
tively associated with body mass index (BMI), fat mass
and lean mass in premenopausal women across a wide body
weight range (98). In contrast, metabolic syndrome — the
clustering of cardiometabolic risk factors including central
obesity, insulin resistance, dyslipidaemia and hypertension
— has instead been associated with reduced fasting serum
oxytocin in larger scale mixed gender studies by Yuan
et al. (99). To add, fasting serum oxytocin concentration
has been negatively associated with BMI, waist circumfer-
ence, glycosylated haemoglobin (HbAlc), fasting glucose
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and postprandial glucose, fasting and postprandial insulin,
TG, the Homeostasis Model Assessment of Insulin
Resistance (HOMA-IR) score and C-reactive protein in a
study of subjects with normal weight and subjects with
overweight/obesity (100). In another study of subjects with
and without the metabolic syndrome (normal weight and
overweight), fasting serum oxytocin was also negatively as-
sociated with BMI, waist circumference, HbAlc, fasting
glucose and postprandial glucose, postprandial insulin,
TG, HOMA-IR score, C-reactive protein and positively
associated with high molecular weight adiponectin (99).
The discrepancy in these observations could be attributed
to differences in subject characteristics (healthy lean vs.
overweight/obese, with or without metabolic syndrome
and diabetes), as well as differences in assay method used
for measuring oxytocin. Serum oxytocin concentrations in
the study by Schorr et al. were reported to be two orders
of magnitude higher than plasma oxytocin values reported
from studies using radioimmunoassay (RIA) with extraction
(101), while Yuan et al. and Qian et al. combined serum ex-
traction with enzyme immunoassay and reported serum
values that were more similar to values obtained from RIA
with extraction. The measurement of oxytocin in human
plasma or serum is still a controversial subject — an optimal
method for measuring oxytocin has not yet been
established, and there appears to be a large discordance in
the reporting of plasma or serum oxytocin concentrations.
While absolute levels of oxytocin cannot be compared be-
tween studies, there is no reason to believe that data derived
from any of these methods are not valid, insofar as detecting
between-group differences, correlations with relevant end-
points and relative changes with interventions.

The apparent discrepancy in the results also suggests that
abnormal glycaemia may be a modifying factor in the
oxytocin—obesity relationship. The fasting oxytocin concen-
trations of subjects with metabolic syndrome who also had
drug-naive prediabetes or diabetes were approximately half
that of control subjects with metabolic syndrome but had
normal glycaemia and HbAlc (102). In African—American
men with overweight and obesity, subjects in the highest
tertile for fasting urinary oxytocin — a proxy for peripheral
oxytocin levels — had lower weight, HbAlc, oral glucose tol-
erance test area-under-the-curve insulin and C-peptide, and
liver function enzymes compared with subjects in the lowest
tertile. The highest tertile for fasting urinary oxytocin was
also associated with fewer diagnosed T2DMs and lower
metformin use (103). However, the validity of urinary oxy-
tocin as a proxy for peripheral oxytocin concentrations is
still a matter of dispute (104,105). In Qian ef al., fasting
(BMI
>25 kg m~?) with normal glucose tolerance was not differ-

oxytocin concentration in overweight subjects
ent compared with normal-weight subjects with normal

glucose tolerance (100), again suggesting that glucose ho-
meostasis is an important factor modifying the obesity—
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oxytocin relationship. Fasting oxytocin levels in T2DM
subjects (both normal weight and overweight) were also
significantly decreased when compared with subjects with
normal glucose tolerance (100).

In older men (50-835 years of age), however, Szulc et al.
found an association between increased fasting serum oxy-
tocin levels and higher odds of metabolic syndrome after
adjusting for confounders (106). This alone would suggest
that the oxytocin system may be altered with age. However,
the storage period of the samples analysed by Szulc ef al.
(18 years) was a significant study limitation. On the other
end of the age spectrum, fasting oxytocin concentration
was lower in children and adolescents with obesity com-
pared with normal-weight controls, although the obese
group also had less favourable parameters for glucose ho-
meostasis (e.g. HOMA-IR in the obese group was ~three-
fold greater than in the control group). Therefore, it was
not clear if the observed difference in oxytocin was due to
obesity per se. In fact, subgroup analyses in the same study
revealed that the children and adolescents with obesity and
metabolic syndrome had significantly lower fasting oxyto-
cin compared with those that had obesity without metabolic
syndrome (107), supporting the notion that dysglycaemia
may be a key factor in the lowering of plasma oxytocin con-
centrations in obesity.

Regarding ageing, studies indicate that production of oxy-
tocin in response to challenging stimuli is not different in
elderly men compared with younger men (108). A post-
mortem study on oxytocin neurons in the human
paraventricular nucleus showed that oxytocin neuron size
(an indicator of neuron activity) does not change with age
(109). It is likely, therefore, that the increase in oxytocin in
the plasma of older subjects with metabolic syndrome func-
tions as a compensatory mechanism for the maintenance of
metabolic homeostasis where ageing-related deficits may
have developed in classical metabolic regulatory systems.
While human data are not available, reduced central oxyto-
cin binding has been reported in aged rat brains (110), while
reductions in OTR expression has been observed in muscle
satellite cells of older mice (56). The oxytocin response to
stress in rats is also blunted with age (111). One can specu-
late that changes in cholesterol trafficking and compartmen-
talization may have a part to play. Briefly, cholesterol is
required for OTR stabilization and high affinity binding on
plasma membranes, thus activation of the OTR may depend
on intracellular cholesterol distribution in cells. In adipocyte
hypertrophy, up-regulation of sterol regulatory element-
binding protein 2 produces ‘cholesterol-depleted’ plasma
membranes (112). Because OTR activity is cholesterol-
dependent, increases in the number of hypertrophic adipo-
cytes and lower adipocyte turnover associated with ageing
suggest that the OTRs in adipose tissue of older subjects with
obesity may have lower binding activity and may be more
prone to thermal or proteolytic degradation (9).
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Therapeutic role of oxytocin in human clinical
trials

Oxytocin system in energy balance

The anorexigenic effect of oxytocin has been extensively
documented in animals (12,52,80,82,83). However, defini-
tive studies on the anorexigenic effects of oxytocin in
humans are still lacking in light of discrepant results. In a
study consisting of healthy men across the weight spectrum,
24 international units (IU) of intranasal oxytocin acutely re-
duced overall caloric intake with a preferential reduction in
fat intake. Fasting levels of the anorexigenic hormone chole-
cystokinin was also increased without affecting appetite or
other appetite-regulating hormones (leptin, active ghrelin
and peptide YY) (13). In contrast, 40 mU min~ ! intravenous
oxytocin infusion in 10 healthy men and women reduced sa-
tiety levels without affecting the volume of a liquid meal con-
sumed (113). In addition, Ott et al. found no acute effects on
total calorie intake in 20 healthy, normal-weight men admin-
istered intranasal oxytocin (24 IU) and provided a buffet in
the fasted state (11). The contrasting outcomes could be ex-
plained by the different routes of oxytocin administration
studied (intravenous vs. intranasal). The distinct central
and peripheral effects associated with both routes of admin-
istration have not been clearly elucidated. Specifically, it has
been suggested that intravenous oxytocin does not cross the
blood-brain barrier in sufficient quantities to mediate the
central effects of oxytocin (114), and the existence of a
feed-forward mechanism that increases endogenous oxyto-
cin secretion has been disputed (115). Endogenous periph-
eral and central levels of oxytocin were also shown to be
largely dissociated, suggesting that plasma oxytocin concen-
trations may be a poor proxy for cerebrospinal fluid (CSF)
oxytocin concentrations (114). However, when labelled
oxytocin was administered exogenously (IV and intranasal)
to rhesus macaques, labelled oxytocin concentrations in-
creased in both CSF and plasma and were correlated with
each other, suggesting similar mechanisms might be
operating in humans (115). Of interest, Sabatier et al. also
previously showed that when o-Melanocyte-stimulating
hormone (a-MSH) melanocortin-4 receptors (which mediate
the role of a-MSH in feeding behaviour) on oxytocin neu-
rons are stimulated, dendritic oxytocin release is activated
in hypothalamic neurons while oxytocin secretion into the
circulation via the posterior pituitary is simultaneously
inhibited (116), suggesting other factors should be consid-
ered when evaluating the relationships between oxytocin
(be it central or peripheral) and feeding behaviour.

Another likely reason could be that oxytocin may have a
more discernible effect in persons with obesity compared
with normal-weight persons, because the inhibitory effect
of oxytocin on food intake was shown to be greater in sub-
jects with obesity compared with normal-weight controls
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(14). Other differences, including the control of caloric in-
take prior to the study visits and method of ad libitum feed-
ing used in the study designs, may also explain the
discrepant data.

Although oxytocin did not affect ad libitum food intake in
the study by Ott et al., it reduced the consumption of choco-
late cookies (palatable food item) provided as a snack,
suggesting that oxytocin inhibits reward-driven but not
hunger-driven feeding. In a replication of the study by
Thienel et al., oxytocin markedly reduced both hunger-
driven and reward-driven food intake in men with obesity
in contrast to normal-weight men, with a greater effect size
in snack intake reduction. There was however no effect on
preferential macronutrient intake (14). The inhibition of pal-
atable snack intake and concomitant reduction of hormones
related to basal corticotropic function and hypothalamic—pi-
tuitary—adrenal axis activity strongly suggest a role for oxy-
tocin in suppressing the activity of endocrine stress axes
(activation of which increases the salience of pleasurable or
compulsive activities, such as the consumption of ‘comfort
foods’) (117). Recently, intranasal oxytocin (24 TU) adminis-
tration in 10 male subjects with overweight and obesity led
to bilateral hypoactivation in the ventral tegmental area
(associated with hedonic regulation of human appetite) in
response to viewing high-calorie food stimuli (118).
Whole-brain analysis by functional magnetic resonance im-
aging also showed reduced activation in reward-related food
motivation brain regions in subjects treated with oxytocin.
In addition, oxytocin administration was associated with
reduced activity in the hypothalamus, a region central to
homeostatic control of feeding, in male subjects across the
weight spectrum (118,119). Oxytocin also increased func-
tional magnetic resonance imaging activation in brain re-
gions involved in cognitive control, a process that enables
individuals to suppress behavioural impulses to achieve a de-
sired outcome, e.g. dieting. Taken together, the data suggest
that the processes leading to hyperactivation of hedonic food
motivation pathways, reduced cognitive control and in-
creased hypothalamic activation in obesity could be blunted
by oxytocin treatment.

Acute oxytocin administration has been observed to have
no effect on basal and postprandial energy expenditure in
humans (11,13,14,85). The resting RQ in the fasted state
in oxytocin-treated men across the body weight spectrum
was shown to be decreased in a crossover study, concomi-
tant with a decrease in carbohydrate utilization rate and in-
crease in fat oxidation rate (13). Oxytocin was also shown
in individuals with obesity to similarly reduce RQ with de-
creased carbohydrate utilization and increased fat utiliza-
tion in the fasted state; however, the data did not achieve
statistical significance after correcting for reductions in
calorie and macronutrient intake (14). The effects of longer
term or chronic oxytocin on energy expenditure are
currently unknown.
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Oxytocin and pancreatic function

The effect of oxytocin on human pancreatic function has
been rarely studied. In an early study of young normal-
weight men, oxytocin infusion (0.06 U min ') did not
change basal insulin, glucagon and plasma glucose in the
first 10 min of infusion. In response to an intravenous glu-
cose bolus, the oxytocin infusion group showed an increase
in insulin production within the first 10 min that returned to
control levels in 30 min. Plasma glucagon and glucose
response to glucose load were unchanged compared with
controls. A lower dose (0.03 U min~') was not associated
with any changes in glucose homeostasis (120). In another
study in men of a similar profile, peripheral oxytocin
infusion (0.2 U min~") was associated with an increase of
plasma glucagon in the first 30 min and increased above-
basal insulin secretion after 40 min of infusion. Plasma
glucose rose in the first 30 min too, which was presumed
to be an effect of increased glucagon production. However,
hepatic glucose rose transiently independent of changes in
glucagon concentration in pancreatic clamp studies, sug-
gesting a direct effect of oxytocin on hepatic glucose
production. It was not clear if it was an effect of transient
enhancement of glycogenolysis or gluconeogenesis, or in-
duction of hepatic insulin resistance (76).

In contrast, intranasal oxytocin (24 IU) in men of a simi-
lar profile did not have any effect on basal insulin or gluca-
gon concentrations within the first hour of administration.
The oxytocin group did however show a more rapid rise
in serum insulin and blunted peak insulin and C-peptide re-
sponses after a glucose load was given. In the oral minimal
model analyses, B-cell function was significantly enhanced
by oxytocin when compared with placebo, reflected by a
more than twofold increase in the disposition index of par-
ticipants (the disposition index evaluates the appropriate-
ness of pancreatic insulin secretion in relation to
peripheral insulin sensitivity). Specifically, oxytocin admin-
istration was associated with the enhancement of the dy-
namic response to glucose, which suggested that B-cells
were better able to secrete insulin in response to a rise in cir-
culating glucose concentrations (85).

The discrepant results may be associated with the differ-
ent routes of administration used. Cerebrospinal fluid and
plasma concentrations of exogenous labelled oxytocin de-
livered intravenously were observed to be higher compared
with intranasal administration in primate studies (115).
Much higher plasma oxytocin concentrations may be
attained by the intravenous route, which may allow oxyto-
cin to interact more quickly and directly with peripheral
organs. The observed incongruities may also be attributed
to the different oxytocin doses used, although notably, the
doses used in the cited studies led to supraphysiological con-
centrations of oxytocin in the systemic circulation that are
typically far above what is needed to exert physiological
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effects (114). Oxytocin has been shown to bind with low af-
finity to vasopressin receptors V1a, V1b and V2 (77,121).
Therefore, supraphysiological concentrations of oxytocin
(which, compared with basal concentrations, are typically
four orders of magnitude higher in intravenous administra-
tion studies) (114) may lead to competitive inhibition, alter-
ing the binding of vasopressin to its specific receptors.
Oxytocin may also bind and activate vasopressin receptors
given their similar molecular structures (62,71,77). Vaso-
pressin has also been shown to increase insulin and gluca-
gon production in B-cells (77); therefore, more studies
regarding the cross-reactivity of vasopressin receptors,
particularly at supraphysiological concentrations of oxyto-
cin, will be needed to enhance our current understanding
of oxytocin in glucose homeostasis.

Oxytocin and insulin sensitivity

Insulin sensitivity, at least as far as glucose metabolism is
concerned, is typically defined as the ability of insulin to
stimulate glucose uptake in peripheral tissues (predomi-
nantly muscle) and inhibit glucose production (predomi-
nantly liver). Lowering of insulin sensitivity (i.e. insulin
resistance) is an important pathophysiological mechanism
in the development of obesity-related diabetes. To date,
the effect of pharmacological doses of oxytocin on periph-
eral insulin sensitivity is still largely unknown. A small im-
provement in insulin sensitivity assessed by oral minimal
modelling was reported in normal-weight men administered
acute intranasal oxytocin (24 IU) (85). However, the rela-
tive contribution of glucose uptake and glucose production
or glucose effectiveness (i.e. the ability of glucose itself to
promote its own uptake) to the improved overall glucose
tolerance is unclear as tracer studies were not conducted.
In an earlier euglycaemic glucose clamp study, no effect on
peripheral insulin sensitivity was reported in men receiving
continuous oxytocin infusion (0.2 U min~!) (76). The ques-
tion of whether oxytocin can be effectively evaluated in
studies of insulin sensitivity has to be carefully considered,
as oxytocin appears to elicit physiological responses parallel
to those of insulin and glucagon (62,64,71,76).

Oxytocin system in weight loss and exercise

Oxytocin administration has been shown in a number of
murine studies to induce significant weight loss and attenu-
ate weight gain in both high fat diet-induced and genetic
models of obesity (52,80,82). Specifically, oxytocin admin-
istration was linked to a significant decrease in fat mass
and a concomitant increase in lean body mass independent
of changes in food intake (52,82). However, the effects of
oxytocin on weight loss in humans are still unclear. In a pi-
lot study by Zhang et al. (86), four times daily intranasal
oxytocin (24 IU) in nine Asian men and women with obesity
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(BMI >28 kg m~2) for 8 weeks led to a mean BMI reduction
of 3.2 + 1.9 kg m 2. The magnitude of weight loss was also
greater in subjects with higher degrees of obesity. Oxytocin
treatment also led to decreases in waist and hip circumfer-
ences. However, it is not known whether the observed
effects of oxytocin were associated with reductions of
food intake, changes in physical activity or increases in met-
abolic rate. Further study limitations include small sample
size (9 treated and 11 placebo) and poor matching of
baseline characteristics. At the time of this review, a few

ongoing studies on the effects of longer term administration
of oxytocin in adults with obesity have been recorded on
http://clinicaltrials.gov (http://clinicaltrials.gov Identifiers:
NCT03043053/NCT03119610). It is anticipated that more
data on its effects on calorie intake, resting energy expendi-
ture and body composition will soon be available.

Little is still known about the oxytocin system in exercise;
most studies in the literature to date were found to have in-
volved trained subjects. Plasma oxytocin concentrations
were shown to be heightened following ~60 min of

Murine
oxytocin system

—
Skeletal Adipose Liver Pancreas Whole
muscle tissue body

(murine)
Glucose uptake® (?) Adipogenesis™ ** J Glycolysis™ Glucagon Insulin
. - s P
Muscle cell Glucose uptake® *** Gluconeogenesis™ secretion sensitivity
differentiation, ; s
p:'oﬁ;::‘aﬁao:;]nd Lipid uptake (DIO Net glucose oxidation I Insulin secretion il:‘e‘:r‘;iecew -
2,56 mice)*” (lean mice)*

regeneration

FABP4-associated
inhibition of
myoblast
differentiation and
reduction in skeletal
muscle growth*®

Transdifferentiation
to adipocyte-like
cells"™

] Lipolysis (DIO mice)*”

B-oxidation (DIO
mice)®

Futile cycling of
triglycerides (ob/ob)”

Lipogenesis (ob/ob)”

Macrophage
infiltration and

lipolysis associated
with inflammatory
mediators™

Net increase in
hepatic glucose
output (ob/ob mice)”

(?)Hepatic NEFA
delivery and
gluconeogenesis
from adipose tissue
inflammation in
obesity™

[

Human oxytocin
system

Whol§ ; 5

Skeletal Adipose . Liver | Pancreas

muscle tissue body

(@)nsulin | Fasting fat utilisation | (2) hepatic glucose | Insulin secretion® 2 7* | Glucose

sensitivity™® | (p-oxidation)" ** | output” 26,170 | tolerance®™ %
Glucagon secretion™

Beta-cell responsivity®

Disposition index®

Peak insulin and

I Postprandial
| glucose™

Figure 1

Identified tissue targets in the murine and human oxytocin system for treatment of metabolic dysfunction associated with the development of
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treadmill running at 80% of maximal oxygen uptake
(VO,max), albeit only in three of the five trained males
tested (122). In contrast, plasma oxytocin concentrations
did not change in response to 20-25min of high-intensity
exercise in trained male cyclists exercising to exhaustion
(123), or in healthy females during 20 min of graded exer-
cise up to 90% of VO,max (124). To add, test plasma
values for oxytocin were significantly lower in the experi-
enced cyclists compared with sedentary controls, although
it was noted that plasma oxytocin concentrations measured
in the cyclists and controls were much lower than reference
oxytocin values obtained from measurements using RIA
with extraction (typically 1-5 pg mL™") (123). Nocturnal
plasma oxytocin concentration was also lower in amenor-
rheic female athletes compared with non-athletes; signifi-
cant positive correlations between plasma oxytocin
concentrations and resting energy expenditure, body fat
and hormones regulating energy expenditure and satiety
(irisin and PYY) were also found in female athletes
(125,126). In a recent study of untrained, nondiabetic
women with obesity, 10 weeks of low frequency, low-
intensity treadmill sessions did not have any effect on
fasting plasma oxytocin concentrations (127). Collectively,
it would suggest that plasma oxytocin is unaffected by exer-
cise, although further studies will be needed to establish the
relationship between chronic exercise and plasma oxytocin.

In pharmacological trials, 24 IU of intranasal oxytocin
attenuated the rise in cortisol levels in response to 1 h of
vigorous (70% of maximum heart rate) treadmill running
(128). However, this effect was not observed with a higher
dose (48 IU). In a separate study, adrenocorticotropic hor-
mone (ACTH) and cortisol responses to graded exercise
testing were also significantly reduced by intravenous ad-
ministration of oxytocin (2 TU bolus with 32 mIU min~" in-
fusion) in healthy men (129). Evidence suggests that
oxytocin reduces ACTH and cortisol production by com-
peting with vasopressin for V1b receptors in the anterior pi-
tuitary — at equimolar concentrations, the stimulation of
ACTH production by oxytocin was shown to be reduced
in comparison with stimulation with vasopressin (130). Al-
though oxytocin has been also shown to up-regulate ACTH
production via binding with OTRs, oxytocin alone exhibits
lower activity compared with co-stimulation with vasopres-
sin, further supporting that oxytocin blunts the ACTH re-
sponse in the anterior pituitary (130). In addition, human
studies involving simultaneous administration of oxytocin
with vasopressin showed a reduction in ACTH and cortisol
response compared with vasopressin and saline (131). Also,
naloxone (a drug that antagonises opioid effects by compet-
ing for opiate receptor sites in the central nervous system)
inhibited the effects of oxytocin on the stress hormone re-
sponse in the aforementioned exercise testing study, suggest-
ing that oxytocin mediates its effects through the release of

endogenous opioids. In support of this hypothesis,
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endogenous plasma oxytocin concentrations were highly
correlated with plasma levels of B-endorphin (127). Of in-
terest, orexin-A, which is positively associated with the
amount of spontaneous physical activity (132), also showed
remarkable positive correlation with plasma oxytocin
(127,132).

Conclusion

Animal studies far outnumber the amount of human evi-
dence on the physiological effects of oxytocin; therefore, it
is important to note that major differences exist between
the human and animal oxytocin systems. To name a few,
parasympathetic innervation of human islets differs from
that of murine islets and do not conform to existing models
of islet autonomic control (133). Distribution of the OTRs
in the murine and human brain was also shown to differ
(9), and significant diurnal variation in cerebrospinal fluid
oxytocin concentrations has been observed in humans and
rats (134). In addition, murine OTR has two consensus se-
quences for N-linked glycosylation, while human OTR has
three potential glycosylation sites, although the significance
of these glycosylation sites has not yet been elucidated (site-
directed mutagenesis studies indicated that elimination of
these sites had no influence on ligand binding and selectiv-
ity). Therefore, the translation of present findings from ani-
mal models to the human system can be difficult;
accordingly, the design and ethical consideration of human
studies should accommodate for unexpected outcomes.
From our review of the existing literature, there also exists
a stark knowledge gap on the sexual dimorphic effects of
pharmacological oxytocin in glucose and lipid homeostasis.
This is of particular interest as differences in the effects of
oxytocin have been observed in men and women; e.g. en-
dogenous opioids modulate the release of oxytocin during
insulin-induced hypoglycaemia in male subjects, but this
was not the case in females (135). OTR affinity also appears
to be modulated by oestradiol and progesterone (9). It has
been demonstrated that intranasal oxytocin differentially
activates brain networks involved in social and emotional
information processing in women when compared with
men, suggesting important sexual differences in the central
effects of oxytocin (136). Moreover, sexual dimorphism
has also long been observed in the pathophysiology of dia-
betes and obesity (137). More studies are therefore needed
to shed light on the oxytocin system to appreciate its effects
on cardiometabolic risk in the wider community.

We noted that the majority of interventional studies
assessed outcomes from immediately after to 60 min after
administration of oxytocin (11,13,14,85,120). As signifi-
cant increases of oxytocin concentration in the cerebrospi-
nal fluid were previously detected only after 60-75 min
after administration of intranasal oxytocin in two studies,
one involving humans and another in rhesus macaques
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(115,138), future studies that measure outcomes beyond
this brief period may more concretely establish the relation-
ship between increases in central or peripheral oxytocin
levels and measured outcomes. It is clear however that the
effects of oxytocin may manifest even before significant
increases in its concentration can be detected centrally or
in the periphery.

There also appears to be a large discordance in the
reporting of physiological plasma oxytocin concentrations,
with measured concentrations ranging from ~0.1 to
~1,000 pg mL ™" in normal subjects, with no clear relation-
ship to gender, BMI or metabolic health status
(13,100,102,123,127,138). The use of plasma samples with
or without extraction, co-detection of other molecules with
OT-like immunoreactivity (101) and heterophilic interfer-
ence (139) have been suggested as possible reasons for the
apparent inconsistencies in data. There appears to be a
need to standardise and validate methods for measuring
oxytocin in human samples, and highly sensitive liquid
chromatography-mass spectrometry protocols developed
recently offer promise as a robust and precise candidate
for assaying oxytocin in human biological fluids (140).

These limitations notwithstanding, the oxytocin system
has emerged as an attractive pharmacotherapy target for
treating metabolic dysfunction related to the development
of obesity and diabetes (Fig. 1). In addition, oxytocin ad-
ministered intranasally has so far demonstrated significant
central effects accompanied with an excellent safety profile
with minimal side effects and adverse reactions (141). It
should be mentioned that rapid, high-dose bolus injections
of oxytocin has been previously linked to electrocardiogram
changes and subjective signs suggestive for myocardial is-
chaemia (142,143). The possibility of hyponatraemia
should also be considered in human studies, particularly
with continuous oxytocin infusion studies. Although oxyto-
cin could potentially improve tissue glucose and lipid
handling, we have yet to garner an adequate understanding
of its distinct effects on glucose and lipid homeostasis in the
system as a whole, and evaluation of its safety during
chronic use needs to be assessed. Furthermore, the pharma-
codynamics of oxytocin appear to be altered significantly
with supraphysiological doses, and its structural similarity
and interdependent relationship with vasopressin further
add to the complexity of its biological action. Therefore,
it is proposed that a systems approach may be key to under-
standing oxytocin physiology and developing oxytocin

pharmacotherapy regimens in obesity and diabetes
management.
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