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Abstract

Objective—Preclinical studies indicate that oxytocin is anorexigenic and has beneficial
metabolic effects. Oxytocin effects on nutrition and metabolism in humans are not well defined.
We hypothesized that oxytocin would reduce caloric intake and appetite, and alter levels of
appetite-regulating hormones. We also explored metabolic effects of oxytocin.

Methods—We performed a randomized, placebo-controlled crossover study of single-dose
intranasal oxytocin (24 1U) in 25 fasting healthy men. After oxytocin/placebo, subjects selected
breakfast from a menu, and were given double portions. Caloric content of food consumed was
measured. Visual analogue scales were used to assess appetite and blood was drawn for appetite-
regulating hormones, insulin, and glucose before and after oxytocin/placebo. Indirect calorimetry
assessed resting energy expenditure (REE) and substrate utilization.

Results—Oxytocin reduced caloric intake with a preferential effect on fat intake and increased
levels of the anorexigenic hormone cholecystokinin without affecting appetite or other appetite-
regulating hormones. There was no effect of oxytocin on REE. Oxytocin resulted in a shift from
carbohydrate to fat utilization and improved insulin sensitivity.

Conclusions—Intranasal oxytocin reduces caloric intake and has beneficial metabolic effects in
men without concerning side effects. The efficacy and safety of sustained oxytocin administration
in the treatment of obesity warrants investigation.
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Introduction

Obesity is a major public health concern, affecting more than one-third of the U.S. adult
population and associated with significant morbidity, including higher rates of diabetes and
increased mortality(1). Although complications from obesity may be reversible with weight
loss, meaningful weight reduction is difficult to achieve. There are few treatment options
available to supplement lifestyle modifications. Bariatric surgery is effective, but invasive
and associated with complications(2). FDA-approved medications result in modest weight
loss, but this effect is not sustained, and the drugs are associated with significant side
effects(3). There is a need for effective, tolerable therapies for obesity.

In animal models, oxytocin, a peptide hormone primarily produced in the supraoptic (SON)
and paraventricular (PVN) hypothalamic nuclei, is anorexigenic(4, 5). Administration of
oxytocin to rats reduces caloric intake, and this effect is reversed by first giving an oxytocin
antagonist(4, 5). Oxytocin induces weight loss in rodents, and this effect may be related to
increased energy expenditure and lipolyis in addition to appetite suppression(6, 7, 8, 9, 10,
11). Preclinical studies indicate that oxytocin has positive metabolic effects(11, 12). The role
of oxytocin in regulating nutrition and metabolism in humans is only beginning to be
understood (12, 13, 14).

Oxytocin administered intranasally has central actions with minimal side effects, and is
appealing as a potential targeted therapy for obesity(15). We performed a randomized,
double-blind, placebo-controlled crossover study investigating oxytocin effects on caloric
intake. We hypothesized that a single dose of intranasal oxytocin would decrease food
intake at a subsequent meal. We also predicted that oxytocin would reduce appetite and
modulate appetite-regulating hormone levels. Finally, we explored metabolic effects of
oxytocin, hypothesizing that oxytocin would result in an increase in resting energy
expenditure (REE), fat utilization and insulin sensitivity.

Methods and Procedures

Subjects

We studied 25 healthy men, 18-45 years old: 13 normal-weight (NW) and 12 overweight/
obese men (OB) recruited from the community. Body mass index (BMI) was 18.5-24.9 for
NW and 25-40 for OB. Subjects were required to have had a stable weight for three months
and to eat breakfast >4 times/week.

Subjects were excluded for psychiatric disease, psychotropic medications, eating disorder
history by structured clinical interview for DSM disorders-1V (SCID), excessive exercise
within three months (running>25 miles or exercising >10 hours in any one week), diabetes,
substance abuse, anemia, gastrointestinal surgery, cardiovascular disease, untreated thyroid
disease, and smoking.
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This study was approved by Partners Human Research Committee. Written informed
consent was obtained. Subjects were admitted to the Massachusetts General Hospital
(MGH) Clinical Research Center (CRC) for outpatient screening and two main study visits.
The first and second main study visits took place one to eight weeks apart.

At the screen, height and weight were measured, blood was drawn, and a history and
physical exam were performed. BMI was obtained [weight (kg)/height (m2). Exercise
patterns were assessed by history and the Paffenbarger activity assessment. A food diary
was provided to subjects to track food intake during the 72 hours before the first main study
visit. The disordered eating modules of the SCID were administered by trained study
personnel. Subjects were advised to avoid alcohol and strenuous exercise for 24 hours and to
fast for 12 hours before main visits.

Figure 1 shows the study schema. At main study visits, weight and BMI were assessed. The
food diary from the first visit was collected and reviewed with the subject, and a second
diary was provided for documentation of food intake in the 72 hours prior to the second
visit. A copy of the food diary collected at the first visit was returned to the subject, who
was asked to replicate food intake from the 72 hours prior to the first visit in the 72 hours
prior to the second visit. Food records were reviewed by a dietician. Medical history was
updated. Intranasal oxytocin (Syntocinon, Novartis) (24 1U) or placebo (same inactive
ingredients and packaging) was self-administered (3 sprays per nostril) under the
supervision of a nurse practitioner at approximately 07:30am. The research pharmacy
randomized the visit order in which subjects received drug or placebo. Subjects and study
personnel were blinded to the randomization. An intravenous catheter was placed and blood
was drawn immediately prior and 15, 30, and 55 minutes after oxytocin/placebo. Vital signs
were obtained immediately prior and 15 minutes after oxytocin/placebo. Heart rate and
blood pressure were repeated at 55 and 120 minutes post-oxytocin/placebo. Appetite was
assessed using visual analogue scales (VAS) before and 55 minutes after oxytocin/placebo.
Subjects were offered a menu (Supplemental Figure 1) 15 minutes after oxytocin/placebo
and told to order whatever amount of food they thought they could eat. Indirect calorimetry
was performed (VMAX Encore 29 metabolic cart, Viasys Healthcare, Carefusion; San
Diego, CA) to assess fasting REE and respiratory quotient (RQ) 30 minutes post-oxytocin/
placebo. Substrate utilization was calculated: carbohydrate oxidation (g/min) =
4.21*VC0,-2.962*V0,-0.4*n; fat oxidation (g/min) = 1.695*VO,- 1.701*VCO,-1.77*n,
where n represents nitrogen excretion from protein oxidation (estimated at 135
mg*kg*min~1)(16). Sixty minutes after oxytocin/placebo, subjects were offered two of
every food item ordered and given 30 minutes to eat, followed by quantification of nutrient
intake. Subjects ate the meal in a private room without disruption. Side effects were
systematically assessed at the end of each visit.

measures

The menu was created using ProNutra (Viocare; Princeton, NJ) and managed as an
individualized weighed diet. Each item had a known weight and remaining food was
weighed back. Nutrient analysis investigated the difference between prepared and consumed
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total calories and fat, carbohydrate, and protein content. VAS, a reliable method to assess
appetite(17), were administered fasting before and after oxytocin/placebo. Subjects were
asked to make a mark on a 100 mm line with extremes on either end indicating how they felt
at that moment. Scores were calculated by measuring the distance from the left side of the
line. The following were assessed: hunger, desire to eat preferred foods, satisfaction,
fullness, quantity one could eat, desire for specific types of foods (sweet, salty, savory, and
fatty), and nausea.

Biochemical analysis

Plasma glucose was measured by LabCorp. Serum and plasma samples were stored at —80°
C. Triglycerides were measured on the ARCHITECT c System™ [ci8200, Abbott
Diagnostics Division, Abbott Park IL] by the glycerol phosphate oxidase assay using ACS
grade glycerol calibrators traceable to gravimeteric reference methods [inter-assay
coefficients of variation (CV) for controls 1.5-2.5%]. Oxytocin was measured in unextracted
serum by ELISA (Assay Designs, Inc., Ann Arbor, MI). A new (2013) polyclonal rabbit
antibody has increased specificity to non-human mesotocin and Arg8-vasotocin, but
otherwise showed no specificity differences. Calibration curve statistics and in-house quality
controls (QC) were monitored. The detection limit was 12.5 pg/mL. In house QCs had a
mean of 152 and 338 pg/mL, respectively and inter-assay CV of 15 and 18%, respectively.
Active serum cholecystokinin (CCK) peptide levels were measured at baseline and 30 and
55 min after oxytocin/placebo using an ELISA (Abnova, Walnut, CA, intra-assay and inter-
assay CVs <10% and <15%, respectively; detection limit 12.5 pg/mL). Plasma for ghrelin
was collected in tubes containing 10mg/mL PMSF and 1N HCL. Active ghrelin was
measured using an ELISA (EMD Millipore, Billerica, MA; inter-assay CV<12%, detection
limit 10 pg/mL). Serum insulin was measured using a chemiluminescence immunoassay
(Roche Diagnostics, Indianapolis, IN; inter-assay CV <3%, detection limit 0.2 uU/mL).
HOMA-IR was calculated: Insulin (uU/mL) x Glucose (mmol/L)/22.5. Serum leptin was
measured using an ELISA (EMD Millipore; inter-assay CV<9%, detection limit 0.25 ng/
mL). Serum PY'Y was measured using an electrochemiluminescent assay (Meso Scale
Discovery, Gaithersburg, MD; inter-assay CV <12%, detection limit 70 pg/mL).

Data analysis

The crossover study was analyzed using an analysis of variance with a period, treatment and
patient effect and a baseline value as covariate when available. We used the same model to
test for a group (NW, OB)-treatment interaction to determine whether the treatment effect
was different in NW vs. OB. We used a repeated measures analysis of variance with the
terms above, and time, for analyzing those measures which were measured repeatedly
during each visit. The treatment effect that is calculated by this model is essentially the
mean difference between outcomes for each treatment averaged over the time points
corrected for possible covariate, period, subject, and missing value effects.
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Mean age was 27.1+1.5 (mean+SEM) years old. NW were younger than OB (23.9+1.9 vs.
30.6+2.0 yrs, p=0.02). Mean weight and BMI were 80.7+17.8 kg and 26.1+1.2 kg/m?, and
were lower in NW than OB (weight: 67.4+2.2 vs. 95.2+3.9 kg, p<0.0001; BMI: 21.2+0.3 vs.
31.5+1.2 kg/m?, p<0.0001). Subjects ate breakfast 5.6+0.2 days/week on average, and this
did not differ by group [5.8+0.3 (NW) vs. 5.3+£0.4 (OB) days, p=0.3]. Across groups, mean
exercise assessed by history was 3.4+0.6 hours per week, and vigorous activity assessed by
Paffenbarger was 5.2+0.9 hours per week. Reported activity levels did not differ by group
[exercise/week: 5.8+0.3 (NW) vs. 5.3+0.4 (OB) hours, p=0.9; vigorous activity/week:
5.2+0.9 (NW) vs. 5.3£1.0 (OB) hours, p=1.0]. Recorded food intake in the 72 hours leading
up to oxytocin and placebo visits did not differ within subjects (Table 1).

Caloric intake and appetite

Table 1 shows oxytocin effects on energy intake. Oxytocin did not impact caloric content of
food ordered from the menu. Oxytocin reduced the total caloric intake by 122+51 kcal
(p=0.03) (Figure 2). Group (NW vs. OB) did not affect results. Oxytocin reduced fat intake
by 8.7+3.8 g (p=0.03; NS after controlling for multiple comparisons). Protein (-=3.9+2.2 g)
and carbohydrate (-7.2+9.4 g) intake were reduced, but this was not statistically significant.
Oxytocin did not significantly impact subjective appetite measures.

Indirect calorimetry and triglyceride levels

Table 1 shows indirect calorimetry results. While REE was not changed by oxytocin
administration, RQ was reduced (-0.03+0.01, p=0.02). Oxytocin reduced carbohydrate
utilization (—0.02+0.01, p=0.03) and increased fat utilization (0.01+0.00, p=0.04). There was
a trend toward reduction of triglyceride levels following oxytocin (-1.8 mg/dL, p=0.07)
(Table 2).

Fasting appetite hormones

Table 2 presents appetite regulating hormones. Oxytocin resulted in increased levels of CCK
(10.9£3.1 pg/mL, p=0.002). However, the increase in CCK levels were not related to caloric
intake. There was no treatment effect on oxytocin (p=0.1), leptin (p=0.5), ghrelin (p=0.2) or
PYY (p=0.8) levels.

Glucose homeostasis

Table 2 shows fasting insulin and glucose levels and HOMA-IR. Oxytocin reduced average
insulin levels (-1.7+£0.8 uU/mL, p=0.04) and HOMA-IR (-0.4, p=0.04) over the time points
but had no effect on glucose levels. At baseline, HOMA-IR was higher in OB than NW
(2.1+0.4 vs. 0.9+0.1, p=0.04). There was no significant difference in treatment effect on OB
vs. NW.

Obesity (Slver Spring). Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lawson et al.

Page 6

Safety and tolerability

Oxytocin did not affect blood pressure or heart rate. There was a slight decrease in
temperature 15 minutes after administration (-0.3 °F, p=0.006). There were few adverse
events in the study, none of which was severe (Table 3), with no difference between
oxytocin and placebo conditions.

Discussion

In a study of men across a spectrum of weights, we report that a single dose of intranasal
oxytocin reduces total caloric intake at a subsequent meal. The effect size of 122 kcal may
be clinically relevant, as this would amount to 366 kcal/day or about 4 kg over twelve weeks
and more than 17 kg over a year if the effect of oxytocin is equivalent over three meals per
day and sustained over time. To put this into context, currently FDA-approved medications
for obesity lead to 3.2-8.9 kg weight loss at one year(3). Further research will be important
to establish whether the reduction in nutritional intake continues and leads to weight loss
with sustained intranasal oxytocin.

In animal models, oxytocin administration reduces food intake and an oxytocin antagonist
reverses this effect(4, 5). Heterozygous mice for single-minded 1, a gene responsible for
hyperphagic obesity in humans, have low levels of hypothalamic oxytocin mRNA, and
administration of oxytocin in these animals reverses excessive food intake and weight
gain(18). Whether oxytocin is anorexigenic in humans has not been well established. Borg
reported that in 10 healthy adults, 40 mU/min IV oxytocin, but not 20 mU/min or 80 mU/
min, reduced satiety without affecting volume of intake of a liquid meal(13). In contrast, our
study used intranasal oxytocin which may have central in addition to peripheral effects(19).
An investigation by Ott et al. in 20 healthy men did not find an acute effect of intranasal
oxytocin on caloric intake at a breakfast buffet. Possible explanations for the differences in
our results include differences in food intake leading up to study visits (our subjects were
asked to consume the same caloric content in the 72 hours preceding each of their two visits)
or anticipatory effects (our subjects selected food from a menu prior to the meal). Although
Ott’s study did not show an effect of oxytocin on breakfast intake, it did demonstrate
reduced postprandial consumption of a snack, particularly chocolate cookies, suggesting an
effect on reward-driven feeding(14). Neither our study nor Ott’s identified an effect of
oxytocin on subjective appetite(14). Side effects, such as nausea, did not differ between
oxytocin and placebo in our study, and therefore do not explain oxytocin’s effect on food
intake. Further studies will be important to define the mechanisms underlying oxytocin’s
reduction of caloric intake.

Several food motivation pathways, including those involving leptin, alpha-MSH and AgRP,
converge on oxytocin neurons(20, 21, 22). Parvocellular neurons of the PVN extend to the
caudal brainstem, where they regulate autonomic control of feeding(23, 24). Oxytocin is
also released by dendrites of magnocellular neurons of the PVVN and SON, and may reduce
food intake in part via diffusion to the ventromedial nucleus, a satiety-regulating brain
region rich in oxytocin receptors(25). Axonal release of oxytocin from the PVN may also
have effects on hedonic food consumption via dopaminergic mesolimbic neurons in the
ventral tegmental area (VTA)(25, 26, 27). In rats, acute administration of oxytocin into the
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VTA suppresses sucrose intake(28). Furthermore, Blevins et al. have demonstrated that
chronic administration of oxytocin reduces consumption of fructose-sweetened beverage in
obese nonhuman primates(11). Oxytocin may also reduce food intake by inhibiting gastric
emptying. Studies in rats demonstrate that intraperitoneal oxytocin increases levels of the
peripheral satiety hormone CCK and inhibits gastric emptying; these effects are blocked by
administration of a CCK-1 receptor antagonist(29, 30). We found that intranasal oxytocin
resulted in an increase in serum CCK levels preceding suppression of food intake. However,
it is not clear whether CCK is a mediator of oxytocin effects as we did not find a
relationship between change in CCK levels and food consumption. Whether oxytocin has
indirect effects on food intake mediated by other hormones is unknown. Although another
study found that intravenous oxytocin reduced total ghrelin levels, ours did not find an effect
of intranasal oxytocin on levels of acylated ghrelin, the active form of ghrelin with
established orexigenic properties(31). The discrepancy in findings may be due to differences
in oxytocin dosage or mode of administration, or the form of ghrelin measured. We found no
effect of oxytocin on levels of leptin or PYY, indicating that oxytocin’s suppression of
caloric intake is not mediated by changes in these hormones.

We did not find an increase in serum oxytocin levels in the oxytocin vs. placebo condition.
Given the short half life of oxytocin in blood (approximately 3-5 minutes), it is possible that
we did not capture a brief increase in peripheral levels at the sampled timepoints.
Alternatively, intranasal oxytocin effects may be central, and not reflected in peripheral
levels. Although central oxytocin in some cases may stimulate peripheral oxytocin secretion
(7), there is evidence that stimulation of oxytocin secretion in appetite pathways is
accompanied by inhibition of peripheral secretion of oxytocin via the posterior pituitary(22).
It is therefore possible that the nonsignificant reduction in peripheral oxytocin levels we
found in response to intranasal oxytocin in the context of food anticipation was due to
oxytocinergic activity in central appetite pathways.

In addition to its role in food intake, oxytocin has been implicated in the regulation of
energy metabolism. Oxytocin and oxytocin receptor knockout mice develop obesity and
reduced thermogenesis without a change in nutrient intake(6, 32). In an investigation of rats
receiving a high fat diet, central oxytocin attenuated weight gain without changing food
intake(7). In another study of diet induced obesity in rats, systemic oxytocin reduced caloric
intake and body weight without changing REE, indicating that oxytocin blocked the effect
of weight loss to reduce energy expenditure(33). Chronic subcutaneous administration of
oxytocin to obese nonhuman primates increased energy expenditure in the dark cycle by
14% (11). These studies suggest that oxytocin promotes energy expenditure. A small study
of obese men and women found that intranasal oxytocin four times per day led to weight
loss of nearly 20 Ibs over eight weeks(12). Although this pilot study was limited by small
size and, despite randomization, the groups were not well-matched for age or baseline
weight, the weight loss was striking(12). There were no assessments of appetite, food intake,
energy expenditure or activity levels, so the mechanisms of oxytocin effects on weight over
time are unclear. Neither our study nor Ott’s identified an effect of a single dose of oxytocin
on energy expenditure(14). Whether chronic administration of oxytocin increases energy
expenditure remains a key question.
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Although REE did not differ after oxytocin (vs. placebo) in our study, RQ decreased,
consistent with a change in substrate utilization. A study of chronic oxytocin infusion in
mice similarly reported a reduction in RQ(34). Importantly, in our study, there was no
difference in caloric intake in the preceding 72 hours in oxytocin or placebo conditions, and
subjects abstained from eating, drinking (other than water), and strenous exercise before
visits. No subjects were smokers or had respiratory illnesses. Therefore, the RQ difference
likely reflects a shift in substrate utilization toward fatty acid oxidation. It has been
previously shown that adipocytes and fat progenitor cells have receptors for oxytocin(35,
36). Invitro and in vivo experiments have demonstrated that oxytocin inhibits adipogenesis
and promotes lipolytic pathways and fatty acid oxidation(7, 37). In a study of obese
nonhuman primates, chronic peripheral administration of oxytocin increased markers of
lipolysis(11). Our finding of a trend toward reduced triglycerides following oxytocin
administration is consistent with a possible lipolytic effect.

Preclinical research indicates that oxytocin may be involved in glucose homeostasis.
Oxytocin knockout mice develop insulin resistance and glucose intolerance(38). In obese
mice, oxytocin reduces fasting insulin secretion and insulin resistance and improves glucose
tolerance prior to a change in weight(12). Peripheral oxytocin administration in rats
increases insulin-sensitive glucose transporter 4 mRNA in fat, suggesting a mechanism for
increasing insulin sensitivity(39). Ott et al. showed that intranasal oxytocin reduced
postprandial glucose but not insulin levels in healthy men(14). Our finding in men that a
single dose of oxytocin reduces fasting insulin secretion and HOMA-IR without affecting
glucose levels supports the concept that oxytocin may improve insulin sensitivity
independent of its effects on weight. However, Zhang et al. did not show effects of sustained
intranasal oxytocin on fasting insulin or glucose levels in a small study of nondiabetic obese
men and women(12). Further research will be important to examine the effects of oxytocin
on glucose tolerance in humans, particularly diabetics.

This study is limited by a relatively small sample size. It is possible that with more subjects,
we may have detected significant differences in appetite, types of calories consumed (e.g.,
protein or carbohydrate), or REE. Due to potential effects of estrogen and progesterone on
oxytocin secretion and receptor distribution, this study focused exclusively on men. Future
studies will need to examine oxytocin effects on eating behavior in females, as oxytocin has
gender-specific effects(40). We have demonstrated an acute effect of oxytocin on food
intake, substrate utilization, and insulin sensitivity. Whether chronic oxytocin administration
would be useful in promoting and maintaining weight loss and improved glucose
metabolism in obesity is unknown, and warrants investigation.

In summary, in a study of healthy men, we found that a single dose of intranasal oxytocin
reduced caloric intake at a breakfast meal without changing subjective appetite or appetite-
regulating hormones leptin, ghrelin or PYY. Although oxytocin resulted in a rise in serum
CCK levels preceding the oxytocin-induced suppression of food intake, it is not clear from
this study whether CCK is a mediator of oxytocin effects. Oxytocin reduced the RQ,
indicating a shift in substrate utilization to fatty acid oxidation. Finally, oxytocin reduced
fasting insulin and HOMA-IR without changing glucose levels, indicating improved insulin
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sensitivity. Further investigation of sustained oxytocin safety and effects on caloric intake
and metabolism will be important.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What is known
e Oxytocin is a peptide hormone produced in the hypothalamus.

» Inanimal models, oxytocin reduces caloric intake and has positive metabolic
effects.

e Inasmall study of humans, intranasal oxytocin over eight weeks led to weight
loss.

» Intranasal oxytocin has central actions with minimal side effects.
What does this study add

» Asingle dose of intranasal oxytocin reduces caloric intake in men without
effects on subjective hunger or satiety, or mediation by established endocrine
regulators of food intake.

« Inaddition, oxytocin reduces the fasting respiratory quotient in men, consistent
with a shift in substrate utilization toward fatty acid oxidation.

»  Oxytocin also reduces fasting insulin levels in men without affecting glucose
levels, indicating improved insulin sensitivity.
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Study schema. VAS, visual analogue scales. OT, oxytocin. Filled in diamonds, blood draws.
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Figure 2.

Compared to placebo, oxytocin reduced A.) total caloric intake by 122+51 kcal, B.) fat
intake by 8.7£3.8 g, C.) protein intake by 3.9+2.2 g, and D.) carbohydrate content by
7.2+9.49. *, p=0.03. ¥, no longer significant after controlling for multiple comparisons.
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