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Impact of sex, fat distribution and 
initial body weight on oxytocin’s 
body weight regulation
Yuko Maejima1, Masato Aoyama2, Kazuho Sakamoto1, Teruo Jojima3, Yoshimasa Aso3, 
Katsuya Takasu4, Seiichi Takenosihita5 & Kenju Shimomura1

Obesity is considered as a worldwide problem in both males and females. Although many studies have 
demonstrated the efficiency of oxytocin (Oxt) as an anti-obesity peptide, there is no comparative study 
of its effect in males and females. This study aims to determine factors (sex, initial body weight, and 
fat distribution) that may affect the ability of Oxt to regulate body weight (BW). With regard to sex, 
Oxt reduced BW similarly in males and females under both high fat diet (HFD) and standard chow-fed 
condition. The BW reduction induced by Oxt correlated with initial BW in male and female mice under 
HFD conditions. Oxt showed an equal efficacy in fat degradation in both the visceral and subcutaneous 
fat mass in both males and females fed with HFD. The effect of Oxt on BW reduction was attenuated 
in standard chow-fed male and female mice. Therefore, our results suggest that administration of Oxt 
is more effective in reducing BW in subjects with a high initial BW with increased fat accumulation. 
The present data contains important information for the possible clinical application of Oxt for the 
treatment of obesity.

The population prevalence of obesity (body mass index [BMI]≥30) is increasing throughout the world in both 
males and females1. Nowadays, obesity is one of the leading global risks for mortality. Recent articles have shown 
evidence that accumulation of visceral fat mass induces systemic inflammation and accelerates obesity, steato-
hepatitis, and arteriosclerosis.

Oxytocin (Oxt) is known as neural hormone that induces milk ejection and uterine contraction2 effects that 
are limited for females. However, Oxt is produced in the hypothalamus of both males and females and is released 
to other regions of the central nervous system or to whole body circulatory via posterior pituitary gland. Oxt 
receptors are abundantly distributed in several regions of the brain, including the cortical areas, olfactory systems, 
limbic systems, thalamus, hypothalamus, and brain stem3. There are no major differences in the distribution of 
Oxt receptors between male and female brains3. Within the latest decade, common functions of Oxt in both males 
and females have been revealed. Oxt is reported to increase trust in humans4, play a role in maternal behavior5, 
increase mother-infant bonding6, and improve social communication in autistic patients7.

As well as effects on social behaviour, Oxt is reported to play an important role in feeding regulation and 
energy metabolism in rodents, primates, and humans8–13. Intracerebroventricular or peripheral (intraperi-
toneal and subcutaneous) injection of Oxt decreases food intake in rats and mice8, 9. Oxt-knockout and Oxt 
receptor-knock out mice show low sympathetic tone and late-onset obesity14, 15. Subchronic (subcutaneous) treat-
ment of Oxt increases energy expenditure, decreases body weight (BW) and fat mass, and improves steatohep-
atitis in rats, mice and monkeys9, 11, 12, 16. In addition, nasal administration of Oxt also decreases food or calorie 
intake in mice17 and humans13, and decreases BW in humans12.

Obesity is characterized as accumulation of subcutaneous and visceral fat. It has been shown that the ratio 
of visceral fat mass to total fat mass is lager in males, whereas the ratio of subcutaneous fat mass to total fat mass 
is larger in females18. Many articles have reported the effects of Oxt in treating obesity in rodents, primates, 
and humans8–13, 16, 17. However, such reports used only males or mixed data and, therefore, there are no studies 
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comparing the effect of Oxt on BW regulation between males and females. Furthermore, no systematic studies 
have been reported comparing the effect of Oxt in male and female, high fat diet (HFD) and normal chow-fed 
mice. In order to determine the optimal condition for Oxt to treat obesity, such investigation is necessary.

Here we report a comparison of the effect of Oxt in males and females, and its effect on initial BW and fat 
distribution by using CT.

Results
The effects of Oxt on BW and food intake in HFD-fed male and female mice.  The initial BW 
of the animals used in this study was 37.36 ± 0.64 g in males (n = 38) and 34.20 ± 0.99 g in females (n = 39) 
(Fig. 1a). The difference in BW was statistically significant. The plasma oxytocin levels are slightly high in female 
(106.67 ± 10.78 pg/ml) than male mice (89.75 ± 6.92 pg/mg), but there was no statistically significant difference 
(P = 0.198) (Fig. 1b).

In male mice, Oxt infusion rapidly decreased BW within one day and maximal BW loss was detected at 3 
days after starting infusion (Fig. 1c). BW was maintained at a significantly reduced level during the Oxt infusion 
period compared to control (saline infused) mice (F1,360 = 1090.34, P < 0.01; Fig. 1c). Food intake was slightly, but 
significantly, less in Oxt infused mice compared to saline infused control mice (F1,324 = 47.66, P < 0.01; Fig. 1d). At 
day 10 after starting Oxt infusion, the percentage of BW reduction from the initial BW was significantly different 
from that of the saline-infused controls. (−1.55 ± 0.52% for control and −6.75 ± 0.76% for Oxt infused group; 
Fig. 1e).

On the other hand, in female mice, the pump implantation operation itself induced a reduction of BW 
(Fig. 1f). However, the BW reduction was slightly, but significantly, larger in the Oxt infused group compared 
to the control group during the Oxt infusion period (F1,370 = 205.72, P < 0.01; Fig. 1f). Oxt infusion also rapidly 
decreased BW change within 2 days after initiation and the change was maintained at the reduced level during the 
Oxt infusion period. Also, Oxt infused female mice showed significantly less food intake compared to the saline 
infused control female mice (F1,333 = 23.37, P < 0.01; Fig. 1g). The percentage of BW change at day 10 after initiat-
ing Oxt infusion was significantly decreased in female controls. (−5.80 ± 1.02% for controls and −9.25 ± 1.18% 
for Oxt infusion group) (Fig. 1h).

In comparing the percentage of BW changes from original BW (BW at day 0), the percentage reduction of BW 
in control female was significantly larger than that of control male mice (F1,360 = 247.4, P < 0.01; Fig. 1i). The per-
centages of BW change from original BW in Oxt treated female mice were slightly larger than that of Oxt treated 
male mice (F1,370 = 50.44, P < 0.01; Fig. 1j).

These results indicate that Oxt similarly induces reduction of BW in both male and female mice.
The correlation between initial BW and BW change at day 10 after starting Oxt infusion in male (Fig. 1k,l) and 

female (Fig. 1m,n) mice was analysed. In the male control mice, there was no correlation between BW change and 
initial BW (r = −0.099, p = 0.687) (Fig. 1k). On the other hand, a significant negative correlation was observed 
between initial BW and BW change in the Oxt infusion group (r = −0.459, p = 0.048) (Fig. 1l).

Surprisingly, a significant negative correlation between BW change and initial BW was detected in both the 
control (Fig. 1m; r = −0.571, p = 0.011) and Oxt infusion groups (Fig. 1n; r = −0.570, p = 0.009) in female mice.

The effect of Oxt on fat distribution (visceral and subcutaneous fat) in male and female 
mice.  In order to compare BW and fat distribution between male and female mice after HFD, CT analysis 
was performed. The BW of female mice fed with a high fat diet (HFD) for 12 weeks was significantly lower than 
that of male mice, which were fed with a HFD diet for 8 weeks (Fig. 2a). The weight of total fat mass, visceral fat 
mass, and subcutaneous fat mass were significantly lower in female mice compared with male mice (Fig. 2b). The 
ratio of visceral fat mass to total fat mass was significantly larger in male than in female mice (Fig. 2c). On the 
other hand, the ratio of subcutaneous fat mass to total fat mass was significantly larger in female than male mice 
(Fig. 2c).

At day 10 after initiating Oxt infusion, the distribution of fat (visceral and subcutaneous fat) was also analysed 
by using CT (Fig. 2d–k). Since a variance of BW is large, pairs of mice with similar BW were employed for this 
experiment. There was no significant difference in initial BW among male (Fig. 2l) and female (Fig. 2p) mice. 
As shown in the representative CT images for male mice in Fig. 2d–g, both visceral and subcutaneous fat were 
significantly decreased in the Oxt infusion group compared with the control group (Fig. 2m,n). The loss of each 
visceral and subcutaneous fat following Oxt infusion was approximately 20% (Fig. 2m,n). There were no signifi-
cant differences in muscle volume between control and Oxt treated group (Fig. 2o).

As shown in the representative CT image for female mice in Fig. 2h–k, the visceral fat in the Oxt infused group 
tended to decrease (approximately 15% compared with the control group) (Fig. 2q). The amount of subcutaneous 
fat in the Oxt infused group was significantly decreased (approximately 20% reduction compared with that of 
the control group) (Fig. 2r). However, there were no significant differences in muscle between control and Oxt 
infused group (Fig. 2s).

From these results, it is clear that there is no specificity of Oxt’s effect between visceral and subcutaneous fat in 
male mice. However, in female mice, the effect of Oxt on fat degradation is slightly significant in subcutaneous fat 
than visceral fat. Similar to BW, Oxt similarly reduced fat mass in male and female mice.

The effect of Oxt on BW in standard diet-fed male and female mice.  The effect of Oxt on BW 
reduction was more potent when the initial BW was larger in HFD-fed mice.

Therefore, in order to examine the impact of initial BW on the effect of Oxt, BW and food intake after Oxt 
infusion in standard diet-fed male and female mice were examined.
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Figure 1.  The effect of Oxt treatment on BW and food intake in male and female mice fed a high-fat diet. (a) 
Initial body weight of males and females used in this study. (b) Plasma Oxt levels in HFD-fed male and female 
mice (n = 8, 7). (c,d) Daily BW change (c) and food intake (d) during the Oxt infusion period in HFD-fed 
male mice. (n = 19, 19) (e) The percentage of BW change at 10 days after starting Oxt infusion in male mice. 
**P < 0.01 by unpaired Student’s t-test. (f,g) Daily BW change (f) and food intake (g) during the Oxt infusion 
in HFD-fed female mice. (n = 19, 20) *P < 0.05, **P < 0.01 by two-way ANOVA followed by Tukey’s multiple 
range test. (h) The percentage of BW change at 10 days after starting Oxt infusion in female mice. *P < 0.05 by 
unpaired Student’s t-test. (i) The percentage of BW change during 10 days in control male and female. *P < 0.05, 
**P < 0.01 by two-way ANOVA followed by Tukey’s multiple range test. (j) The percentage of BW change 
during 10 days in Oxt treated male and female. *P < 0.05, **P < 0.01 by two-way ANOVA followed by Tukey’s 
multiple range test. (k,l)The correlation of BW change at 10 days and initial BW (BW at day 0) in control (k) 
and Oxt-treated (l) male mice. (m,n) The correlation of BW change at 10 days and initial BW (BW at day 0) in 
control (m) and Oxt-treated (n) female mice.
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Figure 2.  The effect of Oxt treatment on visceral fat and subcutaneous fat in male and female mice fed a high-
fat diet. (a) Body weight of 8-week-old HFD-fed males and 12-week-old HFD-fed females. (n = 11, 9) (b) 
Weight of total fat, visceral fat, and subcutaneous fat analysed by CT scan in HFD-fed male and female mice. 
(n = 11, 9) (c) Ratio of the visceral fat to the total fat, and ratio of the subcutaneous fat to the total fat in HFD-
fed male and female mice. (male n = 11, female n = 9). *P < 0.05, **P < 0.01 by unpaired Student’s t-test. (d–g) 
Representative X-ray (d,f) and CT image (e,g) of HFD-fed control (d,e) and Oxt-treated (f,g) mice. CT images 
of e and g are sectional images of the white dotted lines (level of vertebra L6) in (d and f), respectively. Yellow 
areas indicate subcutaneous fat and pink areas indicate visceral fat. The BW of mice scanned by CT was 43.9 g 
and 37.1 g in control and Oxt-treated mice, respectively. CT scanning was performed at 10 days after starting 
Oxt infusion. (h–k) Representative X-ray (h,j) and CT image (i,k) of HFD-fed control (h,i) and Oxt-treated 
(j,k) female mice. CT images of i and k are sectional images of the white dotted lines (level of vertebra L6) in 
(h and j), respectively. Yellow areas indicate subcutaneous fat and pink areas indicate visceral fat. The BW of 
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The initial BW of mice used in this study was 28.33 ± 0.35 g (n = 16) and 20.50 ± 0.18 g (n = 15) in male and 
female, respectively. The difference in BW were statistically significant (Fig. 3a). The plasma oxytocin levels were 
significantly higher in female (110.50 ± 12.58 pg/ml) than male mice (78.63 ± 6.77 pg/mg) (Fig. 3b).

In the standard diet-fed male mice, daily BW change from the initial BW was significantly decreased within 
one day after starting the Oxt treatment (F1,140 = 441.57, P < 0.01; Fig. 3c). This significant loss of BW change was 
maintained throughout the period of Oxt infusion. The amount of food intake slightly but significantly decreased 
in Oxt-treated standard diet-fed male mice at day 2 (F1,126 = 6.56, P < 0.05; Fig. 3d). The percentage of BW change 
at 10 days compared with initial BW was significantly low in Oxt-treated standard diet-fed male mice (control: 
3.71 ± 1.06%, Oxt: −3.6 ± 1.31%) (Fig. 3e).

In the standard diet-fed female mice, daily BW change from the initial BW was also immediately decreased 
after starting the Oxt treatment (F1,130 = 303.68, P < 0.01; Fig. 3f), and food intake was almost no differences 
between control and Oxt group (F1,117 = 5.03, P < 0.05; Fig. 3g). The percentage of BW change at 10 days com-
pared with initial BW was nearly significantly different between the control group (5.93 ± 0.88%) and the Oxt 
group (2.38 ± 1.62%) (P = 0.068) (Fig. 3h).

In comparing the percentage of BW changes from original BW, the percentage change of BW was significantly 
larger in control female than that of male mice (F1,140 = 92.70, P < 0.01; Fig. 3i). The percentage of BW change 
from original BW in Oxt treated female mice were also significantly larger than that of Oxt treated male mice 
(F1,130 = 131.58, P < 0.01; Fig. 3j).

The correlation between initial BW and BW change at 10 days after starting Oxt infusion in standard diet-fed 
male (Fig. 3k,l) and female (Fig. 3m,n) mice was analysed. In the male control and Oxt-treated mice, there was 
no correlation between BW change and initial BW (control: r = −0.119, p = 0.779, Oxt: r = −0.093, p = 0.826) 
(Fig. 3k,l). Similar with the standard diet-fed male mice, there was no correlation between BW change and initial 
BW in standard diet-fed female mice (control: r = 0.031, p = 0.942, Oxt: r = 0.623, p = 0.135) (Fig. 3m,n).

The effect of different dose of Oxt in HFD-fed mice.  In order to examine the doe-dependent effect 
of Oxt on BW change and food intake, the osmotic mini pump containing saline, 800 and 1600 μg/kg/day dose 
of Oxt were prepared and daily BW change and food intake in HFD-fed male and female mice were measured.

In male mice, as shown in Fig. 4a, Oxt clearly decreased BW change dose dependently. However, dose depend-
ent effect of Oxt on food intake was not detected (Fig. 4b).

In female mice, Oxt decreased both BW change (Fig. 4c) and food intake (Fig. 4d) dose dependently.

Discussion
This study was designed to investigate the impact of Oxt on various factors that may affect BW regulation. 
Considering the negative correlation between the initial BW and BW change induced by Oxt infusion in HFD-fed 
mice and the less but clear effect of Oxt on BW in standard chow-fed mice, the effect of Oxt on BW change is 
depended on the original BW and, is similar in both males and females.

The interpretation of Oxt’s effect on female mice shown in this study is complicated. The variation of the effect 
of Oxt on BW was substantially large in HFD-fed female mice. One possible factor for this large variance could 
be the oestrous cycle. The levels of plasma ovarian hormones, such as estrogen and progesterone are different in 
each day, and these hormones are known to affect feeding and energy metabolism19–22. Also, the application of 
HFD can change the estrogen levels and induce acyclicity in mice23. Furthermore, estrogen increases expression 
of Oxt24 and Oxt receptor25. It raises the possibility that difference in estrogen levels based on oestrous cycle may 
have influenced the sensitivity of Oxt.

Another factor could be the influence of anaesthesia. We examined the effect of anaesthesia on BW in male 
and female mice fed with HFD and standard chow. Seven days after injection of anaesthesia, BW was significantly 
decreased in only HFD-fed males and females. However, this effect was significantly greater in the females than 
males (Male: −5.33 ± 0.90% (n = 6), Female: −10.59 ± 0.61% (n = 5)). Therefore, the factors “HFD” and “female” 
could have been affected by the usage of tribromoethanol. However, the use of anaesthesia was inevitable for 
the current experiments. This may well be a limitation of this study. Seven days after use of isoflurane, BW in 
HFD-fed female mice (n = 3) was increased 1.07 ± 0.86%. Thus, isoflurane could be considered as more appro-
priate anaesthesia for the experiments using HFD-fed obese model mice. In addition, HFD-fed male and female 
mice failed to recover from post-operation BW reduction. However, BW in standard chow-fed male and female 
control mice showed complete recovery at 10 days after surgery. These differences may be related to plasma glu-
cose concentration. The fasting plasma glucose levels in HFD-fed mice were 179.6 ± 24.48 and 157.95 ± 20.23 mg/
dl in males (n = 10) and females (n = 19), respectively. On the other hand, the fasting plasma glucose levels in 
standard chow-fed mice were 126.0 ± 13.21 and 122.63 ± 13.16 mg/dl in males (n = 11) and females (n = 8), 
respectively. Wound healing in diabetic patients is delayed in humans26 and high blood glucose is known to con-
tribute to poor healing and ulcer formation27. Therefore, our current data cannot exclude the influence of high 
blood glucose level. However, the fact that Oxt was effective in HFD-fed mice indicates the effect of Oxt on obese 
subjects with high blood glucose. This is potentially important clinical information for type 2 diabetes patients 

mice scanned by CT was 31.0 g and 28.5 g in the control and Oxt-treated mice, respectively. CT scanning was 
performed at 10 days after Oxt infusion. (l) Initial body weight of the control and Oxt-treated group in HFD-fed 
male mice (n = 6 each). (m–o)The volume of visceral fat (m) and subcutaneous fat (n), and muscle (o) after Oxt 
infusion in male mice. (p) Initial body weight of the control and Oxt-treated group in HFD-fed female mice 
(n = 9 each). (q–s) The volume of visceral fat (q) and subcutaneous (r), and muscle (s) after Oxt infusion in 
female mice. *P < 0.05 by paired t-test. (n = 6).
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Figure 3.  The effect of Oxt treatment on BW and food intake in male and female mice fed a standard-chow diet. 
(a) Initial body weight of males and females used in this study. (b) Plasma Oxt levels in standard chow-fed male 
and female mice (n = 10 each). (c,d) Daily change of BW change (c) and food intake (d) during the infusion 
period in standard chow-fed male mice. (n = 8 each). (e) The percentage of BW change at 10 days after starting 
Oxt infusion in male mice. **P < 0.01 by unpaired Student’s t-test. (f,g) Daily change of BW change (f) and food 
intake (g) during the infusion period in standard chow-fed female mice. (n = 7, 8) *P < 0.05, **P < 0.01 by two-
way ANOVA followed by Tukey’s multiple range test. (h) The percentage of BW change at 10 days after starting 
Oxt infusion in male mice. P = 0.068 by unpaired Student’s t-test. (i) The percentage of BW change during 10 
days in control male and female. **P < 0.01 by two-way ANOVA followed by Tukey’s multiple range test. (j) 
The percentage of BW change during 10 days in Oxt treated male and female. *P < 0.05, **P < 0.01 by two-way 
ANOVA followed by Tukey’s multiple range test. (k,l) The correlation of BW change at 10 days and initial BW 
(BW at day0) in the control (k) and Oxt-treated (l) male mice. (m,n) The correlation of BW change at 10 days 
and initial BW (BW at day0) in the control (m) and Oxt-treated (n) female mice.
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since Oxt could improve insulin secretion17 and glucose tolerance9. Further studies are required to examine the 
pure effect of Oxt on BW reduction in female mice.

When comparing the effects of Oxt on food intake in HFD-fed male and female mice, a reduction was 
observed in both the males and females. This is consistent with a study by Benelli et al. reporting no sex differ-
ences in Oxt-induced inhibition of feeding28. On the other hand, recent articles have reported that Oxt’s inhibi-
tory effect on food intake is stronger in obese than normal-weight men29. In this study, the effect of Oxt on feeding 
was slightly larger in HFD-fed mice than standard chow-fed mice in males and females. The expression levels of 
Oxt and Oxt receptors are reported to be increased in the brain of HFD-fed mice30. This mechanism concerning 
food intake may be related to the change of Oxt and Oxt receptor expression following development of obesity. 
Also, the pattern of food intake was different in our study. In male mice, food intake was decreased within the first 
half of the Oxt infusion period, consistent with our previous report9, but female mice showed a reduction of food 
intake for only three days in the middle of the experimental period. This difference may also arise from recovery 
following the anaesthesia and pump-infusion surgery.

Both subcutaneous and visceral fat mass was lower by 20% in Oxt-treated male mice. Similar to male mice, 
subcutaneous fat mass was significantly lower by 20% in Oxt-treated female mice compared with the control 
mice. However, there was no significant reduction of visceral fat mass in Oxt-treated female mice (P = 0.54). 
These differences may be due to the fat distribution in the female mice. In HFD-fed female mice, visceral fat 
mass was significantly less than subcutaneous fat mass (visceral fat: 2.22 ± 0.44 g, subcutaneous fat: 2.57 ± 0.44 g, 
P < 0.01, paired t-test), whereas in HFD-fed male mice, visceral fat mass and subcutaneous fat mass were at the 
same level (visceral fat: 3.63 ± 0.27 g, subcutaneous fat: 3.60 ± 0.20 g, P = 0.80, paired t-test).

These data suggested that the difference in Oxt’s effect on fat mass between male and female mice is due to the 
sex dependent difference in visceral and subcutaneous fat composition.

We also examined the chronic effects of Oxt on BW and food intake in standard diet-fed mice. In standard 
chow-fed male mice, BW at day 10 after starting Oxt infusion was decreased by 3.6%. Compared with BW reduc-
tion in HFD-fed male mice (6.7% decline), the effect of Oxt on standard diet-fed male mice was significantly 
attenuated (p = 0.04, unpaired t-test). Surprisingly, BW at 10 days after starting Oxt infusion in standard chow 
fed female mice was increased by 2% from the initial BW. Compared with BW reduction in Oxt infused HFD-fed 
female mice (−9.4%), the effect of Oxt on standard diet-fed female mice was significantly attenuated (p = 0.0004, 
unpaired t-test).

Figure 4.  The different dose of Oxt treatment on BW and food intake in male and female mice fed a high fat 
diet. (a,b) Daily BW change (a) and food intake (b) during the different dose of Oxt (800 and 1600 μg/kg/day) 
infusion in HFD-fed male mice. (n = 6, 5, 5) **P < 0.01 by two-way ANOVA followed by Tukey’s multiple range 
test. (c,d) Daily BW change (c) and food intake (d) during the different dose of Oxt (800 and 1600 μg/kg/day) 
infusion in HFD-fed female mice. (n = 6, 7, 7) **P < 0.01 by two-way ANOVA followed by Tukey’s multiple 
range test.
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In this study, we hypothesized that the effect of Oxt on BW reduction depends on the initial BW and fat mass. 
A clinical study by Zhang et al. also reported that Oxt nasal treatment had more impact on BW reduction in 
individuals with a higher BW12.

It is known that Oxt receptors are expressed in adipocytes31, and activation of these receptors induces lipolysis 
and fatty acid β-oxidation16. As shown in Fig. 2l–s, Oxt decreased only fat mass but did not decrease lean mass 
(muscle). Consistent with our results, Altrriba et al. reported that Oxt treatment in ob/ob mice led to a fat mass 
loss without any change in lean mass32.

In the current study, the correlation between BW and total fat in HFD-fed male and female mice was r = 0.854 
(P < 0.01) and r = 0.988 (P < 0.01), respectively. Therefore, the significant correlation between BW change and 
initial BW under Oxt treatment is due to its effect on reducing fat mass.

Zhang et al. reported that HFD decreased plasma Oxt levels in mice33. One report showed elevation of 
plasma Oxt levels in obese subjects34. However, many recent studies have also reported that plasma Oxt levels 
are decreased in obese, type 2 diabetic, and metabolic syndrome patients35, 36. In addition, plasma Oxt levels neg-
atively correlate with BMI in humans35, 36. However, there were no significant differences in Oxt levels between 
HFD-fed and standard chow-fed mice in our experiment (Fig. 1b vs Fig. 3b, male and female, respectively). This 
differences may be due to the difference in duration of HFD feeding period. Zhang et al. used mice fed with 
HFD for 5 month33. In this study, we used mice fed with HFD for only 2 month for male and 3 month for female. 
Therefore, it is possible that decline of plasma Oxt levels may be present only after development of severe obesity 
after long term HFD feeding.

In the current experiment, the plasma Oxt level was significantly or tended to be lower in male mice than in 
female mice. This difference of plasma Oxt levels between sex is also reported in rats and prairie voles37. However, 
no significant difference in plasma Oxt levels between males and females is reported in humans34, 38, 39. Further 
studies are required to clarify whether there is a difference in Oxt levels between sex, as seen in this study, is spe-
cific to only rodents.

However, our current results showing high plasma Oxt levels in females may suggest a reasonable explanation 
for the sex differences in development of obesity. It took longer periods to induce enough BW increase with HFD 
in female mice than male mice. Since estrogen induces Oxt gene transcription in PVN24, this may have led to 
high plasma Oxt levels in the females, which prevented fat accumulation in female mice under HFD feeding. As 
a result, female mice may have taken longer periods to gain weight. In this study, we evaluated the effect of Oxt 
by matching the initial BW as closely as possible between males and females in our study. However, it would be 
interesting to perform the same experiment by matching age between the male and female mice.

Reduction of plasma Oxt levels indicates important clinical implications for obesity treatment. Under obese 
conditions, plasma leptin and insulin levels are elevated and become resistant to leptin and insulin, contributing 
to further development of obesity40, 41. Unlike with leptin or insulin, conditions such as those in oxytocin resist-
ance are not present in obesity. This is further supported by the fact that the effect of Oxt on BW reduction can 
be observed in a leptin resistant mouse model, such as db/db42, ob/ob32 mice and Zucker fatty rats8. It is reported 
that plasma oxytocinase activity is increased in liver and adipose tissues of Zucker fatty obese rats43. Therefore, 
reduced plasma oxytocin levels in obese conditions could be the result of increased peptide degradation.

The increment of Oxt receptor expression in epididymal fat was observed in leptin-resistant obese Zucker fatty 
rats43, and Oxt receptor expression in adipose tissue was negatively correlated with plasma Oxt levels43. These reports, 
which show the difference of the Oxt and Oxt receptor systems in obese conditions compared to non-obese condi-
tions suggest that the accumulation of fat may be related to decreased plasma Oxt levels. In obese conditions, Oxt 
receptor expression in adipocyte is increased, thus exogenous Oxt may efficiently induce lipolysis and reduce BW.

The compensation of decreased endogenous Oxt by applying exogenesis Oxt may effectively reduce fat mass 
and BW in obesity. This is further supported by the dose dependent effect of exogenously applied Oxt on BW 
reduction in both males and females shown in this study.

In conclusion, the magnitude of BW reduction induced by Oxt correlated with initial BW and degree of fat 
accumulation in males and females. When treating obese patients, our study suggests that Oxt is more potent in 
subjects with higher BW, regardless of sex. The present study provides preclinical insight for personalized medi-
cine to optimize the effectiveness of Oxt treatment in obese patients.

Methods
Animals.  Male and female C57BL/6 J mice aged 6 weeks were purchased from Japan SLC (Hamamatsu, 
Japan). Animals were maintained on a 12 hr light/dark cycle. Dark cycle started at 19:00, and light cycle started 
at 07:00. The mice were fed a HFD (HFD32; Clea Osaka Japan) or standard diet (CE7: Clea Osaka Japan) for 8 
weeks (males) or 12 weeks (females). Thus, 14-week-old male mice and 18-week-old female mice were used for 
the experiment. All experimental procedure and care of animals were carried out according to relevant guidelines 
and regulations and approved by Fukushima Medical University Institute of Animal Care and Use Committee.

Measurement of food intake and BW.  The initial BW of HFD-fed male mice was 37.37 ± 0.90 g for the 
controls and 37.34 ± 0.93 g for the Oxt group, and that of HFD-fed female mice was 33.67 ± 1.39 g for the controls 
and 34.7 ± 1.44 g for the Oxt group. The initial BW of standard diet-fed mice was 28.32 ± 0.52 g for the controls and 
28.35 ± 0.51 g for the Oxt group, and that of standard diet-fed was 20.62 ± 0.23 g for the controls and 20.41 ± 0.28 g 
for the Oxt group. These HFD-fed and standard diet-fed mice were anaesthetized by intraperitoneal injection of tri-
bromoethanol (200 mg/kg) and received surgical operation to implant osmotic mini-pumps (Alzet; model 2002, CA) 
into the subcutaneous tissue. Osmotic mini-pumps contained saline for the controls or Oxt (Peptide Institute, Osaka, 
Japan; 800 or 1600 μg/kg/day) for the Oxt group. Since the variation of BW is large in mice (especially HFD-fed 
mice), concentration of Oxt was calculated from individual BW, and the Oxt solution was filled into each osmotic 
minipump. Food and BW were measured every day at 17:00 (2 hours before the onset of the dark phase) for 10 days.
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Measurement of plasma Oxt concentration.  Eight weeks HFD- or standard diet-fed male mice (14 
weeks old) and 12 weeks HFD- or standard diet-fed female mice (18 weeks old) were decapitated and blood sam-
ples were collected in tubes containing EDTA and aprotinin. Plasma samples were collected between 10:30–11:30 
(3.5–4.5 hours after light phase onset) under adlib fed conditions. When taking circadian rhythm into consider-
ation, oxytocin level and secretion are high during the early light phase44, 45. Samples were centrifuged immedi-
ately at 4 °C at 3000 rpm for 15 min. The plasma samples were extracted by C18 Sep-Pak column (Waters MA)46. 
Plasma Oxt concentration was measured by Oxt EIA kit (Enzo Life Sciences/ Assay Designs NY)39. Intra-assay 
and inter-assay variation was 12.6–13.3% and 11.8–20.9%, respectively.

Measurement of visceral fat and subcutaneous fat.  At 10 days after implanting the mini-pump, com-
puted tomography (CT), a La Theta LCT-200 (Hitachi Aloka Medical, Mitaka, Tokyo, Japan) was applied for 
measurement of visceral and subcutaneous fat mass, as described previously47. A Holder with a diameter of 48 
mm was used. The pixel resolution was 48 μm.

Animals were scanned under isoflurane anaesthesia and the osmotic mini-pump was removed from subcu-
taneous fat. Animals were maintained in the CT scanner with a nose cone providing 2% isoflurane anaesthesia. 
Scans were done between vertebrates L1 and S4.

Statistical analysis.  All data were presented as mean ± SEM. The statistical analysis of BW change and food 
intake during 10 days was performed by two-way ANOVA followed by Tukey’s multiple range test. Student’s t-test 
was used for two-group comparisons. The comparisons of fat mass in the experiment using CT were analysed 
using a paired t-test. The regression coefficient was calculated to evaluate the associations between initial BW and 
BW change at day 10 after starting Oxt infusion in the mice. P < 0.05 was considered significant. All statistical 
tests were 2-tailed with 0.05 as the threshold level of significance.

References
	 1.	 Ng, M. et al. Global, regional, and national prevalence of overweight and obesity in children and adults during 1980–2013: a 

systematic analysis for the Global Burden of Disease Study 2013. Lancet. 384, 766–781 (2014).
	 2.	 Dale, H. H. On some physiological actions of ergot. J Physiol. 34, 163–206 (1906).
	 3.	 Gimpl, G. & Farenholz, F. The oxytocin receptor system; structure, function, and regulation. Physiol Rev. 81, 629–683 (2001).
	 4.	 Kosfeld, M., Heinrichs, M., Zak, P. J., Fischbacher, U. & Fehr, E. Oxytocin increases trust in humans. Nature. 435, 673–676 (2005).
	 5.	 Jin, D. et al. CD38 is critical for social behaviour by regulating oxytocin secretion. Nature. 446, 41–45 (2007).
	 6.	 Nagasawa, M., Okabe, S., Mogi, K. & Kikusui, T. Oxytocin and mutual communication in mother-infant bonding. Front Hum 

Neurosci. 6, 31 (2012).
	 7.	 Aoki, Y. et al. Oxytocin improves behavioural and neural deficits in inferring others’ social emotions in autism. Brain. 137, 

3073–3086 (2014).
	 8.	 Maejima, Y. et al. Nesfatin-1-regulated oxytocinergic signaling in the paraventricular nucleus causes anorexia through a leptin-

independent melanocortin pathway. Cell Metab. 10, 355–365 (2009).
	 9.	 Maejima, Y. et al. Peripheral oxytocin treatment ameliorates obesity by reducing food intake and visceral fat mass. Aging (Albany 

NY). 3, 1169–1177 (2011).
	10.	 Wu, Z. et al. An obligate role of oxytocin neurons in diet induced energy expenditure. PLoS One. 7, e45167, doi:10.1371/journal.

pone.0045167 (2012).
	11.	 Blevins, J. E. et al. Chronic oxytocin administration inhibits food intake, increases energy expenditure, and produces weight loss in 

fructose-fed obese rhesus monkeys. Am J Physiol Regul Integr Comp Physiol. 308, R431–R438 (2015).
	12.	 Zhang, H. et al. Treatment of obesity and diabetes using oxytocin or analogs in patients and mouse models. PLos One. 8, e61477, 

doi:10.1371/journal.pone.0061477 (2013).
	13.	 Lawson, E. A. et al. Oxytocin reduces caloric intake in men. Obesity (Silver Spring). 23, 950–956 (2015).
	14.	 Takayanagi, Y. et al. Oxytocin receptor-deficient mice developed late-onset obesity. Neuroreport. 19, 951–955 (2008).
	15.	 Camerino, C. Low sympathetic tone and obese phenotype in oxytocin-deficient mice. Obesity. 17, 980–984 (2009).
	16.	 Deblon, N. et al. Mechanisms of the anti-obesity effects of oxytocin in diet-induced obese rats. PLoS One. 6, e25565, doi:10.1371/

journal.pone.0025565 (2011).
	17.	 Maejima, Y. et al. Nasal oxytocin administration reduces food intake without affecting locomotor activity and glycemia with c-Fos 

induction in limited brain areas. Neuroendocrinology. 101, 35–44 (2015).
	18.	 White, U. A. & Tchoukalova, Y. D. Sex dimorphism and depot differences in adipose tissue function. Biochim Biophys Acta. 1842, 

377–92 (2014).
	19.	 Frank, A., Brown, L. M. & Clegg, D. J. The role of hypothalamic estrogen receptors in metabolic regulation. Front Neuroendocrinol. 

35, 550–557 (2014).
	20.	 Stelmańska, E. & Sucajtys-Szulc, E. Enhanced food intake by progesterone-treated female rats is related to changes in neuropeptide 

genes expression in hypothalamus. Endokrynol Pol. 65, 46–56 (2014).
	21.	 Baskin, D. G., Norwood, B. J., Schwartz, M. W. & Koerker, D. J. Estradiol inhibits the increase of hypothalamic neuropeptide Y 

messenger ribonucleic acid expression induced by weight loss in ovariectomized rats. Endocrinology 136, 5547–5554 (1995).
	22.	 Bonavera, J. J., Dube, M. G., Kalra, P. S. & Kalra, S. P. Anorectic effects of estrogen may be mediated by decreased neuropeptide-Y 

release in the hypothalamic paraventricular nucleus. Endocrinology 134, 2367–70 (1994).
	23.	 Chakraborty, T. R., Donthireddy, L., Adhikary, D. & Chakraborty, S. Long-term high fat diet has a profound effect on body weight, 

hormone levels, and estrous cycle in mice. Med Sci Monit. 22, 1601–1608 (2016).
	24.	 Nomura, M., McKenna, E., Korach, K. S., Pfaff, D. W. & Ogawa, S. Estrogen receptor-beta regulates transcript levels for oxytocin and 

arginine vasopressin in the hypothalamic paraventricular nucleus of male mice. Brain Res Mol Brain Res. 109, 84–94 (2002).
	25.	 Young, L. J., Wang, Z., Donaldson, R. & Rissman, E. F. Estrogen receptor alpha is essential for induction of oxytocin receptor by 

estrogen. Neuroreport 9, 933–936 (1998).
	26.	 Rosenberg, C. S. Wound healing in the patient with diabetes mellitus. Nurs Clin North Am. 25, 247–61 (1990).
	27.	 Blakytny, R. & Jude, E. The molecular biology of chronic wounds and delayed healing in diabetes. Diabet Med. 23, 594–608 (2006).
	28.	 Benelli, A., Bertolini, A. & Arletti, R. Oxytocin-induced inhibition of feeding and drinking: no sexual dimorphism in rats. 

Neuropeptides 20, 57–62 (1991).
	29.	 Thienel, M. et al. Oxytocin’s inhibitory effect on food intake is stronger in obese than normal-weight men. Int J Obes (Lond). 40, 

1707–1714 (2016).
	30.	 Watanabe, S. et al. Oxytocin protects against stress-induced cell death in murine pancreatic β-cells. Sci Rep. 6, 25185, doi:10.1038/

srep25185 (2015).

http://dx.doi.org/10.1371/journal.pone.0045167
http://dx.doi.org/10.1371/journal.pone.0045167
http://dx.doi.org/10.1371/journal.pone.0061477
http://dx.doi.org/10.1371/journal.pone.0025565
http://dx.doi.org/10.1371/journal.pone.0025565
http://dx.doi.org/10.1038/srep25185
http://dx.doi.org/10.1038/srep25185


www.nature.com/scientificreports/

1 0SCienTiFiC REPOrTS | 7: 8599  | DOI:10.1038/s41598-017-09318-7

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

	32.	 Altirriba, J. et al. Divergent effects of oxytocin treatment of obese diabetic mice on adiposity and diabetes. Endocrinology. 155, 
4189–4201 (2014).

	33.	 Zhang, G. et al. Neuropeptide exocytosis involving synaptotagmin-4 and oxytocin in hypothalamic programming of body weight 
and energy balance. Neuron. 69, 523–535 (2011).

	34.	 Stock, S., Granström, L., Backman, L., Matthiesen, A. S. & Uvnäs-Moberg, K. Elevated plasma levels of oxytocin in obese subjects 
before and after gastric banding. Int. J. Obes. 13, 213–22 (1989).

	35.	 Qian, W. et al. Decreased circulating levels of oxytocin in obesity and newly diagnosed type 2 diabetic patients. J Clin Endocrinol 
Metab. 99, 4683–4689 (2014).

	36.	 Yuan, G. et al. Reduced circulating oxytocin and High-Molecular-Weight adiponectin are risk factors for metabolic syndrome. 
Endocr J. 63, 655–662 (2016).

	37.	 Kramer, K. M. et al. Sex and species differences in plasma oxytocin using enzyme immunoassay. Can. J. Zool. 82, 1194–1200 (2004).
	38.	 Grewen, K. M., Girdler, S. S., Amico, J. & Light, K. C. Effects of partner support on resting oxytocin, cortisol, norepinephrine, and 

blood pressure before and after warm partner contact. Psychosom Med. 67, 531–538 (2005).
	39.	 Rubin, L. H. et al. Sex differences in associations of arginine vasopressin and oxytocin with resting-state functional brain 

connectivity. J. Neurosci. Res. 95, 576–586 (2017).
	40.	 Alwahsh, S. M. et al. Insulin Production and Resistance in Different Models of Diet-Induced Obesity and Metabolic Syndrome. Int. 

J. Mol. Sci. 18, doi:10.3390/ijms18020285 (2017).
	41.	 Amitani, M., Asakawa, A., Amitani, H. & Inui, A. The role of leptin in the control of insulin-glucose axis. Front. Neurosci. 7, 51, 

doi:10.3389/fnins (2013).
	42.	 Iwasaki, Y. et al. Peripheral oxytocin activates vagal afferent neurons to suppress feeding in normal and leptin-resistant mice: a route 

for ameliorating hyperphagia and obesity. Am. J. Physiol. Regul. Integr. Comp. Physiol. 308, R360–369 (2015).
	43.	 Gajdosechova, L. et al. Hypooxytocinaemia in obese Zucker rats relates to oxytocin degradation in liver and adipose tissue. J 

Endocrinol. 220, 333–343 (2014).
	44.	 Zhang, G. & Cai, D. Circadian intervention of obesity development via resting-stage feeding manipulation or oxytocin treatment. 

Am. J. Physiol. Endocrinol. Metab. 301, E1004–E1012 (2011).
	45.	 Maejima, Y. et al. Orexin action on oxytocin neurons in the paraventricular nucleus of the hypothalamus. Neuroreport 28, 360–366 

(2017).
	46.	 Szeto, A. et al. Evaluation of enzyme immunoassay and radioimmunoassay methods for the measurement of plasma oxytocin. 

Psychosom. Med. 73, 393–400 (2011).
	47.	 Hillebrand, J. J., Langhans, W. & Geary, N. Validation of computed tomographic estimates of intra-abdominal and subcutaneous 

adipose tissue in rats and mice. Obesity (Silver Spring). 18, 848–853 (2010).

Acknowledgements
This work was supported by a Grant-Aid for Scientific Research (C) (15K09395) and The TANITA Healthy 
Weight Community Trust to Y.M, Grant-Aid for Scientific Research (C) (26461366) to K.S. We thank Mr. Shuhei 
Yumita and Dr. Jun Wakai for their technical support with the CT scanning.

Author Contributions
Y.M., Kenju Shimomura designed and performed the experiment, and wrote the manuscript. Kazuho Sakamoto 
performed the experiment. Y.M. and M.A. analysed the data. T.J., K.T., S.T., and Y.A. gave valuable advice and 
opinions in the discussion.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.3390/ijms18020285
http://dx.doi.org/10.3389/fnins
http://creativecommons.org/licenses/by/4.0/

	Impact of sex, fat distribution and initial body weight on oxytocin’s body weight regulation

	Results

	The effects of Oxt on BW and food intake in HFD-fed male and female mice. 
	The effect of Oxt on fat distribution (visceral and subcutaneous fat) in male and female mice. 
	The effect of Oxt on BW in standard diet-fed male and female mice. 
	The effect of different dose of Oxt in HFD-fed mice. 

	Discussion

	Methods

	Animals. 
	Measurement of food intake and BW. 
	Measurement of plasma Oxt concentration. 
	Measurement of visceral fat and subcutaneous fat. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 The effect of Oxt treatment on BW and food intake in male and female mice fed a high-fat diet.
	Figure 2 The effect of Oxt treatment on visceral fat and subcutaneous fat in male and female mice fed a high-fat diet.
	Figure 3 The effect of Oxt treatment on BW and food intake in male and female mice fed a standard-chow diet.
	Figure 4 The different dose of Oxt treatment on BW and food intake in male and female mice fed a high fat diet.




