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Intestinal transepithelial 
permeability of oxytocin into the 
blood is dependent on the receptor 
for advanced glycation end 
products in mice
Haruhiro Higashida1, Kazumi Furuhara1, Agnes-Mikiko Yamauchi1, Kisaburo Deguchi1,  
Ai Harashima2, Seiichi Munesue2, Olga Lopatina1,3, Maria Gerasimenko1, Alla B. Salmina1,3, 
Jia-Sheng Zhang1,4, Hikari Kodama1, Hironori Kuroda2, Chiharu Tsuji1, Satoshi Suto5,  
Hiroshi Yamamoto2 & Yasuhiko Yamamoto2

Plasma oxytocin (OT) originates from secretion from the pituitary gland into the circulation and 
from absorption of OT in mother’s milk into the blood via intestinal permeability. However, the 
molecular mechanism underlying the absorption of OT remains unclear. Here, we report that 
plasma OT concentrations increased within 10 min after oral delivery in postnatal day 1–7 mice. 
However, in Receptors for Advanced Glycation End Products (RAGE) knockout mice after postnatal 
day 3, an identical OT increase was not observed. In adult mice, plasma OT was also increased in a 
RAGE-dependent manner after oral delivery or direct administration into the intestinal tract. Mass 
spectrometry evaluated that OT was absorbed intact. RAGE was abundant in the intestinal epithelial 
cells in both suckling pups and adults. These data highlight that OT is transmitted via a receptor-
mediated process with RAGE and suggest that oral OT supplementation may be advantageous in OT 
drug development.

In the United States, 12.8% of babies are born prematurely, and the number of babies worldwide that are born 
prematurely or at a very low body weight is approximately 15 million annually (http://www.who.int/mediacentre/
factsheets/fs363/en/). These babies would not survive without extraordinary care, and they are at increased risk 
for health and neurodevelopmental problems1, 2, such as intellectual disabilities and autism spectrum disorder 
(ASD)3. The first milk and breast milk feeding thereafter are beneficial for preterm infants4, 5, both hormonally 
and nutritionally, for the development and prevention of diseases such as necrotizing enterocolitis2, 6. Feeding 
with the mother’s milk is recommended because of its beneficial effects on the infant’s intestinal microbiome7–9.

Breast milk contains a dynamic supply of hormones, including oxytocin (OT4, 5, 10–15), which is concentrated 
from the mother’s general circulation16. OT is a 9-amino-acid neuropeptide that is cleaved by intestinal peptidases 
but is relatively stable in gastric acid11, 17–19. OT in early life plays a role in the development of the social brain and 
in establishing social behaviour in adults13, 20–23. Therefore, breast milk not only nourishes beneficial microbes and 
provides immunity but also appears to improve well-being by improving human communication7, 24–28. Although 
OT in breast milk can be absorbed intact from the digestive tract into the blood of neonates11, 29, it remains to be 
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determined whether OT is permeable after the onset of gut closure and, if permeable, whether OT absorption is 
a receptor-mediated process.

The intestinal epithelial cells of suckling rodents are specialized for uptake, sorting, and digestion of milk 
macromolecules9. In the proximal regions, specific IgG receptors on the luminal membranes of absorptive cells 
function in the selective uptake of maternal immunoglobulin and its absorption into basolateral cells30. Epidermal 
growth factor receptors have been found in membrane preparations enriched in microvillar vesicles from the 
small intestines of suckling rats, and specific receptor-mediated binding and endocytosis have been detected in 
villus cells31, 32. Gastric-administered insulin can lead to hypoglycaemia in suckling rats whereas no effect has 
been observed in 30-day-old rats32, thus indicating that absorption occurs in the suckling young. Furthermore, 
milk-borne insulin-like growth factor-1 can be absorbed into the plasma after oral gastric administration in 
3-day-old piglets33. Some peptides can also be absorbed intact without digestion after gut closure in suckling 
rodents32, 33. Together, these results show that the intestinal epithelium forms a barrier very early in life, and mac-
romolecules are taken up in a receptor-mediated fashion in the gastrointestinal tract9, 34–37.

Advanced glycation end products (AGEs) and their receptor (RAGE) are expressed in various tissues, but 
their physiological function is largely unknown, except in innate immunity38. The AGE–RAGE system has been 
proposed as an important pathological mechanism underlying diabetic complications such as diabetic cardiop-
athy, retinopathy, nephropathy, and intestinal haemorrhage38–40. The presence of AGE and RAGE in the small 
intestine has been reported in healthy animals, and their expression levels are upregulated in diabetic rodents41, 42.  
The increased expression of AGE and RAGE may contribute to diabetic gastrointestinal dysfunction, but its phys-
iological relevance remains unclear.

Here, we tested the hypothesis that OT is freely permeable between the intestinal tract and the blood before 
barrier formation and that receptor-mediated permeability of OT occurs from the intestinal lumen after orogas-
tric administration in suckling and adult mice of the C57BL/6N strain. Using RAGE knockout (KO) mice (Ref. 40;  
Ager−/−), we sought to demonstrate whether such a transport mechanism depended on RAGE expressed in the 
intestines of infants in the early postnatal period. We also evaluated RAGE immunoreactivity in neonates and 
the absorption form of OT using liquid chromatography-tandem mass spectroscopy (LC-MS/MS) with a stably 
labelled non-radioisotope isoleucine [13C, 15N] OT.

Results
In suckling male and female C57BL/6N mice at PND1, the plasma OT concentration in blood samples collected 
from the facial vein (Fig. 1a, inset) was higher in 33 pups fed with their mother’s milk for 20 min than in pups who 
were fasted for 20 min (n = 14) (two-tailed Student’s t-test, P < 0.05; Fig. 1a). No clear difference in the OT level 
was observed between male and female pups. This result suggests that milk-borne OT is transmitted from the 
mother to 1-day-old pups, similar to [3H]OT transfer from rat mothers to neonates11.

Plasma OT levels after oral delivery in suckling pups. The possibility of transport during the suckling 
period of development (from PND1 to PND15) was confirmed by comparing plasma OT levels at 10 min after 
oral delivery with 10 μL of 100 μM synthetic OT solution (1 μg/pup) or the same volume of phosphate buffered 
saline (PBS) to male and female pups after fasting for 30 min. The time course shown in Fig. 1b shows that 
plasma OT concentrations collected from the heart (Fig. 1b, inset) were markedly higher in newborn (PND1) 
and 2-day-old (PND2) pups than in those administered oral saline, similarly to the results of studies in suckling 
piglets33. The plasma OT concentrations after oral OT delivery remained at higher levels at PND3–5 than in the 
saline controls (two-way analysis of variance (ANOVA), F8.90 = 3.32, P < 0.002: Bonferroni’s post hoc tests for 
differences between OT and PNDs (aP < 0.001, bP < 0.01, and cP < 0.05 from the value at PND8) and between OT 
and PBS (dP < 0.01). The OT concentration dropped suddenly after PND6, although it remained higher than that 
in the saline control group. At PND8 and PND15, no concentration difference in plasma OT levels was observed 
between pups orally administered OT vs. those administered PBS.

The time profile of the plasma OT concentration after oral administration of OT peaked at 10 min in pups at 
PND6 (n = 5–8, one-way ANOVA, F5,37 = 3.302, P < 0.02 from the control value; Fig. 1c). The plasma OT level 
depended on the oral OT dose in pups at PND6 (one-way ANOVA, F3,24 = 20.35, P < 0.0001; Fig. 1d).

To confirm that the above increase after oral administration was primarily owing to permeability from the 
intestine, 5 μL of 100 μM OT (0.5 μg/pup) was applied directly into the small intestine, bypassing the mouth, 
buccal mucosal membrane, and/or upper parts of the digestive tract, including the oesophagus and stomach. The 
plasma OT in blood samples collected from the neck (Fig. 2a, inset) reached a peak at 10 min and decreased at 
60 min and 120 min after intestinal application (Supplementary Fig. 1). The mean plasma OT concentration in 
groups of 4–8 male and female pups at PND1–7 was significantly higher in the OT group than the PBS control 
group (two-way ANOVA, F3,40 = 3.14, P < 0.05; Bonferroni’s post hoc tests for differences between OT and PBS 
(#P < 0.001) and OT and PNDs; Fig. 2a, red vs. blue bars). The plasma OT level was higher at PND1 and PND3 
than at PND7 in the group injected with OT (***P < 0.001 and **P < 0.01; Fig. 2a).

The plasma OT concentration at 10 min after intestinal OT injection decreased by approximately 4.6-fold 
from PND1 to PND7 (Fig. 2a). However, this decrease may not simply reflect a decrease in the total amount of 
OT absorption and may also be related to the blood volume increase associated with body weight gain during 
development. Because it is difficult to measure the total blood volume, we estimated it from the body weight. We 
observed a 2.7-fold body weight gain, from 1.3 ± 0.03 g at PND1 (n = 26 male and female unique individual neo-
nates; Fig. 2b, blue line) to 3.5 ± 0.08 g at PND7 (n = 57 pups). Considering this body weight gain and the linear 
blood volume increases with grams in neonates43, it is likely that total OT absorption slightly decreased, probably 
owing to intestinal barrier and/or digestive development. Altogether, these data in wild-type mice suggest that 
OT passes into the blood across the digestive tract, including the intestinal mucus and epithelial cells, and crosses 
the intestinal epithelial barrier34, 37, 44.
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On the other hand, a 3.0-fold increase in body weight was observed during PND1–7 among male and female 
RAGE KO pups with C57BL/6 background (Ager−/−) (Fig. 2b, red line). A two-way ANOVA revealed signifi-
cant differences between body weights of wild-type and KO mice for Genotypes (F1,6 = 11.81, P < 0.007), PNDs 
(F1,6 = 142.95, P < 0.0001) and interaction between Genotypes x PNDs (F2,278 = 5.10, P < 0.0001). Bonferroni’s post 
hoc tests showed significant differences, with P < 0.01 for PND3, P < 0.0001 for PND4 and PND5, and P < 0.001 
for PND6 (Fig. 2b), suggesting that RAGE deletion elicited a developmental delay of 11–19% in body weight dur-
ing PND3–6. However, no impairment in the average body weight of 11-week-old male adults was seen (Fig. 2c): 
24.9 ± 0.4 g (n = 10 wild-type mice) vs. 25.7 ± 1.3 g (n = 6 KO mice); two-tailed t-test, P = 0.395. Interestingly, in 
terms of body weight gain, there was a significant difference between wild-type and KO mice. This prompted us 
to investigate RAGE-dependent absorption in RAGE KO mice.

Plasma OT levels in RAGE KO pups. Using RAGE KO mice, we next examined OT increases beyond 
the basal level in the blood after oral OT administration (100 μM × 10 μL; 1 μg/pup). The plasma OT concen-
trations in cardiac samples (Fig. 3a, inset) in Ager−/− male and female pups (n = 38) were significantly increased 
from PND1–3 in the oral OT group than the saline group (Fig. 3a; two-way ANOVA, F8,90 = 5.16, P < 0.001). 
Bonferroni’s post hoc tests for differences between OT and PBS (P < 0.001) and between OT and PNDs 
(aP < 0.001, bP < 0.01, and cP < 0.05 from PND8, respectively). The OT concentration dropped suddenly at PND4 
in RAGE KO pups, and there were no subsequent differences in OT concentrations between pups orally admin-
istered OT or PBS.

The elevated levels of OT at PND1–3 were similar between the two genotypes (Fig. 3b). However, interestingly, 
from PND4 to PND6, significantly lower plasma OT concentrations were observed in RAGE KO mice with orally 
administered OT than in wild-type mice (two-way ANOVA, F1,126 = 4.73, P < 0.05). Bonferroni’s post hoc tests 

Figure 1. Plasma oxytocin (OT) concentrations in wild-type (C57BL/6) mice. (a) Plasma OT levels in PND1 
male and female pups after fasting for 20 min and with or without feeding with dam’s milk for 20 min. N = 14 
and 33 mice. *P < 0.05, two-tailed Student’s t-test. Inset shows blood collection from the facial vein. (b) Time 
course of plasma OT levels in pups 10 min after oral administration of OT (squares; 1 μg of OT/mouse; 10 μL 
of 100 μM OT) or PBS (triangles; 10 μL). Experiments were carried out on the indicated postnatal days. The 
number of mice was 3–15 for OT and 3 for saline. A two-way ANOVA revealed a significant difference between 
the drug treatment and saline treatment, F8,90 = 3.32, P < 0.002. Bonferroni’s post hoc tests showed aP < 0.001, 
bP < 0.01 and cP < 0.05 from the value at PND8; dP < 0.01 for the saline group. Inset shows the scheme of OT 
administration to the mice and blood collection from the heart after opening the chest. (c) Time course of 
plasma OT levels of PND6 pups measured at the indicated times after oral administration of 1 μg of OT/mouse, 
N = 4–5 mice. One-way ANOVA, F5,37 = 3.302, P < 0.0001; *P < 0.02 from the control value. (d) Plasma OT 
concentrations in PND6 pups after 10 min of oral administration of OT at the indicated concentrations. N = 3 
mice. One-way ANOVA, F3,24 = 20.4, P < 0.0001. Bonferroni’s post hoc tests showed ***P < 0.001 from other 
values.
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showed significant differences between wild-type and RAGE KO mice with *P < 0.05 (for PND5), **P < 0.01 
(PND4), and ***P < 0.001 (PND6). This RAGE dependency was lost after PND7.

To test gene-dosage effects on OT absorption, we examined plasma OT concentrations in pups of three gen-
otypes in the same litter at PND5, using the same method as in Fig. 3a. The plasma OT level in Ager+/+ pups was 
as high as that in Ager+/− pups and significantly higher than that in Ager−/− pups, as expected (Fig. 3c; one-way 
ANOVA, F2,22 = 6.851, P < 0.01; Bonferroni’s post hoc test for the difference between Ager+/+ and Ager−/−, 
P < 0.01).

All these results show that the higher OT concentrations in neonates to 3-day-old pups of both genotypes 
were likely to be owing to non-selective transmission, probably resulting from leakage before closure of the intes-
tinal barrier (as indicated by +++ in Fig. 3d; ref. 34, 37). Then, after PND4, permeability decreased, owing to 
cessation of non-selective transmission, although selective transmission remained after closure of the epithelium 
and barrier formation. Alternatively, a small nutritional abnormality in KO mice during PND3–6 may be owing 
to disturbance in the RAGE-dependent absorption of general nutrients. Thus, OT may permeate the intestine 
through a RAGE-dependent receptor mechanism (Fig. 3d).

OT transport from isolated intestines of suckling pups. Non-selective and selective transmission of 
OT from the intestinal mucosa was examined (Fig. 4), using isolated segments of the upper intestine. Intestinal 
segments (4 cm in length, from 1–2 cm below the stomach) were incubated in 3 ml of saline solution in a cham-
ber at room temperature (Fig. 4c). OT (10 μM × 50 μL; 0.5 μg/intestine) was injected directly into the mucosal 
lumen at the distal cutting edge, which was isolated from the incubated segments with glycerol. OT concentra-
tions in the incubation medium were monitored for 10 min. Figure 4a shows that high OT levels were achieved 
soon after the start of incubation, and there were no differences between genotypes in neonates (PND1). In 
5-day-old pups (PND5), the OT concentrations gradually increased after smaller instantaneous increases in 
both wild-type (C57BL6) and Ager−/− (RAGE KO) pups (Fig. 4b). A two-way ANOVA for interaction between 
Genotypes × Time revealed no significance (F5,84 = 1.39, P = 0.2346), but a significant difference was found for the 
Genotype effect (F1,84 = 31.02, P < 0.0001) and the Time effect (F5,84 = 7.41, P < 0.0001). Bonferroni’s post hoc tests 

Figure 2. Plasma OT levels in pups after intestinal delivery of OT. (a) Blood samples were collected from 
the carotid artery after cutting the neck of male and female pups at PND1, 3, 5, and 7, 10 min after the 
administration of OT (Red; 100 μM × 5 μL, 0.5 μg/mouse) or the same volume of PBS (Blue) into the upper 
small intestinal tract (inset). Two-way ANOVA, F3,40 = 3.14, P < 0.05. Bonferroni’s post hoc tests showed 
significant differences between OT and saline (#P < 0.001); OT and PNDs, ***P < 0.001, **P < 0.01 from 
values at PND7. The number of experiments is shown. (b) Weight curve during the 7 days after birth for 
wild-type (blue diamonds, n = 104) and Ager−/− (RAGE KO; orange squares, n = 78) male and female pups. 
A two-way ANOVA revealed significant differences between body weights of wild-type and KO mice for 
Genotypes (F1,6 = 11.81 P < 0.007), PNDs (F1,6 = 142.95, P < 0.0001) and interaction between Genotypes x PNDs 
(F2,278 = 5.10, P < 0.0001). Bonferroni’s post hoc tests showed 0.493 (not significant (n.s.)), 0.154 (n.s.), 0.003 (b), 
0.00005 (c), 0.00002 (c), 0.002 (a), 0.057 (n.s.) for P values at PND1-7, respectively. (c) Body weights of adult 
males of 11 week-old mice (n = 10 and 6 for wild-type and RAGE KO mice, respectively); Two-tailed Student 
t-test, P = 0.395, not significant.
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showed significant differences with P < 0.05 between wild-type and RAGE KO mice during 3–10 min (Fig. 4b), 
with respect to OT concentrations in the incubation medium.

It is of interest to note that transluminal absorption in the wild-type mice at 10 min was not different in vitro 
at P1 and P5 (Fig. 4) whereas there was a decrease in transluminal absorption sampled at 10 min for each age 
(Fig. 2a). This is probably owing to the denominator (body volume) being kept constant; during in vivo experi-
ments, the denominator (pup “volume”) was not held constant because the pups were larger at older ages, result-
ing in more dilute recovered OT.

The leakage level of the isolated intestines was examined by fluorescein isothiocyanate (FITC)-dextran per-
meability45. Leakage levels were similar between the two genotypes at the two different PNDs (n = 3, P = 0.67 for 
PND1 and P = 0.59 for PND6; Table 1). This suggests that the isolated intestines of both genotypes were func-
tional, without much damage, although transepithelial electrical resistance should be measured to determine 
epithelial barrier formation45.

Plasma OT levels in adult mice. In adult male mice (8 weeks old), when oral OT was administered at 
the same dose used for neonates (1 μg/mouse), as in Fig. 1b, no increase in the plasma OT concentration was 
observed (data not shown). To examine whether permeability exists in the adult intestine after barrier formation, 
a 10-fold higher volume of OT (100 μM × 100 μL) was used for oral delivery (10 μg/mouse). Blood samples were 
collected from anesthetized mice using a tail snip procedure, and OT concentrations were measured (Fig. 5a, 
inset). A significant increase in plasma OT was observed at 10 min after administration in wild-type (C57BL/6) 
mice whereas the levels in RAGE KO mice were significantly lower (Fig. 5a; two-way ANOVA for genotype dif-
ferences, F1,48 = 4.66, P < 0.05). Bonferroni’s post hoc tests showed significant differences in OT concentrations 

Figure 3. Plasma OT concentrations in Ager−/− (RAGE KO) mice. (a) Time course of plasma OT levels in 
pups 10 min after the oral administration of 1 μg of OT/mouse (squares; 100 μM × 10 μL) or saline (triangles; 
10 μL). Blood samples were collected from the hearts of male and female pups at the indicated postnatal days. 
Inset indicates oral OT delivery and blood collection from the heart. The number of experiments was 3–15 for 
OT and 3 for saline. Two-way ANOVA, F8,90 = 5.16, P < 0.001. Bonferroni’s post hoc tests showed significant 
differences between OT and PBS (dP < 0.001) or OT and PNDs, as indicated (aP < 0.001, bP < 0.01, cP < 0.05 
from PND8). (b) Plasma OT levels in wild-type and RAGE KO pups 10 min after oral administration of OT. 
The data are re-plotted from Figs 1b and 3a. Two-way ANOVA, F1,126 = 4.73, P < 0.05. Bonferroni’s post hoc 
tests showed significant differences between wild-type and RAGE KO mice at *P < 0.05, **P < 0.01, and 
***P < 0.001. (c) Plasma OT concentrations in Ager+/+ (n = 4), Ager+/− (n = 8) and Ager−/− (n = 3) pups 
of the litter mates of 3 dams at PND5 after oral OT administration as in a. One-way ANOVA, F2,22 = 6.851, 
P < 0.01. Bonferroni’s post hoc tests revealed a difference between Ager+/+ and Ager−/− mice, P < 0.01. (d) The 
scheme illustrates the relationship between plasma OT increases and barrier formation, digestion, and RAGE-
dependent absorption after OT delivery during development. 0, + , +  + , +  +  + indicates from little to no 
permeability to the highest permeability and resulting plasma OT levels.
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between the two genotypes after oral OT administration (#P < 0.01). A two-way ANOVA (F5,48 = 4.53, P < 0.002) 
indicated a difference between Time and Genotypes, which was significantly different from the control value with 
*P < 0.05 at 30 min and **P < 0.01 at 10 min after OT administration in wild-type mice. The basal OT level before 
administration of OT or after oral saline administration was similarly low in both genotypes (Fig. 5a, blue line), 
suggesting that anesthetization of the mice did not influence the OT levels.

The OT concentrations were determined in plasma obtained from tails after direct administration of OT into 
the intestine (100 μM × 100 μL; 10 μg/intestine), which is partially exposed to the abdominal cavity during injec-
tion, to avoid contamination from other tissues (Fig. 5b, inset). The OT level significantly increased after 10 min 
of direct OT delivery into the mucosa of the upper intestine; this level was very low in Ager−/− mice (Fig. 5b; 
two-way ANOVA for interaction between Genotypes and Time, F15,168 = 4.25, P < 0.0001). A two-way ANOVA 

Figure 4. OT concentrations in incubation medium from isolated intestines. Time course of OT concentrations 
in incubation medium (3 mL) containing a segment of the intestine isolated from PND1 (a) or PND5 (b) 
wild-type (C57BL6, blue diamonds) and Ager−/− (RAGE KO; orange squares) pups. Fifty microlitres of 10 μM 
OT was injected at the distal end after ligation. Fifteen microlitres of incubation medium was collected at the 
indicated time after injection of OT. In (b), two-way ANOVA for genotype effect, F1,84 = 31.02, P < 0.0001 and 
for time effect, F5,84 = 7.41, P < 0.0001. Bonferroni’s post hoc tests revealed significant differences between wild-
type and KO mice at *P < 0.05. (c) The scheme illustrates the incubation of the isolated intestines.

Permeability (units/min)

PND1 PND6

Wild-type 13.0 ± 0.9a 17.1 ± 0.3c

Ager−/− 13.4 ± 0.4b 16.9 ± 0.3d

Table 1. Intestinal permeability measured by FITC-dextran. To assess intestinal tissue permeability using a 
FITC-dextran assay, 4-kDa FITC-dextran was injected into the mucosal side of the isolated intestine as in Fig. 4. 
Samples were collected at the beginning of incubation and after 3 min. The fluorescence of the samples was 
quantified by a spectrofluorophotometer (Model RF6000, Shimadzu, Kyoto, Japan): the excitation wavelength 
was 485 nm, and the emission wavelength was 538 nm. The result obtained at 0 min (arbitrary units) was 
subtracted from the result obtained at 3 min, and this difference was then divided by 3 min. N = 3 for each 
genotype. Two-tailed Student t-test: P = 0.67 between a and b; P = 0.59 between c and d; P < 0.01 between a and 
c; P < 0.002 between b and d, respectively.



www.nature.com/scientificreports/

7Scientific RepoRts | 7: 7883  | DOI:10.1038/s41598-017-07949-4

for the Genotype × Treatment effect revealed significant differences, F3,168 = 8.58, P < 0.0001 and for the Time 
effect, F5,168 = 7.58, P < 0.0001. Bonferroni’s post hoc tests show significant differences between saline and OT in 
wild-type mice with ***P < 0.001 and *P < 0.05, between saline and OT in RAGE KO mice with #P < 0.05, and 
OT levels between wild-type and KO mice with ##P < 0.001.

The plasma OT concentration increased in a linear fashion as a function of the dose applied directly to the 
intestine (Supplementary Fig. 2). In addition, the same volume of saline delivered into the intestine did not 
increase the plasma OT level.

Vasopressin levels in the plasma after oral delivery and transport from isolated intestines. To 
study the specificity of RAGE-dependent transport of OT, we investigated the intestinal absorption of another 
nonapeptide, arginine vasopressin (AVP46) by oral delivery and in the isolated intestines. Transport during the 
suckling period of development (PND3 and PND5) was confirmed by comparing plasma AVP levels at 10 min 
after oral delivery of 10 μL of synthetic AVP solution (100 μM; 1 μg/pup) or the same volume of PBS to pups after 
fasting for 30 min. Plasma AVP concentrations were markedly higher at both PND3 and PND5 in pups admin-
istered AVP than in those administered oral saline (Fig. 6a). Two-way ANOVA was used to analyse the interac-
tion between Treatment (PBS/AVP) × Age, F1,18 = 3.14, P = 0.0933; the Treatment (PBS/AVP) effect, F1,18 = 5.21, 
P < 0.05; and the Age effect, F1,18 = 91.26, P < 0.0001. Bonferroni’s post hoc tests were used to determine differences 
in AVP levels between PND3 and PND5, *P < 0.05. It is worth noting that the pup size denominator problem 
was also present in the above experiment. However, if we roughly estimate AVP recovery, it is approximately 4% 
at PND3 (22 ng was recovered from the effective dose of 555 ng (1 μg/1.8 g pup)) and also 4% at PND5 (16 ng was 
recovered from the effective dose of 400 ng (1 μg/2.5 g pup)).

Transmission of AVP from the intestinal mucosa was examined using the same paradigm as that in Fig. 4a. 
AVP was injected directly into the mucosal lumen (5 μL of 100 μM AVP), and AVP concentrations in the incuba-
tion medium were monitored (Fig. 6b). Relatively high AVP levels were achieved soon after the start of incubation 
in neonates (PND1). In 5-day-old pups (PND5), the AVP concentration was much lower. Two-way ANOVA 
was used to analyse differences in interaction between Time × Age, F4,40 = 0.15, P = 0.9616; the Time effect, 
F4,40 = 0.27, P = 0.8951; and the Age effect, F1,40 = 25.95, P < 0.0001. Bonferroni’s post hoc tests showed differences 
in AVP levels between PND1 and PND5, **P < 0.01 (Fig. 6b).

To estimate the amount of released AVP, we calculated the area under the curve (AUC). The AUC values 
of AVP were significantly lower than those of OT (Fig. 6c). Two-way ANOVA showed a significant difference 

Figure 5. Plasma OT levels in adult male mice after oral or intestinal delivery of OT and PBS. Blood samples 
were collected at the indicated time from the tail after administration of OT (10  μg/mouse) into the mouth 
(100 μM × 100 μL, (a) or the upper intestinal tract (100 μM × 100 μL, (b). Wild-type (WT; N = 3 for (a) and 
(b) or Ager−/− (RAGE KO; N = 4 for (a) and b) mice of PND56-65 were anesthetized, and the tails were cut 
repeatedly for the collection of 30 μL of blood (Insets). (a) Two-way ANOVA, F1,48 = 4.66, P < 0.05. Bonferroni’s 
post hoc tests showed significant differences between the two genotypes (#P < 0.01). Significantly different from 
the control value at *P < 0.05 and **P < 0.01, respectively. (b) A two-way ANOVA for interaction between 
Genotypes and Time showed F15,168 = 4.25, P < 0.0001. A two-way ANOVA for Genotype × Treatment effect 
revealed significances, F3,168 = 8.58, P < 0.0001 and for the Time effect, F5,168 = 7.58, P < 0.0001. Bonferroni’s post 
hoc tests show significant differences between PBS and OT in wild-type mice at ***P < 0.001 and *P < 0.05; 
between saline and OT in RAGE KO mice at #P < 0.05; and OT levels between wild-type and KO mice at 
##P < 0.001.
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between Genotypes (F1,16 = 6.37, *P < 0.05.) and Treatment effect (F1,16 = 39.92, P < 0.05). In addition, there was a 
significant decrease after development for OT in RAGE-KO pups and AVP in wild-type pups for both (#P < 0.05 
for PND1). This suggests that AVP is sensitive to barrier formation, although it is necessary to measure it in KO 
mice.

Determination of OT by mass spectroscopy. Next, we examined whether increased OT after oral 
administration was owing to the permeability of exogenous OT across the intestinal barrier in an undigested 
form. The presence of the intact form of OT in the plasma was measured on the basis of the molecular weight, 
which was identified using LC-MS/MS47, 48.

To distinguish exogenous OT from endogenous OT in the plasma, we first synthesised two non-radioactive, 
stably labelled isoleucine [Ile 13C, 15N] oxytocin (designated as [Ile 13C, 15N]OT) and [13C, 15N] proline and [13C, 
15N] leucine [Pro&Leu13C, 15N]OT with molecular mass numbers of 1014 and 1021, respectively. Standard (STD) 
samples of [Ile 13C, 15N]OT (100 ng/mL) for administration and [Pro&Leu13C, 15N]OT (100 ng/mL) for the inter-
nal standard were prepared by dilution of their stock solutions with 0.1% trifluroacetic acid as necessary.

Plasma samples were collected from the heart of anesthetized wild-type PND3 pups at 10 min after oral 
administration of [Ile 13C, 15N]OT (100 µM × 10 μL). The samples were fractionated with 1 N salt, and sub-
jected to LC-MS/MS after sample preparation by the deproteination procedure. Figure 7 illustrates two rep-
resentative traces of multiple reaction monitoring (MRM) chromatograms ([M + H+] (m/z 1014.6) → b6 ion 
(m/z 730.6) for the administered [Ile 13C, 15N]OT; [M + H+] (m/z 1021.2) → b6 ion (m/z 723.2) for the internal 
STD [Pro&Leu13C, 15N]OT)47. The left MRM chromatogram indicates the presence of full-length stably labelled 

Figure 6. Plasma vasopressin concentrations in wild-type mice. (a) Plasma arginine vasopressin (AVP) levels 
in PND3 and 5 pups 10 min after oral administration of AVP (orange bars; 1 μg of AVP/mouse) or PBS (blue 
bars; 10 μL). N = 5 each. A two-way ANOVA revealed a significant difference between the two Treatments (PBS/
AVP), F1,18 = 5.21, P < 0.05; and for the Age effect, F1,18 = 91.26, P < 0.0001. Bonferroni’s post hoc tests revealed 
P < 0.05 between AVP levels at PND3 and 5. (b) Time course of AVP concentrations in incubation medium 
(3 mL) containing a segment of the intestine isolated from PND1 (triangles) or PND5 (diamonds) wild-type 
pups. Five microlitres of 100 μM AVP was injected at the proximal end after ligation. Fifteen microlitres of 
incubation medium was collected at the indicated time after injection. A two-way ANOVA revealed a significant 
difference for the Age effect F1,40 = 25.95, P < 0.0001. Bonferroni’s post hoc tests revealed P < 0.01 between AVP 
levels at PND1 and 5. (c) The area under the curve (AUC) calculated from the plots in Figs 4a,b and 6b. Note 
that the AUC values of OT in wild-type pups at PND1 and PND5 and KO mice at PND1 were similar, while 
the AUC value of OT in PND5 KO pups was significantly lower. A two-way ANOVA showed a significant 
difference between the Genotypes, F1,16 = 6.37, #P < 0.05. The AUC values of AVP in wild-type pups at PND1 
and 5 were lower than those of OT in wild-type pups. A two-way ANOVA revealed a significant difference for 
the Treatment effect, F1,16 = 39.92, *P < 0.05
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[Ile 13C, 15N]OT in the blood owing to intestinal absorption after oral administration in suckling (PND3) pups 
(n = 4). The right MRM chromatogram of Fig. 7 corresponds to the internal STD [Pro&Leu13C, 15N]OT spiked 
into the plasma.

Intestinal staining with anti-RAGE antibody. Expression of RAGE in the intestine has been demon-
strated in adult humans and rodents42, but not in human infants and suckling mice. Therefore, we performed 
immunohistochemistry using anti-RAGE antibody (Fig. 8). Figure 8c and e illustrates RAGE immunopositive 
staining in the epithelial cells of the villi of PND3 pups. No identical staining was detected in Ager−/− pups 
(Fig. 8d). RAGE expression was also detected in E18.5 embryos (Supplementary Fig. 3). After extensive washing 
of the intestine, this staining remained unchanged, thereby suggesting that this method is likely to detect the 
membrane-bound form of RAGE as a component of intestinal epithelial cells. Finally, we confirmed no apparent 
structural abnormalities in the villi of Ager−/− pups by analysis of hematoxylin and eosin stained intestine tissue 
(Fig. 8a,b,f and g): two-tailed Student’s t-test between wild-type and RAGE KO mice, P = 0.34 for villi length and 
P = 0.18 for villi width (n = 30 counts from 3 mice).

Discussion
Our results provide the first reported evidence of RAGE-mediated transport of OT from the intestinal tract into 
the blood circulation across the intestinal barrier in mice. This intestinal permeability showed an apparent dif-
ference, on the basis of plasma OT concentrations, between wild-type and RAGE KO pups at PND4–6 after oral 
administration of OT. This capacity was also demonstrated in adults when we used a 10-fold concentrated OT 
solution. Although it is known that OT is absorbed in neonates and infants11, our results showed that increased 
levels of plasma OT in both wild-type and RAGE KO mice at approximately 1–3 days after birth were equally 
high, probably because of nonspecific bulk absorption (Fig. 3d). However, our experiments using incubated seg-
ments of intestine provided direct evidence for the transportation of OT from the intestinal lumen into the incu-
bation medium.

Primarily adult RAGE KO mice have been used to study various metabolic diseases38–42. However, KO mice 
do not usually display any apparent developmental impairments40. In the current study, after maturing, the body 
weight of the two genotypes (wild-type and RAGE KO) was identical. The apparent intestinal structure of the 
villi at microscopic level of the two types of mice was statistically no different (Fig. 8). Intestinal permeability has 
been shown to have mouse strain heterogeneity45. In this study, we used the same C57BL/6 background in both 
wild-type and KO mice. The leakage levels were nearly identical between the two types, and the intestinal barrier 

Figure 7. MS/MS fragmentation and MRM detection of the oxytocins Ile[13C, 15N]OT and Pro&Leu[13C, 15N]
OT. The multiple-reaction monitoring MRM transitions of the two stable isotope-labelled OTs used in this 
study are shown. These parent ions [M + H+] (m/z 1014.6 and m/z 1021.2) produce the fragment (daughter) 
b6 ions (m/z 730.6 and m/z 723.2) after collision with N2 gas in the collision cell, and both b6 ions are then 
selectively detected. The representative MRM chromatograms (left and right) correspond to Ile[13C, 15N]OT and 
Pro&Leu[13C, 15N]OT in one of the four mouse plasma samples. [Pro&Leu13C, 15N]OT (10 ng/mL) was spiked 
as an internal standard (I-STD) into all samples.
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appeared to form at the expected developmental stage (Figs 4 and 6 and Table 1). These data clearly suggest that 
the Ager gene deletion resulted in modest changes in nutritional malabsorption and abnormal development, but 
specifically disrupted OT absorption. Therefore, this is the first report of RAGE-dependent intestinal absorption 
of OT at the molecular level, which we identified by comparing wild-type and Ager knockout mice.

OT absorption through the intestine was more difficult to detect in adults. The reasons for this difference 
with age may be owing to the progressive digestion of OT and strengthening of the gastrointestinal tract barrier. 
Similarly, a gradual decline in plasma OT concentrations during development appears to be caused by establish-
ment of the intestinal barrier and intestinal digestion (Ref. 49 and Fig. 3d). Digestion is at a low level at birth and 
increases progressively during the first week in mice and humans49. However, digestion of OT takes more than 
30 min and is much longer in mucosal tissues17, 50. The increase in plasma OT within 10 min of OT administration 
may indicate that a relatively large amount of OT is resistant to digestion and is instead transmitted across the 
intestinal barrier. This result suggests that novel delivery methods for oral OT supplementation may be advanta-
geous for the treatment of a range of conditions, such as impaired social development in preterm infants who are 
at risk of autism spectrum disorder, and obesity or diabetes in adults.

Estimation of the bioavailability of OT through the intestine. An estimation of bioavailability was 
performed in adult mice. Fifty ng/mL of OT was detected after oral delivery of 10 μg of OT. Young adults weigh 
approximately 30 g and have 2.3 mL blood, so approximately 1% of oral OT can be absorbed. We have previously 

Figure 8. RAGE in the intestine. (a and b) Small intestines from 3-day-old wild-type (WT) and Ager−/− (RAGE 
KO) mice were isolated, fixed with 4% paraformaldehyde, and paraffin embedded. Sections (4 μm) were stained 
with haematoxylin and eosin. (c and d) Sections of the intestines of PND3 WT (c) and RAGE KO (d) mice 
were immunostained with an anti-RAGE antibody (green); the nuclei were stained with DAPI. Bar = 100 μm. 
Co-staining of RAGE with DAPI indicates that RAGE is present in the intestinal villi in an enlarged image (e). 
(f and g) Morphological parameters such as villus length and villus width were measured from images with 
haematoxylin and eosin staining. Note that there were no significant differences in these parameters between 
the two groups N = 3.
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identified OT in the mammary tissues of mouse dams and in the milk curd inside the oesophagi of pups13. To 
determine the OT concentrations in milk, we needed to collect milk from the mothers. One common method 
is to collect milk after stimulating secretion with external OT. Because such milk contains external OT, we were 
unable to calculate the OT concentrations in milk. However, we carried out a new collection method without 
exogenous OT stimulation15. We obtained samples at 5 days after parturition, and the concentration of milk OT 
was 1,200 pg/mL. If we estimate a pup’s milk intake to be 100 μL, the pups will ingest 120 pg of OT. In agreement 
with these calculations, the increase after suckling was approximately 100 pg/mL of OT. If the total blood volume 
in PND5 pups is 200 μL, as calculated above, the increase is 20 pg of OT out of 120 pg, resulting in 16.6% availa-
bility. According to Tanaka et al.11, when [3H]OT is administered to lactating rats, the radioactivity of intact OT 
in the neonatal content is 4.4% of the counts obtained for the maternal plasma. These results suggest that OT in 
maternal blood can be transferred to milk and then to neonates. In a similar estimation, the bioavailability of 
1-deamino-8-arginine vasopressin in adult humans has been examined after cutaneous, intranasal, oral, sublin-
gual, and intrarectal administration; the bioavailability has been found to be 3.4% for intranasal, 0.1% for oral, 
0% for sublingual, 0% for intrarectal, and 100% for cutaneous delivery50. In comparison with these results, our 
findings indicated a much higher level of absorption. However, it should also be noted that OT can enter the 
lymph and intraperitoneal space, and tight junctions and epithelial barriers are underdeveloped in all of these 
areas in neonates.

Application of a similar dose (10 μg) of OT to adult male mice produced higher plasma levels when adminis-
tered orally (approximately 38,000 pg/mL) as compared with intestinal administration (8,000 pg/mL), as shown 
in Fig. 5. These results seem counterintuitive as intestinal injection close to the intestinal absorption site would 
seem to be more effective. However, if we assume that there are multiple absorption sites, including the buccal 
and oesophageal mucosa51–53, longer processes from oral administration could facilitate transportation under less 
degradation of OT. Although it has not reported in the oesophagus, OT is thought to cross the mucus–unstirred 
water layer in the oral cavity and then enter the circulation54, 55. Such buccal OT administration has been used to 
induce labour since 196456.

In Fig. 7, the concentration of [Ile 13C, 15N]OT calculated was 27.9 ng/mL from the ratio of both peak areas 
and the conversion coefficient. If we take into account the dilution of the initial sample (x10), the estimated mean 
concentration in the blood is 346 ± 96 ng/mL (n = 4). However, this mean value is too high, even compared with 
values measured by mass spectrometry47 using deuterated OT48 or after a specific reduction–alkylation proce-
dure57. The recovery was approximately 60%, which was calculated from total OT concentrations (600 ng in the 
body weight of 1. 5 g at PND3) by the injected concentration (1000 ng). This value is not far from the reported 
extraction efficiency and absolute recovery (above 65.8%; ref. 47). However, this raises a problem in that there is a 
large discrepancy in recovery between LC-MS/MS and enzyme immunoassy measurements of approximately 1%, 
as discussed above. Although methods to determine blood OT concentrations have not yet been established, this 
must be considered for such questions in the future. Nonetheless, the identical MRM peaks were scarcely detected 
in the plasma of RAGE KO pups at PND4–9 or after PND8 in the wild-type mice in our preliminary experiments. 
Our mass spectroscopy results suggest permeability as a full length form of [Ile13C, 15N]OT, with no digestion, in 
wild-type pups after oral administration.

Possible mechanisms of OT permeability through the epithelial barrier. The gastrointestinal epi-
thelium forms the boundary between the body and external environment and enables selective transportation 
through a permeable barrier. Transport routes through the intestinal epithelium include intracellular pathways 
and intercellular transport through tight junctions34, 51, 52. We hypothesized that RAGE functions through trans-
cellular transportation because of its presence at the surface of villi rather than the epithelial cell body. However, 
we cannot ignore the possibility of rapid transportation through the paracellular pathway.

Future experiments will require in vitro measurements of RAGE binding to OT, including biochemical evi-
dence of the binding of OT to RAGE with a molecular interaction tool. Such experiments are currently underway, 
and preliminary results show the binding affinity estimated by surface plasmon resonance to be in the micromolar 
range, which is lower than that of OT receptors at the subnanomolar range, thus suggesting that the OT–RAGE 
interaction is not identical to that between OT and its receptors.

In summary, expression of RAGE in the intestine affects OT absorption. This is the first report of a novel phys-
iological role for RAGE beyond those in diabetes and cancer progression. Because many other ligands in addition 
to OT, such as AVP, can bind to RAGE, it is necessary to examine the specificity of this carrier role for OT. Instead 
of the inefficient nasal application of OT to healthy humans and autistic patients58–61, our results favour the oral 
administration of OT through enteric coated tablets. If feasible, this method for OT delivery may be used to treat 
diabetes, obesity, and autism because OT may play a role in fat loss and slowing weight gain62, 63.

Methods
Chemicals. Oxytocin (OT) and arginine vasopressin (AVP) were purchased from the Peptide Institute 
(Osaka, Japan). Stably labelled isoleucine [13C, 15N] OT (designated as [Ile13C, 15N]OT) was synthesized by Sigma-
Aldrich Chemical Japan (Ishikari, Hokkaido, Japan). Another stably labelled OT, in which the seventh proline 
and eighth leucine were replaced with [13C, 15N] proline and [13C, 15N] leucine, was obtained from Scrum Co. 
Ltd. (Tokyo, Japan). We designated this OT isotope as [Pro&Leu13C, 15N]OT and used as an internal standard 
(I-STD) for the quantitation of [Ile13C, 15N]OT in mouse serum samples. LC-MS grade water, acetonitrile (ACN), 
formic acid, trifluroacetic acid (TFA), trichloroacetic acid (TCA), 4-kDa FITC-dextran were purchased from 
Wako Chemicals (Tokyo, Japan).

Animals. Ager−/− mice were generated as previously described40, 42, 64. Briefly, we constructed a targeting vec-
tor containing two loxP sites flanking the neo cassette in intron 2 and another loxP that was inserted 0.6 kilobases 
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(kb) 5′ upstream of exon 1 of Ager, which contains the translation initiation site. After gene targeting in E14-1 
embryonic stem (129 background) cells, we identified six targeted clones by PCR and Southern blotting, two of 
which were used for further experiments. The two clones containing all three loxP sites in the locus gave rise to 
germ line chimaeras. The resultant male chimaeras were mated with female Cre-transgenic mice (CD-1 back-
ground), which transiently express Cre recombinase in eggs. Some of the newborn mice were found to carry 
the deleted allele that lacks both exons 1 and 2 of Ager and the neo cassette. For PCR genotyping, three primers 
were used: 5′-CCAGAGTGACAACAGAGCAGAC-3′ (primer 1), 5′-GGTCAGAACATCACAGCCCGGA-3′ 
(primer 2), and 5′-CCTCGCCTGTTAGTTGCCCGAC-3′ (primer 3) (nucleotides 73915–73936, 74523–74544, 
and 74881–74902 in GenBank accession no. AF030001, respectively).

The resultant Ager knockout (Ager−/−) mice were then backcrossed to C57BL/6 mice (Charles River Japan) for 
more than eight generations, as described65. The Ager−/− mice were then maintained by crossing Ager−/− × Ager−/− 
mice for at least an additional 10 generations and then used for experiments. Ager+/− heterozygous mutants were 
obtained by crossing Ager+/− mice, and three genotypes of the same littermates were used in Fig. 3.

The offspring of these mice were born in our laboratory colony, weaned at 21–28 days of age and housed in 
same-sex groups of 3–5 animals until pairing66. Wild-type (C57BL/6) and Ager−/− mice were maintained under 
standard cage conditions (24 °C; 12-h light/dark cycle, lights on at 8:45 a.m.) with sawdust bedding and food and 
water provided ad libitum. Pregnant Ager−/− mice were transferred to clean cages 1 day before delivery. The off-
spring were either kept with biological or nonbiological mothers.

Virgin males and females were paired at 45 to 55 days. A single male and a single female were continuously 
housed together in a standard mouse maternity cage from the mating period until the delivery of pups. Each fam-
ily was kept in the same box until experiments began. All family units consisting of a new sire (first-time father), 
dam and their first litter were experimentally naïve. All animal experiments were approved by the Committee on 
Animal Experimentation of Kanazawa University and performed in accordance with the Fundamental Guidelines 
for Proper Conduct of Animal Experiment and Related Activities in Academic Research Institutions under the 
jurisdiction of the Ministry of Education, Culture, Sports, Science and Technology of Japan.

Administration of OT. Milk-borne OT was fed by mothers for 20 min after 20 min of starvation. A synthetic 
OT solution (100 µM; 10 μL for pups and 100 μL for adults) was administered orally. The same dose of [ILe13C, 
15N]OT was delivered orally to pups. For oral administration, pups or adult mice were held by hand, and the OT 
solution was dispensed into their mouths using polypropylene tips.

OT (100 μM) was injected through needles (28 G) into the proximal part (1~2 cm from the pylorus) of the 
small intestine of pups (5 μL) and adults (100 μL) under ketamine anaesthesia (100 μg/kg intraperitoneally), after 
the abdominal skin was cut to expose the small intestine in the abdominal cavity. The intestine was returned to 
the cavity or covered with paper and rinsed with saline. For the isolated pup intestines, 30 μL of 10 μM OT was 
injected at the distal end.

Blood sampling. Approximately 30 μL of blood was collected from the facial vein of neonates after quick 
cold anesthesia on ice (Fig. 1a; ref. 67, 68). The similar blood volume was obtained from the heart after opening of 
the chest of pups (Figs 1b–d, 3a,b, 6a and 7), from the carotid artery in the pup neck (Fig. 2a) and the tail vein of 
adults each time (Fig. 6) under ketamine anaesthesia (100 μg/kg intraperitoneally).

Isolated intestinal preparation. Male mice were fasted for 1 h before they were euthanized by decapita-
tion. After the intestinal cavity was opened, the gastro-oesophageal junction and the peritoneal ligaments were 
cut. The mesenterial tissue was stripped from the first 20 cm of the small intestine, and a 4-cm segment was 
excised 1~2 cm from the pylorus. The segment isolated from PND1–7 pups was washed and placed in 3 mL of 
incubation buffer in 24-multiwell plates at room temperature69. The two openings of the segment were ligated and 
mounted on the flat surface of the plate. Eighty percent of the segment was dipped again in a new 3 mL of incuba-
tion buffer, and the two ends were insulated by using glycerol solution. Fifty microliters of 10 μΜ OT solution was 
introduced into the lumen of the segment at the distal end by using a 31 G syringe needle. The incubation medium 
was mixed periodically by pipetting. Fifteen microliters of incubation medium was removed and stored at −80 °C 
for the measurement of OT concentrations.

Enzyme immunoassay for OT and AVP. OT or AVP immunoreactivity levels were quantified by using 
OT and AVP enzyme immunoassay (EIA) kits (Enzo Life Sciences, NY, USA), respectively. We performed assays 
in tissue preparations without pre-treatment66, 70 to compare different tissue samples, though the fractioned sam-
ple was recommended71, 72. Blood samples collected as mentioned above were stored at −80 C. The blood samples 
were thawed and five μL of them were diluted 1:20 in assay buffer on ice and assayed. The OT or AVP assay had a 
sensitivity of 5 or 11 pg/mL, and the inter- and intra-assay coefficients of variation were less than 15%.

Mass spectrometry. Standard (STD) samples of [Ile13C, 15N]OT (100 ng/mL) and [Pro&Leu13C, 15N]OT 
(100 ng/mL) were prepared by dilution of stock solutions with 0.1% TFA as necessary. The [Pro&Leu13C, 15N]
OT (100 ng/mL) STD (10 μL) was spiked into each mouse plasma sample (10 μL) as an internal standard (I-STD), 
diluted with PBS (30 μL), and then de-proteinated using 50 μL of 4% (v/v) TCA. In this sample preparation, both 
types of OT were diluted 10-fold. The supernatant (~80 μL) was obtained after centrifugation at 14,000 rpm for 
15 min at 4 °C. This sample preparation was applied to all mouse plasma samples. The standard samples were also 
prepared by using the control mouse plasma. Thus, the recovery of [Ile13C, 15N]OT and [Pro&Leu13C, 15N]OT 
were estimated be similar.

An AB Sciex 4000 QTRAP (CA, USA) was used. The prepared 25 μL sample was injected and separated by 
a ZORBAX 300SB-C8 column (2.1 × 150 mm, 5 μm; CA, USA) and then detected using the multiple reaction 
monitoring (MRM) mode of the MS/MS system. LC gradient elution was performed with two eluents, A (0.1% 
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(v/v) formic acid/water) and B (0.1% (v/v) formic acid/acetonitrile), by linearly increasing the eluent B from 
0–30% (0.0–8.0 min). The flow rate of the LC pump was set at 0.3 ml/min, and the temperature of the column was 
maintained at 50 °C. The MS/MS (MRM) analytical conditions used were as follows: positive ion electrospray 
(ESI) mode (capillary voltage 5 kV); desolvation voltage (75 V); curtain gas (nitrogen, 12 l/h, 65 psi and 600 °C); 
nitrogen gas pressure (65 psi), and collision voltage (30 V). The MRM transition ions and fragment types were as 
follows: [ILe13C, 15N]OT: (m/z: 1014.6 → 730.6 (b6)); and [Pro&Leu13C, 15N]OT: (m/z: 1021.2 → 723.2 (b6)). All 
data were acquired and processed with AB Sciex Analyst Version 1.4.1 (CA, USA).

Immunohistochemistry. Sections (4 μm) of the intestine from WT and Ager−/− pups were stained with 
hematoxylin and eosin42. The intestine was incubated with 4′,6-diamidino-2-phenylindole (DAPI, Dojindo; 
Kumamoto, Japan, 1:2,000) or polyclonal rabbit anti-RAGE antibody (1:1,000; AB5484, Millipore, Billerica, MA) 
and washed with 0.3% Triton X-100 in PBS. They were then incubated with Alexa Fluor 488- (1:200, Invitrogen 
Molecular Probes).

RAGE expression in the intestine of wild-type mouse embryos (18.5 dpc) (4 μm sections from GenoStaff Inc, 
Tokyo, Japan) were examined using the polyclonal rabbit anti-RAGE (1:1000), Alexa Fluor 488, and DAPI. Images 
were taken with the EVOS FL Cell Imaging System (ThermoFisher Scientific, Yokohama, Japan).

Statistical analysis. P values were calculated by using two-tailed Student’s t-tests for pairwise comparisons 
and one-way or two-way ANOVAs followed by Bonferroni’s tests for multiple comparisons, unless otherwise 
stated. A P value < 0.05 was considered to be statistically significant. Data are expressed as the mean ± SEM.

References
 1. Vohr, B. R. et al. Persistent beneficial effects of breast milk ingested in the neonatal intensive care unit on outcomes of extremely low 

birth weight infants at 30 months of age. Pediatrics 120, e953–959 (2007).
 2. Groer, M. W., Gregory, K. E., Louis-Jacques, A., Thibeau, S. & Walker, W. A. The very low birth weight infant microbiome and 

childhood health. Birth Defects. Res. C. Embryo. Today 105, 252–264 (2015).
 3. Joseph, R. M. et al. Prevalence and associated features of autism spectrum disorder in extremely low gestational age newborns at age 

10 years. Autism Res. 10, 224–232 (2017).
 4. Victora, C. G. et al. Breastfeeding in the 21st century: epidemiology, mechanisms, and lifelong effect. Lancet 387, 475–490 (2016).
 5. Rollins, N. C. et al. Why invest, and what it will take to improve breastfeeding practices? Lancet 387, 491–504 (2016).
 6. Sisk, P. M., Lovelady, C. A., Dillard, R. G., Gruber, K. J. & O’Shea, T. M. Early human milk feeding is associated with a lower risk of 

necrotizing enterocolitis in very low birth weight infants. J. Perinatol. 27, 428–433 (2007).
 7. Gura, T. Nature’s first functional food. Science 345, 747–749 (2014).
 8. Walker, W. A. & Iyengar, R. S. Breast milk, microbiota, and intestinal immune homeostasis. Pediatr. Res. 77, 220–228 (2015).
 9. Jain, N. & Walker, W. A. Diet and host-microbial crosstalk in postnatal intestinal immune homeostasis. Nat. Rev. Gastroenterol. 

Hepatol. 12, 14–25 (2015).
 10. Leake, R. D., Weitzman, R. E. & Fisher, D. A. Oxytocin concentrations during the neonatal period. Biol. Neonate. 39, 127–131 (1981).
 11. Takeda, S., Kuwabara, Y. & Mizuno, M. Concentrations and origin of oxytocin in breast milk. Endocrinol. Jpn. 33, 821–826 (1986).
 12. Koldovský, O., Illnerová, H., Macho, L., Strbák, V. & Stĕpánková, R. Milk-borne hormones: possible tools of communication 

between mother and suckling. Physiol. Res. 44, 349–351 (1995).
 13. Liu, H. X. et al. Locomotor activity, ultrasonic vocalization and oxytocin levels in infant CD38 knockout mice. Neurosci. Lett. 448, 

67–70 (2008).
 14. Prakash, B. S., Paul, V., Kliem, H., Kulozik, U. & Meyer, H. H. Determination of oxytocin in milk of cows administered oxytocin. 

Anal. Chim. Acta. 636, 111–115 (2009).
 15. Muranishi, Y. et al. Method for collecting mouse milk without exogenous oxytocin stimulation. Biotechniques 60, 47–49 (2016).
 16. Chen, A., Laskar-Levy, O. & Koch, Y. Selective expression of neuropeptides in the rat mammary gland: somatostatin gene is 

expressed during lactation. Endocrinology 140, 5915–5921 (1999).
 17. Koida, M. & Walter, R. Post-proline cleaving enzyme. Purification of this endopeptidase by affinity chromatography. J. Biol. Chem. 

251, 7593–7599 (1976).
 18. Fjellestad-Paulsen, A. & Lundin, S. Metabolism of vasopressin, oxytocin and their analogues [Mpa1, D-Arg8]-vasopressin (dDAVP) 

and [Mpa1, D-Tyr(Et)2, Thr4, Orn8]-oxytocin (antocin) in human kidney and liver homogenates. Regul. Pept. 67, 27–32 (1996).
 19. Wang, J., Yadav, V., Smart, A. L., Tajiri, S. & Basit, A. W. Toward oral delivery of biopharmaceuticals: an assessment of the 

gastrointestinal stability of 17 peptide drugs. Mol. Pharm. 12, 966–973 (2015).
 20. Ross, H. E. & Young, L. J. Oxytocin and the neural mechanisms regulating social cognition and affiliative behavior. Front. 

Neuroendocrinol. 30, 534–547 (2009).
 21. Kenkel, W. M., Yee, J. R. & Carter, C. S. Is oxytocin a maternal-foetal signalling molecule at birth? Implications for development. J. 

Neuroendocrinol. 26, 739–749 (2014).
 22. Veening, J. G., de Jong, T. R., Waldinger, M. D., Korte, S. M. & Olivier, B. The role of oxytocin in male and female reproductive 

behavior. Eur. J. Pharmacol. 753, 209–228 (2015).
 23. Dulac, C., O’Connell, L. A. & Wu, Z. Neural control of maternal and paternal behaviors. Science 345, 765–770 (2014).
 24. Buhimschi, C. S. Endocrinology of lactation. Obstet. Gynecol. Clin. North. Am. 31, 963–979 (2004).
 25. Numan, M. & Young, L. J. Neural mechanisms of mother-infant bonding and pair bonding: Similarities, differences, and broader 

implications. Horm. Behav. 77, 98–112 (2016).
 26. Jonas, W. & Woodside, B. Physiological mechanisms, behavioral and psychological factors influencing the transfer of milk from 

mothers to their young. Horm. Behav. 77, 167–181 (2016).
 27. Krol, K. M., Monakhov, M., Lai, P. S., Ebstein, R. P. & Grossmann, T. Genetic variation in CD38 and breastfeeding experience 

interact to impact infants’ attention to social eye cues. Proc. Natl. Acad. Sci. USA 112, E5434–5442 (2015a).
 28. Krol, K. M., Rajhans, P., Missana, M. & Grossmann, T. Duration of exclusive breastfeeding is associated with differences in infants’ 

brain responses to emotional body expressions. Front. Behav. Neurosci. 8, 459 (2015b).
 29. Lundin, S., Pantzar, N., Broeders, A., Ohlin, M. & Weström, B. R. Differences in transport rate of oxytocin and vasopressin analogues 

across proximal and distal isolated segments of the small intestine of the rat. Pharm. Res. 8, 1274–1280 (1991).
 30. Rodewald, R. Distribution of immunoglobulin G receptors in the small intestine of the young rat. J. Cell Biol. 85, 18–32 (1980).
 31. Koldovský, O., Bedrick, A. & Thornburg, W. Processing of hormones and hormone-like substances from milk in the gastrointestinal 

tract of suckling rats. Endocrinol. Exp. 20, 119–130 (1986).
 32. Gonnella, P. A., Siminoski, K., Murphy, R. A. & Neutra, M. R. Transepithelial transport of epidermal growth factor by absorptive 

cells of suckling rat ileum. J. Clin. Invest. 80, 22–32 (1987).
 33. Xu, R. J. & Wang, T. Gastrointestinal absorption of insulinlike growth factor-I in neonatal pigs. J. Pediatr. Gastroenterol. Nutr. 23, 

430–437 (1996).



www.nature.com/scientificreports/

1 4Scientific RepoRts | 7: 7883  | DOI:10.1038/s41598-017-07949-4

 34. Salvo-Romero, E., Alonso-Cotoner, C., Pardo-Camacho, C., Casado-Bedmar, M. & Vicario, M. The intestinal barrier function and 
its involvement in digestive disease. Rev. Esp. Enferm. Dig. 107, 686–696 (2015).

 35. Delacour, D., Salomon, J., Robine, S. & Louvard, D. Plasticity of the brush border - the yin and yang of intestinal homeostasis. Nat. 
Rev. Gastroenterol. Hepatol. 13, 161–174 (2016).

 36. Pácha, J. Development of intestinal transport function in mammals. Physiol. Rev. 80, 1633–1667 (2000).
 37. Walthall, K., Cappon, G. D., Hurtt, M. E. & Zoetis, T. Postnatal development of the gastrointestinal system: a species comparison. 

Birth. Defects. Res. B. Dev. Reprod. Toxicol. 74, 132–156 (2005).
 38. Raman, K. G. et al. The role of RAGE in the pathogenesis of intestinal barrier dysfunction after hemorrhagic shock. Am. J. Physiol. 

Gastrointest. Liver Physiol. 291, G556–565 (2006).
 39. Manigrasso, M. B., Juranek, J., Ramasamy, R. & Schmidt, A. M. Unlocking the biology of RAGE in diabetic microvascular 

complications. Trends Endocrinol. Metab. 25, 15–22 (2014).
 40. Yamamoto, Y. & Yamamoto, H. Controlling the receptor for advanced glycation end-products to conquer diabetic vascular 

complications. J. Diabetes Investig. 3, 107–114 (2012).
 41. Chen, P., Zhao, J. & Gregersen, H. Up-regulated expression of advanced glycation end-products and their receptor in the small 

intestine and colon of diabetic rats. Dig. Dis. Sci. 57, 48–57 (2012).
 42. Harashima, A. et al. Identification of mouse orthologue of endogenous secretory receptor for advanced glycation end-products: 

structure, function and expression. Biochem. J. 396, 109–115 (2006).
 43. Liu, Z.-J. et al. Expansion of the neonatal platelet mass is achieved via an extension of platelet lifespan. Blood 123, 3381–3389 (2014).
 44. Lakkireddy, H. R. et al. Oral delivery of diabetes peptides - Comparing standard formulations incorporating functional excipients 

and nanotechnologies in the translational context. Adv. Drug Deliv. Rev. pii: S0169-409X(16)30076-X (2016).
 45. Alaish, S. M. et al. Gut microbiota, tight junction protein expression, intestinal resistance, bacterial translocation and mortality 

following cholestasis depend on the genetic background of the host. Gut Microbes 4, 292–305 (2013).
 46. Hoyle, C. H. Neuropeptide families and their receptors: evolutionary perspectives. Brain Res. 848, 1–25 (1999).
 47. Zhang, G., Zhang, Y., Fast, D. M., Lin, Z. & Steenwyk, R. Ultra sensitive quantitation of endogenous oxytocin in rat and human 

plasma using a two-dimensional liquid chromatography-tandem mass spectrometry assay. Anal. Biochem. 416, 45–52 (2011).
 48. Lee, M. R. et al. Oxytocin by intranasal and intravenous routes reaches the cerebrospinal fluid in rhesus macaques: determination 

using a novel oxytocin assay. Mol Psychiatry in press, doi:10.1038/mp.2017.27 (2017)
 49. Catassi, C., Bonucci, A., Coppa, G. V., Carlucci, A. & Giorgi, P. L. Intestinal permeability changes during the first month: effect of 

natural versus artificial feeding. J. Pediatr. Gastroenterol. Nutr. 21, 383–386 (1995).
 50. Fjellestad-Paulsen, A., Höglund, P., Lundin, S. & Paulsen, O. Pharmacokinetics of 1-deamino-8-D-arginine vasopressin after various 

routes of administration in healthy volunteers. Clin. Endocrinol. (Oxf). 38, 177–182 (1993).
 51. Turner, J. R. Intestinal mucosal barrier function in health and disease. Nat. Rev. Immunol. 9, 799–809 (2009).
 52. Suzuki, T. Regulation of intestinal epithelial permeability by tight junctions. Cell. Mol. Life Sci. 70, 631–659 (2013).
 53. Li, C., Bhatt, P. P. & Johnston, T. P. Transmucosal delivery of oxytocin to rabbits using a mucoadhesive buccal patch. Pharm. Dev. 

Technol. 2, 265–274 (1997).
 54. Mehta, A. C. Buccal and oral drugs: induction of labour. Acta Chir. Hung. 27, 157–163 (1986).
 55. Veuillez, F., Kalia, Y. N., Jacques, Y., Deshusses, J. & Buri, P. Factors and strategies for improving buccal absorption of peptides. Eur. 

J. Pharm. Biopharm. 51, 93–109 (2001).
 56. Spencer, D. N. & Chalmers, J. A. Buccal oxytocin in the induction of labour. Lancet 1, 633–636 (1964).
 57. Brandtzaeg, O. K. et al. Proteomics tools reveal startlingly high amounts of oxytocin in plasma and serum. Sci. Rep. 6, 31693 (2016).
 58. Hill, P. D. et al. Association of serum prolactin and oxytocin with milk production in mothers of preterm and term infants. Biol. Res. 

Nurs. 10, 340–349 (2009).
 59. McGonigle, P. Peptide therapeutics for CNS indications. Biochem. Pharmacol. 83, 559–566 (2012).
 60. Munesue, T. et al. Oxytocin for Male Subjects with Autism Spectrum Disorder and Comorbid Intellectual Disabilities: A 

Randomized Pilot Study. Front. Psychiatry 7, 2 (2016).
 61. Fortuna, A., Alves, G., Serralheiro, A., Sousa, J. & Falcão, A. Intranasal delivery of systemic-acting drugs: small-molecules and 

biomacromolecules. Eur. J. Pharm. Biopharm. 88, 8–27 (2014).
 62. Blevins, J. E. et al. Chronic CNS oxytocin signaling preferentially induces fat loss in high-fat diet-fed rats by enhancing satiety 

responses and increasing lipid utilixation. Am. J. Physiol. Regul. Integr. Comp. Physiol. 310, R640–658 (2016).
 63. Mishra, M. et al. Anomalies in ovary following oral exposure to oxytocin: mechanistic studies. Reprod. Toxicol. 40, 24–34 (2013).
 64. Sakatani, S. et al. Deletion of RAGE causes hyperactivity and increased sensitivity to auditory stimuli in mice. PLoS One 4, e8309 (2009).
 65. Anisuzzaman. et al. Longistatin in tick saliva blocks advanced glycation end-product receptor activation. J. Clin. Invest. 124, 

4429–4444 (2014).
 66. Jin, D. et al. CD38 is critical for social behaviour by regulating oxytocin secretion. Nature 446, 41–45 (2007).
 67. Francisco, C. C., Howarth, G. S. & Whittaker, A. L. Effects on animal wellbeing and sample quality of 2 techniques for collecting 

blood from the facial vein of mice. J. Am. Assoc. Lab. Anim. Sci. 54, 76–80 (2015).
 68. Li, N., Diaz, M. F. & Wenzel, P. L. Application of fluid mechanical force to embryonic sources of hemogenic endothelium and 

hematopoietic stem cells. Methods Mol. Biol. 1212, 183–193 (2015).
 69. Vilhardt, H. & Lundin, S. In vitro intestinal transport of vasopressin and its analogues. Acta. Physiol. Scand. 126, 601–607 (1986).
 70. Zhong, J. et al. Cyclic ADP-Ribose and Heat Regulate Oxytocin Release via CD38 and TRPM2 in the Hypothalamus during Social 

or Psychological Stress in Mice. Front. Neurosci. 10, 304 (2016).
 71. Leng, G. & Sabatie, N. Measuring oxytocin and vasopressin: bioassays, immunoassays and random numbers. J. Neuroendocrinol. 28 (2016).
 72. Szeto, A. et al. Evaluation of enzyme immunoassay and radioimmunoassay methods for the measurement of plasma oxytocin. 

Psychosom. Med. 73, 393–400 (2011).

Acknowledgements
This work was supported by grant-in-aid from “Integrated research on neuropsychiatric disorders” carried out 
under the Strategic Research Program for Brain Sciences by the Ministry of Education, Culture, Sports, Science 
and Technology of Japan (MEXT) and from the Japan Agency for Medical Research and Development (AMED) 
and also by the industry-Academia Collaborative R&D Programs (COI) from MEXT.

Author Contributions
H.H., K.D., O.L. and Y.Y. conceived and designed the research. K.F., A.-M.Y., H.K., and C.T. measured oxytocin 
and vasopressin concentrations in neonatal and adult mice. A.H., S.M., H.Y. and Y.Y. produced K.O. mice, 
maintained and genotyped them. K.F. and J.-S.Z. performed experiments in isolated intestines. K.D., A.H., M.G., 
A.B.S. and S.S. analyzed with L.C.-M.S./M.S. A.H., S.M., H.K. and Y.Y. stained tissues. O.L., K.F. and Y.Y. analyzed 
data. H.H., K.D. and Y.Y. prepared the initial draft and revised the manuscript. All authors reviewed the final 
manuscript and approved its publication.

http://dx.doi.org/10.1038/mp.2017.27


www.nature.com/scientificreports/

1 5Scientific RepoRts | 7: 7883  | DOI:10.1038/s41598-017-07949-4

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-07949-4
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/10.1038/s41598-017-07949-4
http://creativecommons.org/licenses/by/4.0/

	Intestinal transepithelial permeability of oxytocin into the blood is dependent on the receptor for advanced glycation end  ...
	Results

	Plasma OT levels after oral delivery in suckling pups. 
	Plasma OT levels in RAGE KO pups. 
	OT transport from isolated intestines of suckling pups. 
	Plasma OT levels in adult mice. 
	Vasopressin levels in the plasma after oral delivery and transport from isolated intestines. 
	Determination of OT by mass spectroscopy. 
	Intestinal staining with anti-RAGE antibody. 

	Discussion

	Estimation of the bioavailability of OT through the intestine. 
	Possible mechanisms of OT permeability through the epithelial barrier. 

	Methods

	Chemicals. 
	Animals. 
	Administration of OT. 
	Blood sampling. 
	Isolated intestinal preparation. 
	Enzyme immunoassay for OT and AVP. 
	Mass spectrometry. 
	Immunohistochemistry. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Plasma oxytocin (OT) concentrations in wild-type (C57BL/6) mice.
	Figure 2 Plasma OT levels in pups after intestinal delivery of OT.
	Figure 3 Plasma OT concentrations in Ager−/− (RAGE KO) mice.
	Figure 4 OT concentrations in incubation medium from isolated intestines.
	Figure 5 Plasma OT levels in adult male mice after oral or intestinal delivery of OT and PBS.
	Figure 6 Plasma vasopressin concentrations in wild-type mice.
	Figure 7 MS/MS fragmentation and MRM detection of the oxytocins Ile[13C, 15N]OT and Pro&Leu[13C, 15N]OT.
	Figure 8 RAGE in the intestine.
	Table 1 Intestinal permeability measured by FITC-dextran.




