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Introduction: GLP-1 receptor agonists are the number one drug prescribed for the 

treatment of obesity and type 2 diabetes. These drugs are not, however, without side-

effects and in an effort to maximize therapeutic effect while minimizing adverse effects, 

gut hormone co-agonists received considerable attention as new drug targets in the fight 

against obesity. Numerous previous reports identified the neuropeptide oxytocin (OXT) 

as a promising anti-obesity drug. The aim of this study is to evaluate OXT as a possible 

co-agonist for GLP-1 and examine the effects of its co-administration on food intake (FI) 

and body weight (BW) in mice. Methods: FI and c-Fos levels were measured in the 

feeding-centers of the brain in response to an intraperitoneal injection of saline, OXT, 

GLP-1 or OXT/GLP-1. The action potential frequency and cytosolic Ca2+ ([Ca2+]i) in 

response to OXT, GLP-1 or OXT/GLP-1were measured in ex-vivo PVN neuronal 

cultures. Finally, FI and BW changes were compared in diet induced obese mice treated 

with saline, OXT, GLP-1 or OXT/GLP-1 for 13 days. Results: Single injection of 

OXT/GLP-1 additively decreased FI, and increased c-Fos expression specifically in the 

paraventricular (PVN) and supraoptic nucleus (SON). 70% of GLP-1 receptor positive 

neurons in the PVN also expressed OXT receptors, and OXT/GLP-1 co-administration 

dramatically increased firing and [Ca2+]i in the PVN OXT neurons. The chronic 

OXT/GLP-1 co-administration decreased BW without changing FI. Conclusion: Chronic 

OXT/GLP-1 co-administration decreases BW, possibly via the activation of PVN OXT 

neurons. OXT might be a promising candidate as an incretin co-agonist in obesity 

treatment. 
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Introduction 

  According to the World Health organization, worldwide obesity has nearly tripled within 

the past 50 years. In 2016, 1.9 billion adults were overweight, of these 650 million people 

were obese [1]. Obesity presents with a number of life-threatening co-morbidities such 

as diabetes, cardiac and inflammatory disease, and carries a severe mental health burden. 

[2, 3]. The prevention of obesity or the development of effective weight loss strategies 

for those already overweight are therefore critical.   

Historically successful obesity drug development has been hampered by the serious 

adverse effects of these drugs. For example, 2,4-dinitrophenol (DNP), used for weight 

loss until the mid-twentieth century, caused hyperthermia, tachycardia, diaphoresis, 

tachypnea and could be fatal. [4, 5].  Rimonabant, a cannabinoid receptor antagonist, was 

recently withdraw from the European market, due to its’ psychiatric impact, and potential 

to cause sever mood disorder(s) [5]. Sibutramine, which effects appetite, followed a 

similar pattern and was withdraw from the European, USA, Canadian market in 2002 [6].  

 

The one exception to this rule is GLP-1 receptor agonists.  Numerous studies 

demonstrated the successful use of the third generation GLP-1R agonist Semaglutide in 

weight loss and diabetes management [7, 8]. Injected Semaglutide mimics the systemic 

effects of glucagon-like-peptide (GLP-1) and, has been approved as the first line obesity 

drug by the U.S Food and Drug Administration (FDA) in mid-2021[5].   

 GLP-1 is peptide hormone secreted by intestinal enteroendocrine L cells, which 

stimulates pancreatic −cell to secrete insulin [9]. It has been known that GLP-1 receptors 

(GLP-1R) are expressed in the cell bodies of nodose ganglion of vagal nerve and, 

peripheral GLP-1 reduce food intake via activation of vagal afferent neurons [10]. 



4 

 In addition to the intestine, endogenous GLP-1 peptide is produced in the brain. It has 

been shown that GLP-1 producing neurons are distributed in the nucleus of the solitary 

tract (NTS) of the brain stem [11, 12]. These GLP-1 neurons project to the hypothalamus, 

and impact on both feeding regulation and/or energy metabolism [11, 12]. GLP-1Rs are 

distributed throughout various brain regions specifically those which are important in the 

regulation of feeding and energy metabolism, such as paraventricular hypothalamic 

nucleus (PVN), arcuate nucleus (ARC), dorsomedial hypothalamic nucleus (DMH), 

nucleus tractus solitarius (NTS) and area postrema (AP) [13].  Perhaps not unsurprisingly, 

due to the effect of GLP-1R agonists on vagal nerve activity and gastric motility, nausea 

is the most frequent adverse effect reported by patients being treated with GLP-1R 

agonists [14]. In the Wegovy STEP trial, a quarter of participants experienced nausea and 

diarrhea [5]. In a bid to maximize weight loss while keeping the adverse effects of drugs 

to a minimum, a new class of drugs called gut hormone co-agonists, had been the focus 

of new developments in the fight against obesity [15].  

Currently, several low dose co-agonists which target GLP-1, GIP and glucagon are in 

development, with the potential of synergistic metabolic benefits without the crippling 

side effects. Recently, a new GLP-1-glucose-dependent insulinotropic polypeptide (GIP) 

co-agonist, tirzepatide, was approved for treatment of type2 diabetes in 2022 by US FDA 

[15] and clinical trials for a triple GLP-1-GIP-glucagon agonist are ongoing [15].  

 

 The neuropeptide oxytocin (OXT) is a hormone secreted from hypothalamic OXT 

neurons, and is most well-known for its function in parturition and lactation [16]. 

However, work over the past 2 decades have shown OXT to be a pleiotropic hormone 

with wide implications for human health far beyond its reproductive functions [17]. It is 
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now well established that OXT plays a role in maternal behavior [18], pair bonding [19] 

and the perception of anxiety [20]. However, OXT also has a metabolic impact and it was 

demonstrated that OXT administration has an anti-obesity effect [21–23]. It has been 

known that OXT stimulate the neurons in the dorsal motor nucleus of the vagus (DMNV), 

which is the origin of the vagus nerve afferent pathway, and delays gastric emptying via 

vagal nerve activation to decreased food intake [24, 25]. Furthermore, OXT 

administration increase energy expenditure and reduce adipose tissue through enhanced 

lipolysis [21, 26] and chronic OXT treatment decrease BW in rodents [22] and primates 

[23]. In addition, it was shown that nasal treatment of OXT for 8 weeks decreased BW in 

humans [27]. Importantly, no significant adverse effects to OXT administration have been 

reported in human trials [28]. Interestingly, the anti-obesity effect of OXT is depended on 

the body mass index (BMI) and BW, i.e.  OXT administration had little effect of lean 

mice or non-obese animals and humans [22, 29]. OXT receptors (OXTR) are distributed 

through the brain including the hypothalamus, brainstem [30] and nodose ganglion of the 

vagal nerve [31].  

 The aim of this study was therefore to evaluate OXT as a possible co-agonist for GLP-1 

and the test the effects of GLP-1 and OXT co-administration on food intake and BW. The 

concept of the combination of an incretin hormone and a neuropeptide is highly novel, 

and this study contribute to expanding the potential of incretin-based treatments of 

obesity. 
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Materials and Methods  

Animals 

Ten to 12-week-old male C57BL/6J mice (purchased from Japan SLC (Japan)) were used 

for food intake measurement after intraperitoneal (IP) injection of GLP-1 and OXT, (BW: 

22.1-29.2 g). The animals were maintained on a 12 hr light/dark cycle. (Turn on, 7:00; 

Turn off, 19:00), were housed in individual cages and fed a standard diet (CE-2: Clea, 

Osaka, Japan). All animals were habituated for at least 10 days before the experiment.  

Six-week-old male C57BL/6J mice (purchased from Japan SLC (Shizuoka, Japan)) were 

used for chronic treatment with GLP-1 and OXT. These animals were fed a high fat diet 

(HFD32; Clea Osaka Japan) for 8 weeks. Thus, 14-week-old male mice were used for 

experiments.  

Histological detection of OXT receptor (OXTR) positive neurons is technically 

demanding due to the lack of sensitive and specific antibodies for the OXTR [32]. Thus, 

12-week-old male heterogeneous OXTR knock in mice (oxtr)VenusΔNeo/+, in which part of 

the oxytocin receptor gene was replaced with Venus cDNA, were used for 

immunohistochemical analysis of OXTR expression [32]. These mice express the 

fluorescent Venus protein under the control of endogenous regulatory region of OXTR.    

Experimental procedure and care of animals were carried out according to the Fukushima 

Medical University Institute of Animal Care and Use Committee (approval number 

2023022, 2023021).  

 

Food intake after IP injection of GLP-1 and OXT 
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On the day of experiment, food was removed at 16:00 (3 hrs before dark phase), and 

saline or GLP-1 (50 g/kg/5ml, 100 g/kg/5ml ; Human, 7-36 Amide, 4344-v, Peptide 

Institute, Osaka, Japan), or OXT (100 g/kg/5ml , 200 g/kg/5ml;  4084-v, Peptide 

Institute, Osaka, Japan) or both (GLP-1 100 and OXT 200 g/kg/5ml) were IP injected at 

19:00. The doses of GLP-1 and OXT were decided based on the previous reports [21, 33]. 

The animals were given food at 19:00 and food intake was then monitored for 24 hours. 

 

c-Fos immunostaining after IP injection of GLP-1 and OXT 

In order to identify the brain regions, which are related the anorexigenic effect of OXT 

and GLP-1, c-Fos expression after injection of the minimum effective dose of OXT plus 

GLP-1 were examined. Sixteen mice were divided into 4 groups: control, OXT, GLP-1 

and OXT plus GLP-1(n = 4 in each group). On the day of experiment, food was removed 

at 9:00, and saline or GLP-1 (100 g/kg/5ml), or OXT (200 g/kg/5ml), or both (OXT 

200 and GLP-1 100 g/kg/5ml) were IP injected at 11:00. After 2h, animals were IP 

injected with a mixture of three types of anesthetic agents [composition; Medetomidine 

(0.003%, Domitor, Nippon Zenyaku Kogyo Co., Ltd., Koriyama, Japan), midazolam 

(0.04%, Dormicum, Astellas Pharma Inc., Tokyo, Japan), and butorphanol tartrate 

(0.05%, Vetorphale, Meiji Seika Pharma Co., Ltd., Tokyo, Japan)] (10 ml/kg) and 

perfused intracardially with 4% paraformaldehyde (PFA) and 0.2% picric acid. Serial 

coronal sections (40 μm thick) were collected from each mouse using a freezing 

microtome. The sections at 120 μm intervals between 0.50 mm and −7.92 mm from the 

bregma were used for immunostaining. Thus, around 60 sections from one mouse were 

used for immunostaining.  
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The sections were washed in PBS (0.01 M, pH7.4), then incubated for 20 min with 0.3% 

H2O2. Next, the sections were incubated for 1 h in a blocking solution comprising of 0.3% 

TritonX-100, 2% BSA, and 5% normal goat serum (NGS) and then incubated with rabbit 

anti-c-Fos antibody (1:2000; RPCA-c-Fos AP; Encor Biotechnology Inc. FLA) in the 

blocking solution overnight at 4 °C. Next, the sections were washed by PBS and incubated 

with biotinylated goat anti-rabbit IgG (diluted to 1:500, Vector Laboratories, CA) for 30 

min, followed by incubation with an avidin-biotin-peroxidase complex (Vectastain Elite 

ABC Kit; Vector Laboratories, CA) for 60 min. Immunoreactions were visualized by 

incubation in a 0.02% diaminobenzidine solution containing 0.3% nickel ammonium and 

0.015% H2O2 for 5 min. After color development, the sections were mounted on glass 

slides and covered. 4-5 (PVN), 4-5 (ARC), 3-4 (SON), 5-7(NTS), 3-4 (AP), and 5-7 

(DMNV) sections were counted for c-Fos positive neurons under a light microscope. In 

order to avoid the variation of number of section made from each mouse, the numbers of 

c-Fos positive neuron was counted in each section and averaged by the number of 

sections. 

For double immunostaining of c-Fos and OXT, c-Fos staining was performed similar as 

described above. c-Fos staining sections were incubated with mouse anti-oxytocin 

antibody (1:1000; MAB5296, Merck Millipore, MA) in the blocking solution overnight 

at 4 °C. Next, the sections were washed by PBS and incubated with biotinylated goat anti-

rabbit IgG (diluted to 1:500, Vector Laboratories, CA) for 30 min, and were then 

incubated with an avidin-biotin-peroxidase complex (Vectastain Elite ABC Kit; Vector 

Laboratories, CA) for 60 min. Immunoreactions were visualized by incubation in a 0.02% 

diaminobenzidine solution containing 0.015% H2O2 for 5 min. After color development, 

the sections were mounted on glass slides and covered. In 4-5 (PVN) and 3-4 (SON) 



9 

sections, the numbers of c-Fos and OXT immune-positive neurons and double positive 

neurons were counted under a light microscope. Then, percentage of OXT positive 

neurons among the c-Fos positive neurons and percentage of c-Fos positive neurons 

among OXT positive neurons were calculated.  

 

Immunostaining OXTR and GLP-1R 

OXTR-Venus male mice were IP injected with a mixture of three types of anesthetic 

agents (10 ml/kg) and perfused intracardially with 4% paraformaldehyde (PFA) and 0.2% 

picric acid. Serial coronal sections (40 μm) were collected from each mouse using a 

freezing microtome. The PVN containing sections at 120 μm intervals between -0.58 mm 

and −1.22 mm from the bregma were used for immunostaining. Thus, 4-5 sections from 

one mouse were used for immunostaining. The sections were washed in PBS and 

incubated for 1 h in a blocking solution comprising of 0.1% TritonX-100, 2% BSA, and 

5% normal goat serum (NGS).  

For double immunostaining OXTR and OXT, sections were incubated with rabbit anti-

GFP antibody (1:1000; A-11122, Thermo Fisher Scientific, MA) and with mouse anti-

oxytocin antibody (1:1000; MAB5296, Merck Millipore, MA) in blocking solution 

overnight at 4 °C.  Then sections were incubated with Alexa flour 488-labelled goat anti 

rabbit IgG (1:400, Life Technologies, CA) and, Alexa flour 594-labelled goat anti-mouse 

IgG (1:400; Life Technologies, CA) for 30 min. 

For double immunostaining OXTR and GLP-1R, sections were incubated with chicken 

anti-GFP antibody (1:500; A11039, abcam, Cambridge, UK) and rabbit GLP-1R antibody 

(1:200, Thermo Fisher Scientific, MA) in blocking solution overnight at 4 °C.  Then 

sections were incubated with Alexa flour 488-labelled goat anti chicken IgG (1:400, Life 
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Technologies, CA) and, Alexa flour 594-labelled goat anti-rabbit IgG (1:400; Life 

Technologies, CA, 1:400) for 30 min. 

Sections were mounted on glass slides and covered. Confocal fluorescence images were 

acquired and OXTR positive neurons and OXT positive neurons and double positive 

neurons, or GLP-1R positive neurons and double positive neurons were counted.  

 

Electrophysiology  

OXTR-Venus male mice were IP injected with a mixture of three types of anesthetic 

agents (10 ml/kg) and brain was removed. Coronal brain slices (250 m) containing the 

PVN were prepared. All electrophysiological experiments were performed as previously 

described [34]. Whole-cell recordings were made using an EPC 800 patch clamp 

amplifier (HEKA, Stuttgart, Germany) with filtering at 1 KHz using 4-5 MΩ electrodes. 

Coronal brain slices (250 μm) were prepared in an ice-cold solution containing (in mM) 

230 sucrose, 2 KCl, 1 KH2PO4, 0.5 CaCl2, 1 MgCl2, 26 NaHCO3, and 10 D-glucose. 

Oxytocin secretion from brain slices of the PVN has a rhythmic pattern with increased 

secretion in the early-light phase compared with the pre-dark phase [34] which would 

suggest a diurnal change of membrane potential in PVN OXT neurons. Thus, in order to 

avoid variation of membrane potential based on the diurnal change, all brain slices were 

prepared at around 10:00 am. The slices were recovered in artificial cerebral spinal fluid 

(aCSF), gassed with 95% O2 and 5% CO2, containing (in mM) 126 NaCl 2.5 KCl, 1.2 

MgCl2, 2.4 CaCl2, 1.2 NaH2PO4, 21.4 NaHCO3, and 10 D-glucose. Patch electrodes were 

filled with an internal solution containing (in mM) 120 K-gluconate, 10 KCl, 10 HEPES, 

5 EGTA, 0.3 CaCl2, 1 MgCl2, 2 Mg-ATP, and 1 Na-GTP at pH 7.3 adjusted with KOH. 

The brain slices were then transferred to a recording chamber and continuously perfused 
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at 2–4 ml/min with aCSF gassed with 95% O2 mad 5% CO2. Whole-cell patch recordings 

were performed in a current clamp with a zero holding current. The membrane potentials 

of firing neurons were determined from slow time-scale recordings with a clear baseline. 

The concentrations of OXT (10-10 M) and GLP-1 (10-10 M) for patch clamp in brain slice 

were decided based on the concentration of OXT and GLP-1 used in single neurons, 

which are the minimum effective dose which induced Ca2+ release in this study.  Data 

were analyzed using Clampfit software (Molecular devices, CA). 

 

Preparation of single PVN neurons and measurement of [Ca2+]i and subsequent 

immunocytochemistry in single neurons 

Single neurons were prepared from the PVN according to previous reports [35] with slight 

modification. Briefly, untreated C57BL/6J mice were decapitated under anesthesia and 

brains were removed. Brain slices were prepared and the entire PVN were punched out. 

The tissues were incubated in a shaking water bath for 15 min at 36°C in Krebs-Ringer 

Bicarbonate Buffer (KRB) containing 20 units/ml papain (Sigma Chemical, St. Louis, 

MO), 1 mM cysteine, 0.015 mg/ml deoxyribonuclease, 0.75 mg/ml BSA, and 1 mM 

glucose. Following gentle trituration, the cell suspension was washed with KRB by 

centrifugation at 750 rpm for 5 min. The cells were re-suspended in KRB and distributed 

onto glass bottom dish. The cells were kept in a humidified chamber at 30 °C until 

measurements. 

Cytosolic Ca2+ concentration ([Ca2+]i) was measured by ratiometric fura-2 

microfluorometry combined with digital imaging, as previously reported [35]. Briefly, 

prepared single neurons on a glass-bottom dish were incubated with 2 mM fura-2/AM 

(Dojin chemical, Kumamoto, Japan) for 30 min at room temperature, placed in a chamber, 
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and superfused with KRB, containing GLP-1 (10-14, 10-12 10-10 M), OXT (10-14, 10-12, 10-

10 M) or OXT/GLP-1 (combination of 10-12 M OXT and 10-12 M GLP-1) at 1 ml/min at 

30°C. Cells loaded with fluorescent dye were illuminated by alternating 340 and 380 nm, 

and the resultant fluorescent images were captured. The ratio (F340/F380) images were 

produced by Aquacosmos version 2.6 (Hamamatsu Photonics, Hamamatsu, Japan).  

After the [Ca2+]i measurements, single neurons were fixed in 4% PFA overnight. For 

immunocytochemistry, staining was carried out as previously reported [35]. Briefly, cells 

were incubated for 10 min with PBS containing 3% H2O2. Then, sections were incubated 

in PBS containing 2% normal goat serum (Cat# 005-000-121; Jackson Laboratories Inc. 

PA) and 2% BSA (Cat# B2064, Sigma Aldrich, CA) and then incubated with rabbit anti-

oxytocin polyclonal IgG (Cat# 20068; Immunostar Inc., WI; 1:2,000) overnight at 4 ºC. 

Subsequently, cells were washed in PBS and incubated with biotinylated goat anti-rabbit 

polyclonal IgG (Cat# BA-1000; Vector Laboratories Inc., CA; 1:500), and then with 

avidin-biotin complex (Cat# PK-6100; ABC kit; Vector Laboratories Inc., CA). 

Immunoreactions were visualized by incubation in a 0.02% diaminobenzidine solution 

containing 0.015% H2O2 for 5 min.  

 

Calculation of [Ca2+]i amplitude responses 

Amplitudes of [Ca2+]i responses to agents were calculated by subtracting the pre-

stimulatory basal [Ca2+]i ratio from the peak [Ca2+]i ratio. Basal [Ca2+]i ratio was defined 

as average of [Ca2+]i for 3 min before stimulation.  Peak [Ca2+]i ratio was defined as peak 

value for 5 min or 10 min from  the point of drug addition. 

To combine individual [Ca2+]i imaging with immunocytochemical data, at the end of  

[Ca2+]i imaging, photographs of the cell in which [Ca2+]i  was recorded were taken. 
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Chronic OXT and GLP-1 treatment and measurement of plasma OXT 

HFD-induced obese mice were divided 4 group. 1) saline group, 2) OXT group, 3) GLP-

1 group and 4) OXT/GLP-1 group. These mice were anesthetized by a mixture of three 

types of anesthetic agents (10 ml/kg) and received surgical operation to implant osmotic 

mini-pumps (Alzet; model 2002 for 14days, CA) into subcutaneous at back side. Osmotic 

mini-pumps contained saline for the controls or OXT (400 μg/kg/day; 4084-v, Peptide 

Institute, Osaka, Japan) or GLP-1 (200 μg/kg/day; Human, 7-36 Amide, 4344-v, Peptide 

Institute, Osaka, Japan) or OXT/GLP-1(400 μg/kg/day, 200 μg/kg/day, respectively). The 

concentration of OXT and GLP-1 was calculated from individual BW, and each 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 13 days. 

The dose of OXT and GLP-1 were decided based on the feeding experiment after IP 

injection of OXT and GLP-1 (Fig.1). The dose for chronic treatment of these peptides 

was twice the minimum effective dose, and the volume ratio of GLP-1 and OXT was 1:2. 

In order to examine the food efficacy to body weight gain [36], the amount of food intake 

/ BW gain / day was calculated after 7 -13 days after diffusing each peptide.  

At 14 days after chronic treatment of each agents, blood glucose was measured after 2 

h fasting. Mice were anesthetized by a mixture of three types of anesthetic agents (10 

ml/kg) and blood samples were collected in tubes containing EDTA and aprotinin. Plasma 

samples were collected between 11:00–13:00 under 2 h fasting conditions. Samples were 

centrifuged immediately at 4 °C at 3000 rpm for 15 min. The plasma samples were 

extracted by C18 Sep-Pak column (Waters, MA). Plasma OXT concentration was 
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measured by OXT EIA kit (Enzo Life Sciences/ Assay Designs, NY). Intra-assay and 

inter-assay variation of this kit were 12.6–13.3% and 11.8–20.9%, respectively. 

 

Statistical analysis 

All data are presented as mean ± SEM. The comparison of data from multiple groups 

was performed using a one-way ANOVA followed by Turkey’s multiple range test. The 

comparison of data from multiple groups with time course was performed using repeated 

measures two-way ANOVA followed by Turkey’s multiple range test. All statistical tests 

were two-tailed, with values of 0.05 considered statistically significant.  
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Results 

 

OXT enhances anorexigenic effect of GLP-1 

In order to identify the minimum effective dose of GLP-1 and OXT on food 

consumption, food intake was measured after IP injection of GLP-1 (50 g/kg, 100 g/kg) 

and OXT (100 g/kg, 200 g/kg) at 0.5 h, 1 h, 3 h, 6 h and 24 h time points. 50 g/kg 

dose of GLP-1 had no effect on food intake at any time point, but 100 g/kg dose GLP-1 

decreased food intake at 3 h post injection by 22.1% (F2, 120 = 5.99, P < 0.01) [control 

1.12 g ± 0.04 g vs GLP-1 100 ug/kg 0.88 ± 0.13 g] (Fig.1A). This data indicates that the 

minimum dose of GLP-1 to have an anorexigenic effect was 100 g/kg in the present 

study.  For OXT, a 200 g/kg dose decreased food intake at 6 and 24 h after injection by 

17.0% and 7.9% respectively (F2, 102 = 7.204, P < 0.01). [6 h control 1.85 ± 0.08 g, 6 h 

200 g/kg OXT 1.54 ± 0.07 g, 24 h control 4.28 ± 0.30 g, 24 h 200 g/kg OXT 3.9 ± 0.13 

g] (Fig.1B).  

Next, we examined the effect of OXT and GLP-1 co-administration. As shown Fig.1C, 

OXT co-administration significantly enhance the anorexigenic effects of GLP-1 at 3 h 

and 24 h after IP injection (F3, 246 = 15.45, P < 0.01). [3 h control 1.03 ± 0.07 g, 3 h 

OXT/GLP-1 0.68 ± 0.06 g, 24 h control 4.18 ± 0.17 g, 24 h OXT/GLP-1 3.30 ± 0.21 g]. 

Similar tendency has been detected at 2 h [control 0.7 ± 0.06 g, OXT/GLP-1 0.4 ± 0.05 

g].  At 24 h, single OXT and GLP-1 injections decreased food intake by 10.1% ± 4.1 and 

10.5% ± 4.5 compared with control, respectively. However, GLP-1 and OXT co-

administration decreased food consumption by 20.9% ± 5.0. A clear additive effect of 

OXT and GLP-1 co-administration on food consumption was shown with an impact 
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visible from 3 h after co-administration. However, there were no significant differences 

in cumulative food intake in control and OXT/GLP-1 group at 36 h (Supplemental Fig. 

1). Therefore, the anorexigenic effect mediated by IP injection of the OXT (200 g/kg) 

plus GLP-1 (100 g/kg) lasted for up to 24 h. 

 

The distribution of c-Fos after injection of OXT/GLP-1 

The appetite regulating circuits of the arcuate nucleus (ARC) and paraventricular nucleus 

(PVN) of the hypothalamus are divided into (1) the anorexigenic pro-opio melanocortin 

(POMC)/ cocaine and amphetamine related transcript (CART) neurons and (2) the 

orexigenic NAG neurons (neuropeptide Y (NPY), agouti-related protein (AGRP) and 

gamma-aminobutyric acid (GABA)ergic neurons) and are both GLP-1 targets.  OXT, on 

the other hand, exerts its effect on appetite, food intake and metabolism through receptors 

expressed in the supraoptic nucleus (SON), with neurons projecting to the ARC and PVN 

[37]. 

 Furthermore, the hypothalamus and brain stem are identified as key regions for feeding 

regulation and energy homeostasis [38]. The ARC in the hypothalamus and nucleus 

tractus solitarius (NTS) in the brain stem are key target for hormones vital to metabolic 

regulation, such as leptin and ghrelin as well as the incretins GLP-1 and GIP [38].  

Anorexigenic POMC and orexigenic NAG neurons are distributed in the ARC and both 

GLP-1R and OXTR are expressed in these neurons [37, 39, 40]. Previous work showed 

that OXT positive neurons in the PVN and SON project to ARC, that PVN OXT positive 

neurons project to the brain stem, and OXT positive neurons are strongly associated with 

the regulation of feeding [41]. 
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As OXT and GLP-1 co-administration had an anorexigenic effect, we therefore examined 

c-Fos expression levels post IP injection of the minimal effective dose of OXT and GLP-

1. c-Fos gene expression is a general tool to indirectly visualize glutamatergic excitation 

in neurons as c-Fos expression is [Ca2+]i sensitive [42, 43]. c-Fos expression was 

examined in the hypothalamus (PVN, ARC, SON) and brain stem (NTS, area postrema; 

AP, dorsal motor nucleus of the vagus; DMNV). There was no significant increase in c-

Fos expression in ARC, NTS, AP and DMNV (Fig. 2A, C, E, F, G) following the 

administration of GLP-1 or OXT alone. However, OXT and GLP-1 co-administration 

induced enhanced c-Fos expression in both the PVN and SON (Fig.2B, D).  

This experiment for detecting c-Fos was performed during the light phase, but the feeding 

experiments (Fig. 1) were performed during the dark phase. In order to examine the 

influence of injection timing (light and dark phase), c-Fos expression in these brain 

regions after OXT/GLP-1 injection in the light or dark phase were examined 

(Supplemental Fig. 2). As shown in Supplemental Fig. 2, there were no differences in c-

Fos expression after OXT/GLP-1 injection during the light or dark phase. This data 

indicates that the injection of OXT/GLP-1 during the light or dark phase similarly activate 

the neurons in these brain regions.   

Therefore, the data in Fig.2 would indicate that the additive effect of OXT on GLP-1 on 

appetite is mediated via circuits of the hypothalamus. 

  Previous reports have shown that IP OXT administration can activate PVN OXT positive 

neurons [44, 45]. In order to identify the neuronal population activated by OXT and GLP-

1 co-administration, we performed double staining of c-Fos and OXT in the PVN 

(Fig.3A-D) and SON.  
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 In order to clarify how many of the neurons activated by co-administration of OXT and 

GLP-1 express OXT endogenously, the percentage of OXT positive neurons which 

overlap with c-Fos positive neurons were analyzed. In the PVN, the percentage of OXT 

positive neurons which overlap with c-Fos positive neurons were 7.3 ± 1.6%, 17.4 ± 

1.3%, 14.1 ± 1.5% and 16.0 ± 0.6% in control, OXT, GLP-1 and co-administration of 

OXT and GLP-1 group, respectively (Fig.3E).  The percentage of activated OXT positive 

neurons in the PVN for the OXT treated, GLP-1 treated and co-administration of OXT 

and GLP-1 group were therefore significantly increased compared with control for all 

three treatments and no additive effect was observed (F3, 12 = 11.99, P < 0.01). 

Interestingly, there were no significant different among these three treated groups (Fig. 

3E). In the SON, the percentage of activated OXT neurons were 6.4 ± 2.5%, 14.4 ± 5.7%, 

25.6 ± 5.0% and 24.3 ± 1.1% in control, OXT, GLP-1 and co-administration of OXT and 

GLP-1 group, respectively (Fig.3F). The percentage of activated OXT neurons in the 

SON for the GLP-1 treated and co-administration of OXT and GLP-1 group were 

significantly increased compared with control (F3, 12 = 5.1, P < 0.05). 

In order to establish the reverse relationship – how many of OXT positive neurons are 

activated by OXT and GLP-1 treatment, the total percentage of c-Fos positive neurons 

which overlaps with OXT positive neurons were calculated. The percentage of c-Fos 

positive neurons which overlaps with OXT expressing neurons in the PVN were 5.2 ± 

0.8%, 21.4 ± 3.2%, 20.2 ± 4.7% and 20.2 ± 1.8% in control, OXT treated, GLP-1 treated 

and co-administration of OXT and GLP-1 group, respectively (Fig. 3G). As seen in Fig 

3A-D the percentage of c-Fos positive neurons overlapping with OXT expressing neurons 

in OXT treated, GLP-1 treated and co-administration of OXT and GLP-1 group was 

significantly increased compared with control for all three treatments and no additive 
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effect was observed (F3, 12 = 6.16, P < 0.01).  The percentage of c-Fos positive neurons in 

OXT expressing neurons in the SON were 7.0 ± 3.8%, 13.5 ± 4.8%, 28.9 ± 7.6% and 25.9 

± 1.3% in control, OXT treated, GLP-1 treated and co-administration of OXT and GLP-

1 group, respectively (Fig. 3H). The percentage of c-Fos positive OXT neurons were 

significantly increased for the GLP-1 group. 

 Overall, treatment with OXT, GLP-1 or co-administration showed increased activation 

of OXT positive neurons in regions of the brain associated with appetite and energy 

metabolism. 

 

 Co-localization of OXT receptor and GLP-1 receptors in PVN 

In order to establish the expression of OXTR and GLP-1R in the PVN, we performed 

double staining of OXTR and GLP-1R in the PVN. OXTR were distributed throughout 

the PVN (Fig.4 Ai). On the other hand, GLP-1Rs were distributed in the medial area of 

PVN (Fig.4 Aii) with a large portion of GLP-1 receptor expressing cells co-localizing 

with OXTR positive cells (Fig. 4Aiii). 68.6 ± 5.1% of GLP-1R positive cells were OXTR 

positive (Fig. 4B). Interestingly, 53.1 ± 4% of OXT positive neurons expressed OXTRs 

(Fig. 4C, D).  

This data indicates that the majority of OXTR positive neurons are expressing GLP-1Rs 

and these neuronal populations is likely to be the target of GLP-1 and OXT co-

administration.  

 

Electrophysiological analysis of additive effect of OXT and GLP-1 in OXTR neurons 

 The previous experiment showed that the majority of GLP-1R positive neurons also 

express OXTR in the PVN. Thus, OXTR positive neurons might be a target of co-
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administration of GLP-1 and OXT (Fig.4 A, B). In order to examine the additive effect 

of OXT and GLP-1 administration on the activity of PVN neurons, electrical activities of 

OXTR positive neurons were recorded after the addition of OXT, GLP-1 and co-

administration of OXT and GLP-1 using brain slice patch clamp recordings from 

(oxtr)VenusΔNeo/+ (OXTR-Venus) mice [32].  

 When comparing the electrical activities of neurons following the application of OXT 

(Fig. 5A), GLP-1 (Fig.5B) or both (Fig. 5C), single application of OXT or GLP-1 

significantly increased the membrane potential compared to control (increase of 

membrane potential being 2.13 ± 1.1 mV for OXT and 5.5 ± 2.17 mV for GLP-1) (Fig. 

5D), but failed to induce a significant increase in action potential firing (Fig. 5E). 

However, co-administration of OXT and GLP-1 significantly increased membrane 

potential (Fig. 5D) and strongly induced action potential firing (Fig. 5E) (increase of 

membrane potential being 10.39 ± 2.48 mV (Fig. 5E) and firing frequency of action 

potential firing for applying both OXT and GLP-1 was 4.89 ± 2.37 Hz compared to 

control: 0.03 ± 0.03, OXT: 0.15 ± 0.1, GLP-1: 0.16 ± 0.13 (Fig. 5E)). These results clearly 

indicate that single OXT and single GLP-1 administration does increase the membrane 

potential. However, co-administration of OXT and GLP-1 increased action potential 

firing frequency via increasing membrane potential to over threshold. 

 

The effect of OXT and GLP-1 on cytosolic Ca2+ [Ca2+]i changes in single OXT 

positive neurons 

 Next, we examined the effects of exogenous OXT and GLP-1 addition to ex vivo 

cultured, single OXT positive neurons isolated from the PVN using Ca2+imaging.  In 

order to establish the minimum effective dose which will increase [Ca2+]i  in single OXT 



21 

positive neurons 10-14, 10-12 and 10-10 M OXT and GLP-1 were applied to single, isolated 

PVN neurons, respectively.  

 Administration of 10-14 and 10-12 M GLP-1 or OXT had no effect of [Ca2+]i   in single 

PVN neurons (Fig. 6A, B, E, F). However, both 10-10 M OXT and 10-10 M GLP-1 

increased [Ca2+]i  as measured by fula-2 fluorescence in single PVN neurons (Fig. 6C, G). 

The amplitude of [Ca2+]i in 10-10 M OXT and GLP-1 were significantly increased 

compared with control KRB (0) (Fig.6 D, H). The percentage of OXT positive neurons 

in this ex vivo single PVN neuronal culture were 49.5% (90 OXT positive neurons within 

182 analyzed neurons). This data indicate that 10-12 M OXT or GLP-1 did not increase 

[Ca2+]i  in ex vivo PVN neurons when administered on their own.  

Next, the effects of exogenous OXT and GLP-1 co-administration to single OXT positive 

neurons isolated from the PVN were examined.  As expected, there were no response to 

10-12 M OXT and 10-12 M GLP-1 in the single OXT neuron (Fig. 6I). However, co-

administration of 10-12 M OXT and 10-12 M GLP-1 increased [Ca2+]i  in single OXT 

neurons. The amplitude of [Ca2+]i during co-administration of OXT and GLP-1 was 

significantly increased compared with control (F4, 45 = 6.9, P < 0.01) (Fig. 6J). 

Surprisingly, this [Ca2+]i increase was continuous and cumulative even after co-

administration was withdrawn, and continued until the recording was terminated at 75 

min  (Fig.6 I, J).  When comparing the area under the curve (AUC) within 5 min and 5-

10 min after beginning of dual administration of OXT and GLP-1, next 5 min of AUC of 

[Ca2+]i was  significantly increased compared with first 5 min of AUC of [Ca2+]i.  

This result indicates that co-administration of OXT and GLP-1 has a strong additive and 

continuous activatory effect on OXT positive neurons.  
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Sub chronic effect of OXT and GLP-1 on food intake and BW in high fat diet 

induced obese mice. 

 In order to examine the additive effect of OXT and GLP-1 on BW, OXT and GLP-1 were 

co-delivered by osmotic minipump for 13 days. The BW after eight weeks-HFD feeding 

were 46.3 ± 0.7g in control group, 47.5 ± 0.6 g for OXT group, 47.3 ± 0.9 g for GLP-1 

group and 48.7 ± 2.2 g for OXT/GLP-1 group, and there were no significant different in 

BW among these groups (F3, 15 = 0.5, P > 0.05). The dose of OXT and GLP-1 were 400 

µg/kg/day and 200 µg/kg/day, respectively. These doses correspond to the two times of 

minimum anorexigenic effect dose (Fig. 1C). As expected, both low level administration 

of OXT and GLP-1 had a tendency towards decreased BW, but there was no statistically 

significant difference in the OXT group and GLP-1 group when compared to control, 

respectively (Fig.7A). However, BW change in OXT/GLP-1 treatment group 

significantly decreased compared to control from days 3 to 13 after pump surgery (F3, 210 

= 36.59, P < 0.01) (Fig.7A).  The percentage of BW change from initial BW were 5.0 ± 

1.2%, 0.3 ± 0.7%, 1.5 ± 0.9% and -3.9 ± 2.7% in control, OXT group, GLP-1 group and 

OXT/GLP-1 group, respectively (Fig.7D). The total % of BW change in OXT/GLP-1 

group was significantly decreased when compared with control (F3, 15 = 4.6, P < 0.05) 

(Fig.7D). Interestingly, the daily food intake in GLP-1 group at day 1 was significantly 

decreased when compared with control (F3, 195 = 3.31, P < 0.05) (Fig. 7B). However, there 

were no significant differences in total amount of food intake for 13 days (Fig.7E) and 

blood glucose levels among the 4 groups (Fig.7F). In order to examine the food efficacy 

to body weight gain, food efficacy was calculated after 7 -13 days following the start of 

peptide diffusion, when mice were considered to be fully recovered from pump 

implanting surgery. Food efficacies were significantly decreased in OXT/GLP-1 group 
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compared with control group (F3, 105 = 23.2, P < 0.01) (Fig.7C). At day 13, food efficacy 

in OXT/GLP-1 group was significantly decreased compared with other groups (Control; 

0.65 ± 0.15, OXT; 0.04 ± 0.10, GLP-1; 0.20 ± 0.11, OXT/GLP-1; -0.81 ± 0.57) 

(Fig.7C). This data suggests increased energy expenditure in the OXT/GLP-1 treated 

group. 

 The plasma OXT levels in OXT and OXT/GLP-1 administered groups were similarly 

significantly increased compared with the control and GLP-1 group, respectively (F3, 17 = 

23.55, P < 0.01) (Fig.7G).  

On the other hand, sub chronic treatment of OXT and GLP-1in lean mice had no effect 

on BW gain, food intake, food efficacy, % of BW change, total food intake and fasting 

blood glucose (Supplemental Fig. 3). 

 The data presented here collectively indicate that chronic low dose administration of 

OXT and GLP-1 decrease BW without effecting food intake in obese mice. 

 Next, in order to rule out any possible negative effects of sub-chronic treatment of OXT 

and GLP-1 on endogenously expressing OXT neurons, the number of OXT neurons, 

intensity of OXT expression, and number of caspase-3 positive neurons (apoptosis 

marker) [46] were examined by immunohistochemistry after sub chronic treatment of 

OXT and GLP-1 (Supplemental Fig. 4). OXT/GLP-1 treatment for 13 days had no effect 

on the number of OXT neurons (Supplemental Fig. 4A, B), the number of caspase-3 

positive neurons (Supplemental Fig. 4A, C), and percentage of caspase-3 positive neurons 

in OXT neurons (Supplemental Fig 4A, D) in the PVN. However, OXT/GLP-1 treatment 

for 13 days significantly increased OXT specific fluorescence (Supplemental Fig.4A, E). 

This data would suggest that low dose OXT/GLP-1 treatment had no detrimental effects 

on OXT neurons, and apoptosis pathways remained unaltered.  
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Discussion 

 

Here we report for the first time the positive systemic effects of low-dose, subcutaneous 

co-administration of OXT and GLP-1 on diet-induced obese mice. Interestingly, Lee et 

al. [47] reported that the sub-chronic co-administration to the third ventricle by the 

injection of OXT and GLP-1 canceled out the reduction in body weight and food intake 

in diet-induced obese mice which were shown to be promoted by the administration of 

either one of the peptides alone. This study therefore suggests that the central co-

administration of OXT and GLP-1 negates the metabolic benefits of either one of the 

peptides administered alone [47]. This report differs from the results we show here for 

the systemic injection of OXT and GLP-1. It is well established that both the dose and 

route of OXT administration impacts on the metabolic impact of this drug in mammals 

[48]. In Lee et al., centrally injected [OXT] and [GLP-1] were 1.28 nmol/day and 

16.01nmol/day, respectively (mol:mol ratio; OXT:GLP-1 = 1:12) in obese mice.  For the 

study reported here, the dosage of subcutaneously injected OXT and GLP-1 were 400 

nmol/kg and 60.5 nmol/kg, respectively (mol:mol ratio; OXT:GLP-1 = 6.6:1); as was 

experimentally established ratio based on  the lowest effective dose for each peptide (Fig. 

1). Thus, in our study reported here, the ratio of OXT to GLP-1 is the opposite (more 

OXT than GLP-1) and higher [OXT] were used when compared to the peptide levels used 

in Lee et al [47]. Our present results therefore suggest that the administration route, dose 

and ratio of OXT to GLP-1 may all impact on the metabolic benefit driven by OXT 

mediated signaling pathways in obese mammals.  

 A comprehensive systematic review of the effects of various doses of OXT on feeding in 

mammals showed that a single dose of intracerebroventricular, intraperitoneal, 
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subcutaneous and intravenous injection of OXT were all found to reduce feeding in 

mammals [48]. Although anorexigenic effects of chronic (both central and peripheral 

administration) OXT persist to the end of the third week in rodent studies, this 

anorexigenic effect was not significant in the meta-analysis testing the effects of chronic 

administration [48]. Our current data, which showed that a single dose of OXT and GLP-

1decreased food intake, but chronic co-administration of OXT and GLP-1 has no effect 

on the food intake, is therefore in agreement with data shown for previous studies where 

only OXT was administered [48]. This work highlights the many challenges of working 

with OXT, where the dose, weight of the animal, administration route and duration of 

treatment can all have an impact on the outcome. 

 

There are numerous reports that shows endogenous or exogenous OXT is associated 

with the control of food intake and BW regulation. Fasting result in reduced OXT 

expression in the hypothalamus [49], and refeeding after fasting activate OXT neurons in 

hypothalamus [50]. In addition, obesity decreases serum OXT levels in rodents and 

human [51–53], and serum OXT levels negatively correlates with BMI in humans [52, 

53]. 

  Peripheral and intracerebroventricular (ICV) injection of OXT decreased food intake 

[21, 40], and increased energy expenditure [21, 51]. On the other hand, pharmacological 

blockage or genetic knockdown of OXTR increased food intake [54, 55], suggesting that 

endogenous OXT is involved in homeostatic feeding. However, OXTR-and OXT-

deficient mice developed obesity, despite food intake and locomotor activity remaining 

unchanged [56, 57], strongly suggesting that a lack of OXT and OXTR mediated 

signalling reduce energy expenditure [58]. 
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Furthermore, OXT-deficient mice do have an enhanced sweet preference [59]. Therefore, 

OXT-OXTR systems plays an important role in reward related feeding, as well as 

regulating homeostatic feeding, energy expenditure and BW. 

On the other hand, the physiological importance of endogenous GLP-1 in feeding 

behaviour and homeostasis is well understood [60]. GLP-1R blockade in CNS increases 

food intake [61] and chronic central antagonism of the GLP-1R for one week produced 

hyperphagia and weight gain in high-fat diet–fed obese mice [62]. GLP-1 and its 

analogues reduce food intake and BW in both experimental animal models for obesity 

and humans [63, 64]. To our knowledge, we are the first to report the effect of OXT and 

GLP-1 co-administration on the feeding regulatory centres of the brain. 

 

It is known that the neurons in NTS of brain stem and ARC of hypothalamus are central 

to the regulation of feeding and metabolism and are under both vagal nerve and endocrine 

control, and the neurons in the NTS and ARC are referred as first order neurons in feeding 

control circuits of the mammalian brain [65].    

 The NTS is the primary site for innervation by the vagal afferents from the gut [66]. Both 

of OXTR and GLP-1R are distributed in the nodose ganglion of the vagal afferent [11,31]. 

Thus, is likely that peripheral administration of OXT and GLP-1 could stimulate the vagal 

afferent. However, our results show that following a single injection of OXT and GLP-1, 

that c-Fos positive neurons increased in both the PVN and SON, but not in the NTS and 

ARC. It is therefore likely that this additive anorexigenic effect is mediated by PVN and 

SON neurons at this dose (OXT: 100 g/kg, GLP-1: 200 g/kg).  

Furthermore, there were no additive effect on the number of c-Fos expression in the brain 

stem (NTS, AP and DMNV, Fig. 2E-G). As shown in Fig. 2E, the number of c-Fos 
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expressing neurons in the OXT/GLP-1 treated group is very similar to that of the OXT 

treated group. On the other hand, the number of c-Fos expressing neurons in GLP-1 

treated group are very similar to that of the control. These results suggest that c-Fos 

expression in the OXT/GLP-1 treated group reflects the effect of OXT. Thus, a possible 

explanation is that only 200 g/kg OXT is capable to stimulate neurons in the nodose 

ganglion, but not 100 g/kg GLP-1. However, there were no significant differences in the 

number of c-Fos expressing neurons between the control and OXT group and the 

OXT/GLP-1 group, respectively. This would suggest that there was relatively little 

activation of the vagal afferent even under co-treatment of 200 g/kg OXT and 100 g/kg 

GLP-1. The anorexigenic effect mediated by vagal afferent strongly affect gastric motility 

via the vago-vagal reflex, which induce nausea, vomiting, as adverse effect of the 

anorexigenic effect [67]. Therefore, drugs which has an anorexigenic effect while 

avoiding activation from the vagal nerve will be less likely to cause nausea and could be 

a real advantage as an obesity drug. As a caveat, since we examined only one dose of 

OXT (200 g/kg) and GLP-1 (100 g/kg), we cannot completely exclude the involvement 

of the vagal afferent in OXT-GLP-1 mediated signaling cascades. 

The ARC is one of the most important brain areas to regulate food intake and energy 

homeostasis [65]. The ARC is the origin of the first order neurons (NAG and POMC 

neurons) which project to second order neurons in the PVN, and regulate food intake 

behavior [38]. However, our work showed no additive effect on c-Fos expression in the 

ARC in response to a single dose of IP co-administered 200 g/kg OXT and 100 g/kg 

GLP-1 (Fig.2C). Similar with NTS, as we examined only one dose of OXT (200 g/kg) 
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and GLP-1 (100 g/kg), we cannot completely exclude the involvement of the ARC in 

the OXT-GLP-1 mediated effects we report here. 

 How do OXT and GLP-1 affect the neurons in PVN and SON? The low dose OXT and 

GLP-1 used in this study will most likely cross the blood brain barrier (BBB) into the 

parenchyma. It has been reported that both OXT and GLP-1 can cross the BBB and 

reaches the brain parenchyma [68–70]. Our study showed that approximately, 70% of 

GLP-1R positive neurons express OXTR (Fig. 4A, B) in the PVN. Thus, it is feasible that 

the co-administered OXT and GLP-1 impact identical neurons which express both OXTR 

and GLP-1R, simultaneously, and increased c-Fos expression, via dual activation of 

OXTR and GLP-1R. 

 This idea is corroborated by the slice patch clamp data which show a clear additive effect 

of OXT and GLP-1 on the action potential in the PVN neurons (Fig.5). As shown Fig,5D, 

10-10 M OXT and 10-10 M GLP-1 significantly increased membrane potential compared 

with control, but not increased firing frequency (Fig. 5E), respectively. However, co-

administration significantly increased both membrane potential and firing frequency, 

compared with control (Fig. 5D, E). These data suggested the activation of both OXTR 

and GLP-1R increased firing frequency of action potential via increasing membrane 

potential to over threshold in the PVN neurons.  

  

  Supporting the slice patch clamp data, co-administration of 10-12 M OXT and GLP-1, 

which dose alone did not induce [Ca2+]i increase in PVN neurons, significantly increased 

[Ca2+]i in PVN OXT neurons (Fig. 6I). Surprisingly, this increase was continuous, even 

after treatment was washed out (Fig. 6I-K). The robust increase in [Ca2+]i are most likely 

mediated by both Gq and Gs signaling as G protein-coupled receptor (GPR) 40 and 
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GPR119 is known to signal through Gq and Gs, respectively [71]. Gq signalling evoke 

Ca2+ release via the IP3R in endoplasmic reticulum. On the other hand, Gs signal evoke 

Ca2+ spikes via L-type voltage-dependent Ca2+ channel (LVDCC) and ryanodine receptor 

in the endoplasmic reticulum. It has been reported that Gq and Gs signaling in 

enteroendocrine cells act in synergy to increase [Ca2+]i  and regulate GLP-1 secretion 

[71].  

 The GLP-1R is well known to couple with Gs family members [72, 73]. On the other 

hand, Gq coupled OXTRs are expressed in the brain, and a wide range of signal 

transduction pathways could potentially be regulated by OXTR activation in the adult 

brain [74].  Similar to GPR40 and GPR119, dual activation of GLP-1R and OXTR may 

synergistically amplify the cellular signaling events and evoke continuous [Ca2+]i 

increase.  

 Intracellular calcium links synaptic activity to c-fos gene expression during enhanced 

neuronal activity [43]. This synergistic effect for [Ca2+]i increase by OXT and GLP-1 are  

in agreement with the data of c-Fos expression in the PVN after  IP co-administration of 

OXT and GLP-1 (Fig. 2). It is therefore possible that the neurons which were not 

responsive to either low dose OXT alone or low dose GLP-1 alone were activated when 

both peptides were added. Therefore, the data suggest that peripheral low dose co-

administration of OXT and GLP-1 can induce neuronal activation in specific brain 

regions, via synergistic signal amplification through OXTR and GLP-1R.  

  Extrapolating from the effect of acute co-administration of OXT and GLP-1 on the PVN, 

chronic minipump administration of these peptides should result in a chronic activation 

of the PVN and should induce a reduction in BW. This was indeed the case and dual 

treated mice showed a significant weight loss compared to control saline in HFD induced 
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obese mice (Fig7), but not in SD fed lean mice (Supplemental Fig. 3). Considering the 

weight changes relative to the amount of food intake (Fig. 7C), it is most likely that energy 

expenditure was increased in dual treated obese mice.  

  Previous work forms our laboratory showed that ablation of PVN to DVC neural 

circuitry using the tetracycline (tet)-off system, increased BW gain with aging, with no 

effect on food intake [36]. Specific ablation of PVN OXT neurons in HFD induced mice 

increased BW, reduced energy expenditure, without changing food intake [75], and 

ablation of PVN OXT neurons has no effect on food intake, but cause a significant 

decrease in rectal temperature and brown adipose tissue in response to cold exposure 

stress [76]. Therefore, from these reports and our current data of food efficacy, chronic 

activation of PVN OXT may play an important role in the regulation of energy 

expenditure, rather than food intake. This suggestion is in line with the meta-analysis by 

Leslie et al. [48], which analyzed the effect of OXT on food intake. PVN OXT neurons 

may therefore play an important role in maintaining energy homeostasis when animals 

are exposed to physiological stress (e.g. aging, high calorie food, cold exposure). 

As a clinical implication, the discovery of gut hormone co-agonists, for the treatment of 

obesity has been is an exciting new area of research [15]. Our current study explores the 

usefulness of a gut hormone-neuropeptide co-agonist for the treatment of obesity, with 

the potential to circumvent the nausea-inducing activation of the vagal nerve. In the 

Wegovy STEP trial, a quarter of participants experienced nausea and diarrhea, and 

furthermore long-term use of anti-obesity drugs places a heavy financial burden on 

patients [5].  As the low dose co-administration of OXT and GLP-1 reduced BW in diet-

induced obese mice, while having little effect on NTS activation, and by extrapolation 
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the vagal nerve, it is possible that this drug combination will have fewer adverse effects, 

such as nausea and vomiting.  

 However, our current research has limitations.  First, this work examined the effect of 

OXT/GLP-1 only in male mice. Second, this work examined only one dose of OXT/GLP-

1 (combination of 200 g/kg and 100 g/kg, respectively in acute effects; combination 

of 400 g/kg and 200 g/kg, respectively in sub-chronic effects).  In-depth future studies 

to ascertain the effects of sex, administration route, dose and side effects remain 

necessary.  

 

In summary, our study showed that the single acute co-administration of OXT and GLP-

1 decreased food intake additively in lean mice and that the, chronic co-administration of 

OXT and GLP-1 to HFD diet-induced obese mice decreased BW gain additively, with no 

effect on food intake. It is most likely that this decline of food intake in lean mice and 

inhibition of BW gain in obese mice by co-administration of OXT and GLP-1 were 

mediated by the activation of OXT positive neurons in the PVN.  
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Figure legends 

 

Fig.1 Cumulative food intake after intraperitoneal (IP) injection of GLP-1, OXT and 

co-administration of OXT and GLP-1 in lean mice. 

A; Food intake at 0.5, 1, 2, 3, 6 and 24 hours after IP injection of control saline, 50 g/kg 

GLP-1 and 100 g/kg GLP-1. n = 8, 8, 7 in control, 50 g/kg GLP-1 and 100 g/kg GLP-

1, respectively.   B; Food intake at 0.5, 1, 2, 3, 6 and 24 hours after IP injection of control 

saline, 100 g/kg OXT and 200 g/kg OXT.  n = 6, 7, 7 in control, 100 g/kg OXT and 

200 g/kg OXT, respectively. C; Food intake at 0.5, 1, 2, 3, 6 and 24 hours after IP 

injection of control saline, 200 g/kg OXT, 100 g/kg GLP-1 and 200 g/kg OXT 

plus100 g/kg GLP-1. n = 12, 10, 12, 11 in control, 200 g/kg OXT and 100 g/kg GLP-

1 and 200 g/kg OXT plus100 g/kg GLP-1, respectively. The food intake at 24 h was 

4.18 ±0.17, 3.75 ±0.17, 3.74 ±0.19 and 3.30 ± 0.21 g, in control, OXT, GLP-1 and 

OXT/GLP-1 group, respectively. *P < 0.05, **P < 0.01. Repeated measures two-way 

ANOVA followed by Tukey’s multiple range test. All data shown as mean ± SEM. 

 

Fig.2 c-Fos expression in the brain after intraperitoneal (IP) injection of GLP-1, 

OXT and co-administration of OXT and GLP-1 in lean mice. 

A; The representative image of c-Fos distribution in paraventricular nucleus (PVN), 

arcuate nucleus (ARC), supraoptic nucleus (SON) and dorsal vagal complex (nucleus 

tractus solitarius (NTS)/ area postrema (AP)/dorsal motor nucleus of the vagus (DMNV)). 

Control, OXT (200 g/kg), GLP-1(100 g/kg) and co-administration of OXT and GLP-

1 from left to right column, respectively. 3V: 3rd ventricle, OC: optic chiasm. Scales = 
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100 m. B-G; The number of c-Fos positive neurons per section in the PVN (A), ARC 

(B), SON (C), NTS (D), AP (F) and DMNV (G) in each group.  n = 4 in each group in all 

graph. *P < 0.05, One-way ANOVA followed by Tukey’s multiple range test. All data 

shown as mean ± SEM. 

 

Fig.3 c-Fos expression in the OXT neurons after intraperitoneal (IP) injection of 

GLP-1, OXT and co-administration of OXT and GLP-1 in lean mice. 

A-D; Representative image of double immunostaining of c-Fos and OXT in the PVN 

after IP injection of control saline (A), 200 g/kg OXT (B), 100 g/kg GLP-1(C) and co-

administration of OXT and GLP-1(D).  Scale = 100 m. Bottom right insets represent 

enlargements of the areas in dotted squares. Black arrow heads indicate the double 

immune-stained c-Fos and OXT.  scale bars = 10µm. E, F; The percentage of OXT 

neurons in active (c-Fos expressed) neurons in the PVN (E) and SON (F) in each group. 

n = 4 in each group in both graphs.  *P < 0.05, **P < 0.01. One-way ANOVA followed 

by Tukey’s multiple range test. All data shown as mean ± SEM. G, H; The percentage of 

active (c-Fos expressed) neurons in OXT neurons in the PVN (G) and SON (H) in each 

group. n = 4 in each group in both graphs.  *P < 0.05, **P < 0.01. One-way ANOVA 

followed by Tukey’s multiple range test. All data shown as mean ± SEM. 

 

Fig. 4 Distribution of OXTR, GLP-1R and OXT in the PVN of OXTR-Venus male 

mice. 

A; The representative image of OXTR (i), GLP-1R (ii) and Merged image (iii). Scale bars 

= 100 m. Bottom right images represent enlargements of the areas in dotted squares. 

White arrow heads indicate double labeled neuron with OXTR and GLP-1R. Scale bars 
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= 10 m. B; The summary of GLP-1R positive neuronal population in the PVN. In GLP-

1R positive neurons, 68.6% were OXTR positive, 31.4% were OXTR negative. n = 4.  C; 

The representative image of OXTR (i), OXT (ii) and merged image (iii). Scale bars = 100 

m. Bottom right images represent enlargements of the areas in dotted squares. White 

arrow heads indicate double labeled neuron with OXTR and OXT. Scale bars = 10 m. 

D; The summary of OXT positive neuronal population in the PVN. In OXT positive 

neurons, 53.1% were OXTR positive, and 46.9% were OXTR negative. n = 3. 

 

Fig.5 The effect of dual treatment of OXT and GLP-1 on the membrane potential 

and firing frequency in the OXTR positive neurons in the PVN.  

A-C; Representative membrane potential recording from identified OXTR positive 

neurons under treatment of 10-10 M OXT (A), 10-10 M GLP-1 (B) and co-administration 

of OXT and GLP-1 (C) in brain slice patch clamp. D; Mean delta membrane potential 

from control. 2.13 ±1.1 mV for OXT, 5.5 ± 2.17 mV for GLP-1, 10.39 ± 2.48 mV for 

OXT and GLP-1. n = 7 in each group.  E; Mean firing frequency in each group. 0.03 ± 

0.03 Hz for control, 0.15 ± 0.1 Hz for OXT, 0.16 ± 0.13 Hz for GLP-1, 4.89 ± 2.27 Hz 

for OXT and GLP-1. n = 6 in each group. *P < 0.05, One-way ANOVA followed by 

Tukey’s multiple range test. All data shown as mean ± SEM. 

 

Fig.6 The effect of dual treatment of OXT and GLP-1 on cytosolic Ca2+ [Ca2+]i in the 

PVN neurons. 

A-C; Representative recording of [Ca2+]i  in the neurons isolated from PVN with 

administration of 10-14 M GLP-1 (A), 10-12 M GLP-1 (B) and 10-10 M GLP-1 (C). D; The 

mean of peak amplitude in during 5 mins of each dose of GLP-1 administration. n = 90, 
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12, 16, and 19 in control, 10-14 M GLP-1, 10-12 M GLP-1 and 10-10 M GLP-1, respectively. 

*P < 0.05, One-way ANOVA followed by Tukey’s multiple range test. The data shown as 

mean ± SEM. E-G; Representative recording of [Ca2+]i  in the neurons isolated from PVN 

under administration of 10-14 M OXT (E), 10-12 M OXT (F) and 10-10 M OXT (G). H; 

The mean of peak amplitude in during 5 mins of each dose of OXT administration. n = 

14, 23, 25, and 19 in control, 10-14 M OXT, 10-12 M OXT and 10-10 M OXT, respectively. 

*P < 0.05, One-way ANOVA followed by Tukey’s multiple range test. The data shown as 

mean ± SEM. I; Representative recording of [Ca2+]i  in the OXT neurons under sequential 

administration of 10-12 M OXT, 10-12 M GLP-1 and co-administration of OXT and GLP-

1. This data was recorded from OXT neurons, as identified in the image in the upper right 

panel. Scale bar = 10 m. J; The mean of peak amplitude in during 5 mins of each dose 

of OXT administration, GLP-1 at and co-administration of OXT and GLP-1. Right bar 

graph (red bar) indicates the mean of peak amplitude during10 mins after beginning of 

co-administration of OXT and GLP-1. n = 10 in each group. *P < 0.05, **P < 0.01, One-

way ANOVA followed by Tukey’s multiple range test. The data shown as mean ± SEM. 

K; Area under the curve (AUC) of [Ca2+]i  for 0-5 min (5 min) and 5-10 min (5 min) in 

co-administration of OXT and GLP-1.  n = 10, *P < 0.05, paired t-test.  

 

Fig. 7 The effect of dual treatment of OXT and GLP-1 on body weight (BW) change, 

food intake and blood glucose in high fat diet (HFD)- fed mice. 

 A, B; BW change (A) and food intake (B) after beginning of each treatment (control; 

saline, OXT; 400 g/kg/day, GLP-1; 200 g/kg/day, OXT/GLP-1; 400 g OXT/ 200 g 

GLP-1/kg/day) by osmotic minipump. n = 4, 5, 5, 5 in control, OXT, GLP-1 and 

OXT/GLP-1 group, respectively. *#P < 0.05, **P < 0.01, Repeated measures two-way 
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ANOVA followed by Tukey’s multiple range test. * means vs. Control. # means vs. GLP-

1 group. The data shown as mean ± SEM. C; Food efficacy to BW gain (BW gain / 

amount of food intake) after 7 -13 days of beginning to diffuse each peptide.  n = 4, 5, 5, 

5 in control, OXT, GLP-1 and OXT/GLP-1 group, respectively. *P < 0.05, **P < 0.01. 

Repeated measures two-way ANOVA followed by Tukey’s multiple range test. The data 

shown as mean ± SEM. D; Percentage of BW change at day 13 from initial BW. 5.0 ± 

1.2% for control, 0.3 ± 0.7% for OXT, 1.5 ± 0.9% for GLP-1, and -4.0 ± 2.7% for co-

administration of OXT and GLP-1.  n = 4, 5, 5, 5 in control, OXT, GLP-1 and OXT/GLP-

1 group, respectively. *P < 0.05, One-way ANOVA followed by Tukey’s multiple range 

test. The data shown as mean ± SEM. E; Total food intake in each group for 13 days. 43.6 

± 1.4 g for control, 42.0 ± 1.9 g for OXT, 40.0 ± 1.5 g for GLP-1 and 38.9 ± 2.6 g for co-

administration of OXT and GLP-1. n = 4, 5, 5, 5 in control, OXT, GLP-1 and OXT/GLP-

1 group, respectively. One-way ANOVA followed by Tukey’s multiple range test. These 

are no significant difference among these groups. The data shown as mean ± SEM. F; 2 

h-fasting blood glucose at day 14. 173.8 ± 7.3 g/dl for control, 180.2 ± 5.7 g/dl for OXT, 

157.8 ± 9.4 g/dl for GLP-1, and 159.0 ± 13.4 g/dl for co-administration of OXT and GLP-

1. n = 4, 5, 5, 5 in control, OXT, GLP-1 and OXT/GLP-1 group, respectively. One-way 

ANOVA followed by Tukey’s multiple range test. These are no significant difference 

among these groups. The data shown as mean ± SEM.  G; Plasma OXT level at day 14.  

62.7 ± 17.6 pg/ml for control, 1683.2 ± 310.4 pg/ml for OXT, 287.7 ± 135.2 pg/ml for 

GLP-1 and 2075.5 ± 276.5 pg/ml for co-administration of OXT and GLP-1. n = 6, 5, 5, 5 

in control, OXT, GLP-1 and OXT/GLP-1 group, respectively.  ** P < 0.01, One-way 

ANOVA followed by Tukey’s multiple range test. 
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Supplemental figure 1. Cumulative food intake after co-administration of OXT and 

GLP-1 by intraperitoneal (IP) injection of lean mice. 

Eight 12-week-old male C57BL/6J mice (purchased from Japan SLC (Japan) were 

divided into two groups (n = 4, 4) (BW; control:26.3 ± 1.0 g OXT/GLP-1: 25.7 ± 0.7 

g) and, used for food intake measurement after intraperitoneal (IP) injection of GLP-1 

and OXT, at 24h, 36h and 48h. There were no significant differences in cumulative food 

intake in the control and OXT/GLP-1 groups at 36 h. *P < 0.05, Repeated measures two-

way ANOVA followed by Tukey’s multiple range test. Data shown as mean ± SEM. 

  



 

Supplemental figure 2. Light phase and dark phase comparison of c-Fos expression 

in the brain after co-administration of OXT and GLP-1 via intraperitoneal (IP) 

injection. 



 Six 12-week-old male C57BL/6J mice (purchased from Japan SLC (Japan) were divided 

into two groups (n = 3, 3)  (BW; light phase:27.2 ± 0.8 g,  dark phase: 26.8 ± 0.8 

g) and, used for immunohistochemistry for c-Fos.  

In the light phase group, food was removed at 9:00, and OXT/GLP-1 (OXT 200 and 

GLP-1 100 g/kg/5ml) were IP injected at 11:00. After 2h, animals were IP injected with 

a mixture of three types of anesthetic agents and perfused intracardially with 4% 

paraformaldehyde (PFA) and 0.2% picric acid (light phase group).  

In the dark phase group, food was removed at 17:00, and OXT/GLP-1 (OXT 200 and 

GLP-1 100 g/kg/5ml) were IP injected at 19:00. After 2h, animals were IP injected with 

a mixture of three types of anesthetic agents and perfused intracardially with 4% 

paraformaldehyde (PFA) and 0.2% picric acid (dark phase group). The methods for 

staining and analysis for c-Fos were same as “c-Fos immunostaining after IP injection of 

GLP-1 and OXT” in the method section, described in main text. 

 

A;The representative image of c-Fos distribution in paraventricular nucleus (PVN), 

arcuate nucleus (ARC), supraoptic nucleus (SON) and dorsal vagal complex (nucleus 

tractus solitarius (NTS)/ area postrema (AP)/dorsal motor nucleus of the vagus (DMNV) 

in light phase (upper row) and dark phase (bottom row). 

G-G; There were no differences in c-Fos expression after OXT/GLP-1 injection in PVN 

(A, B), ARC (A, C), SON (A, D), NTS/AP/DMNV (A, E-G) between the light phase and 

dark phase.  

3V: 3rd ventricle, OC: optic chiasm. Scales = 100 m. n = 3 in each group in all graph. 

All data shown as mean ± SEM. n.s; no significant differences. Unpaired t-test. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplemental figure 3. 

The effect of dual treatment of OXT and GLP-1 on body weight (BW) change, food 

intake and blood glucose on standard chow- fed lean mice. 

Nine C57BL/6J male mice (14 weeks old), fed with standard chow were divided into two 

groups (control n = 4, OXT/GLP-1 n =5). These mice were anesthetized by a mixture of 

three types of anesthetic agents (10 ml/kg) and osmotic mini-pumps were surgically 

implanted (Alzet; model 2002 for 14days, CA) subcutaneously at the back. Osmotic mini-

pumps contained control saline or OXT/GLP-1(400 μg/kg/day, 200 μg/kg/day, 

respectively). The concentration of OXT and GLP-1 was calculated from individual BW, 

and each 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 13 days. Initial BW 

were 31.1 ± 0.96 g and 31.3 ± 1.03 g in control and OXT/GLP- group, respectively. 

 

 A, B; BW change (A) and food intake (B) after beginning of each treatment (control; 

saline, OXT/GLP-1; 400 g OXT/ 200 g GLP-1/kg/day) by osmotic minipump. n = 4, 

5 in control and OXT/GLP-1 group, respectively. Repeated measured two-way ANOVA 

followed by Tukey’s multiple range test. There were no significant differences in BW and 

food intake at any time points. The data shown as mean ± SEM. C; Food efficacy to BW 

gain (BW gain / amount of food intake) after 7 -13 days of commencement of peptide 

diffusion.  n = 4, 5 in control and OXT/GLP-1 group, respectively. Repeated measured 

two-way ANOVA followed by Tukey’s multiple range test. The data shown as mean ± 

SEM. There were no significant differences in BW and food intake at any time points. D; 



Percentage of BW change at day 13 from initial BW. 3.8 ± 2.2% for control and 1.6 ± 

0.8% for co-administration of OXT and GLP-1.  n = 4, 5 in control and OXT/GLP-1 

group, respectively. n.s; no significant differences in these two group. unpaired t-test. E; 

Total food intake in each group for 13 days. 60.9 ± 2.2 g for control and 58.8 ± 1.4 g for 

co-administration of OXT and GLP-1. n = 4, 5 in control, and OXT/GLP-1 group, 

respectively. n.s; no significant differences in these two group. unpaired t-test. F; 2 h-

fasting blood glucose at day 14. 114.5 ± 6.3 g/dl for control and 117.2 ± 8.1 g/dl for co-

administration of OXT and GLP-1. n = 4, 5 in control, OXT/GLP-1 group, respectively. 

n.s; no significant differences in these two group. unpaired t-test. 

 

 

 

 

 

  



 

Supplemental figure 4. The analysis of OXT neurons in the PVN after sub-chronic 

OXT/GLP-1 treatment. 

Six C57BL/6J male mice (14 weeks old), fed standard chow were divided into two group 

(control n = 3, OXT/GLP-1 n =3). These mice were anesthetized by a mixture of three 

types of anesthetic agents (10 ml/kg) and osmotic minipumps were surgically implanted 

(Alzet; model 2002 for 14days, CA) subcutaneously in the back. Osmotic mini-pumps 

contained saline for the controls or OXT/GLP-1(400 μg/kg/day, 200 μg/kg/day, 

respectively). The concentration of OXT and GLP-1 was calculated from individual BW, 

and each solution was filled into each osmotic minipump. At Day14, these mice were 

anesthetized by a mixture of three types of anesthetic agents (10 ml/kg) and perfused 

intracardially with 4% paraformaldehyde (PFA) and 0.2% picric acid. Serial coronal 

sections (40 μm thick) were collected from each mouse using a freezing microtome. The 

PVN containing sections at 120 μm intervals between -0.58 mm and −1.22 mm from the 

bregma were used for immunostaining. Thus, 4-5 sections from one mouse were used for 

immunostaining. The sections were washed in PBS and incubated for 1 h in a blocking 

solution comprising of 0.1% TritonX-100, 2% BSA, and 5% normal goat serum (NGS).  



The sections were incubated with rabbit anti-OXT antibody (1:1000; 20068, ImmunoStar, 

WI) and with mouse anti-active caspase 3 antibody (1:400; bsm-33199M, Bioss, MA) in 

blocking solution overnight at 4 °C. Then sections were incubated with Alexa flour 594-

labelled goat anti rabbit IgG (1:400, Life Technologies, CA) and, Alexa flour 488-labelled 

goat anti mouse IgG (1:400, Life Technologies, CA) for 40 min. Sections were mounted 

on glass slides and covered. Confocal fluorescence images were acquired in same 

fluorescence condition and OXT positive neurons and caspase 3 positive neurons and 

double positive neurons were counted. The intensity of fluorescence in OXT neurons are 

analyzed from confocal images by using Image J software.  

 

A; Representative image the staining caspase 3 (Cas3) and OXT neurons in control group 

(upper row) and OXT/GLP-1 treated group (bottom row). Scale = 50 m. The images in 

left bottom indicate enlarged images. Scale = 10 m. 

B; The number of OXT positive neurons per section. n.s; no significant differences. 

Unpaired t-test. (n = 3). 

C; The number of caspase 3 positive neurons per section. n.s; no significant differences. 

Unpaired t-test. (n = 3). 

D; The percentage of caspase 3 positive neurons in OXT positive neurons. n.s; no 

significant differences. Unpaired t-test. (n = 3). 

E; OXT fluorescence intensity in each OXT neurons from individual 6 mice. The average 

of fluorescence intensity in control #1 mouse was corrected to 1. (control1-3: n = 95, 140, 

162, respectively, OXT/GLP-1 1-3: n = 109, 190, 136, respectively.) 

F; The average of OXT fluorescence intensity in control and OXT/GLP-1 group. The 

average of fluorescence intensity in control group was corrected to 1. ** P < 0.05, 

Unpaired t-test. (control: n = 397, OXT/GLP-1: n = 435). 
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