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ABSTRACT

Obesity is characterized by abnormal adipose tissue development and disrupted energy metabolism, involving
multiple factors. Oxytocin receptor (OXTR) influences social behaviors, mammary gland development and
reproduction. In this study, a transgenic mouse model with universal OXTR overexpression under the f-actin
promoter (""Oxtr) was employed. Both **Oxtr males and females exhibited a lean phenotype with reduced fat
accumulation, despite unchanged food consumption. OXTR overexpression enhanced energy expenditure,
adaptive thermogenesis and glucose tolerance. Morphologically, OXTR overexpression induced adipose tissue
browning, marked by increased cell density and smaller adipocytes. Gene expression analysis revealed elevated
levels of Brown Adipose Tissue (BAT) markers, fatty acid transport proteins and glucose transporters in adipose
tissues. High OXTR ameliorated high-fat diet (HFD)-induced obesity with improvement of metabolic parameters.
Mechanistically, OXTR overexpression led to an activation of PPAR signaling, increased energy expenditure,
reduced fat deposition and promoted weight loss. These findings identify OXTR as a critical regulator of energy
metabolism and thermogenesis. The ability of OXTR to enhance adaptive thermogenesis and energy metabolism

suggests it may serve as a novel therapeutic target for metabolic disorders.

1. Introduction

Obesity, a pathological accumulation of body fat, is a global health
concern linked to cardiovascular disease, diabetes, infertility and several
cancers [1]. Adipose tissue, commonly referred to as ’fat’, plays essential
roles in regulating various physiological processes, including energy
metabolism, food intake, thermogenesis and insulin responses. It is
broadly classified as two types, white adipose tissue (WAT) and brown
adipose tissue (BAT). WAT, characterized by sparse mitochondria and
large lipid droplets, specializes in energy storage and adipokine secre-
tion (e.g., leptin). Subcutaneous WAT (sWAT) or gonadal WAT (gWAT)
represent its primary deposits. In contrast, interscapular BAT is distin-
guished by high mitochondria density and Uncoupling Protein 1 (UCP1),
which can exert thermogenesis [2]. Adipose tissue plasticity enables
reversible transformation between WAT and BAT. WAT browning can
offer protection against weight gain and metabolic disorders by
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elevating energy expenditure, thermogenesis and insulin sensitivity [3,
4]. Identifying regulaters of WAT browning and energy metabolism is
crucial for developing obesity therapies.

Oxytocin Receptor (OXTR), a G-protein coupled receptor, is involved
in thermogenesis. OXTR is widely expressed in mammalian tissues,
including the brain, reproductive organs, mammary gland, and bone
[5]. Its ligand, oxytocin (OXT), is synthesized in the neurons of the
paraventricular nucleus (PVN) and the supraoptic nucleus of the hypo-
thalamus and secreted by the posterior lobe [6]. OXTR, in response to
OXT binding, processes and transfers signals into the cytoplasm to
modulate the downstream events. OXT/OXTR system is implicated in
parturition, milk ejection, mammary gland development, bone forma-
tion, social behaviors, and cancer progression [7-9]. In mice, hypotha-
lamic OXT-producing neurons in the PVN connect to pancreatic f-cells
via sympathetic nerves, ultimately affecting insulin release [10]. Cold
exposure upregulates OXT and OXTR expression in BAT and brain [11].
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Both Oxtr-knockout mice (Oxtr”~) and Oxt-knockout (Oxt ™) exhibit
impaired cold-induced thermogenesis, diabetes, and late-onset of
obesity [12-14], while exogenous OXT can promote thermogenesis and
mitigates metabolic dysfunctions [15,16]. These evidences indicate the
significant role of OXT system in energy metabolism. Here, we investi-
gated the OXTR’s effects in energy metabolism and adipose develop-
ment using the " Oxtr mouse model.

2. Methods
2.1. Animals

Shenyang Medical College Ethics Committee approved all animal
research and protocols (SYYXY2023061001). The p-actin-Oxtr (*+Oxtr)
model was generated as previously described in prior studies (Accession
RRID: MGI_6314370) [8,9]. Age-matched WT littermates of the same sex
served as controls. All animals (C57/BL6J background) had unlimited
access to water and food, and were kept in a pathogen-free environment
(21 £ 1 °C, 50 £ 20 % humidity, 12-h dark/light cycle). During
twice-weekly monitoring, the signs of lethargy or persistent recumbency
served as humane endpoints. Mice were anesthetized intraperitoneally
with 1 % pentobarbital sodium (10 mg/kg) prior to euthanasia.

2.2. Genotyping

The GNTK buffer [17] (0.01 % gelatin, pH 8.5 10 mM Tris-HCI, 1M
MgCl, 250 mM KCl, 0.45 % Tween-20, 0.45 % Nonidet P-40, and 100
mg/mL proteinase K) was used to digest the tail tips overnight at 55 °C.
The lysates were boiled for 15 min as DNA templates. PCR were set as
follows: initiation 2 min at 94 °C, succeeded by 30 cycles consisting of
30sat94°C, 30 s at 57 °C, and finally 1 min at 72 °C. A final extension
was at 72 °C for 10 min. The primers, designed within the rb_glob_-
PA_terminator of the pCAGGS vector, were as follows: AATGCCCTGG.

CTCACAAATAC(forward); GGGACAGCTATGACTGGGAGTAG
(reverse). *1Oxtr mice yielded a 456bp band, no band in WT mice.

2.3. Real-time PCR

Mouse tissues were treated with TRIzol (Takara) for total RNA
extraction. 1ug total RNA was reversely transcribed using the Takara’s
PrimeScript™ RT Reagent kit following the instructions. Real-time PCR
(RT-PCR) was performed with ChamQ Universal SYBR qPCR Master Mix
from Vazyme. Relative gene expression was calculated using the 2724¢T
method, and normalized to 18S ribosomal RNA. Primer sequences can
be referenced in Supplementary Table S1.

2.4. Food intake and body weight measurement

Body weights and food intake were assessed weekly, with 3-4 mice
per cage. A total of 100g of mouse pellets was provided weekly. Food
efficiency was calculated as the percentage of increased weight in
relation to food intake.

The measurement of serum triglyceride, cholesterol, oxytocin and
insulin.

Post-anesthesia, blood was obtained from the orbital venous to sit at
25 °C for 30 min. The samples underwent centrifugation at 3000 rpm for
15 min to separate the serum layer. Cholesterol and triglyceride levels
were determined utilizing Hui Li assay kits (Changchun, China).
Oxytocin ELISA kit (Enzo, USA) has the sensitivity of 15 pg/mL. Insulin
was measured by mouse insulin ELISA (Mercodia).

2.5. Histology analysis and immunohistochemistry
For histological examination, fixed and embedded adipose tissues

were cut into 5 pm sections. These slides were stained with hematoxylin
and eosin [18]. For immunohistochemistry [19], an antigen heat
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retrieval was conducted using pH 8.0 of EDTA buffer for 15 min. Slides
were incubated overnight at 4 °C with the primary antibodies (1:500,
Rabbit anti-OXTR, Abcam: ab181077), followed by secondary anti-
bodies (HRP-conjugated anti-rabbit IgG, CST:8114P) for 30 min at
25 °C. Subsequently, the peroxidase signal was visualized as brown
using DAB (CST). Nuclei were counterstained with hematoxylin.

2.6. Glucose and insulin tolerance test

For Intraperitoneal Glucose Tolerance Test (IPGTT), 11-week-old
mice were given libitum access to water and fasted for 16 h. After
intraperitoneal administration of 2 g/kg glucose, tail blood glucose was
measured using a glucometer (Omron, China) at 0, 15, 30, 45, 60, 75,
90, 105 and 120 min.

For Intraperitoneal Insulin Tolerance Test (IPITT), 11-week-old mice
were given libitum access to water and fasted for 4 h. Intraperitoneal
administration of 0.75 U/kg insulin was performed, and tail blood
glucose was recorded at 0, 15, 30, 45, 60, 75, 90, 105, and 120 min.

2.7. The measurement of body temperature and oxygen consumption

Core body temperature was measured rectally with a probe-equipped
electronic thermometer (Omron) after 4-h cold exposure (4 °C). Oxygen
consumption was assessed using a respirometer with CO5 absorption in
alkaline solution.

2.8. RNA sequencing and analysis

WT and **Oxtr gWAT were sequenced via an Illumina Hiseq 2500.
Low-quality reads were trimmed and filtered out [20]. The threshold of
Q-value <0.05 and |log2 (fold change)| >1 was established to identify
differentially expressed genes (DEGs) using Cuffdiff software 2.0.0 [21].
Gene ontology (GO) analysis was carried out via a GOrilla tool. P-values
were adjusted according to False Discovery Rate (FDR) [22]. Signifi-
cantly enriched GO terms were set as q value < 0.05. Heatmaps were
generated with OmicShare tools2. GeneVenn’s tool online was
employed. No batch effects were involved due to the same batch for
uniform sequencing conditions. Key DEGs were validated using inde-
pendent methods RT-PCR.

2.9. Statistical analysis

All statistical analysis were conducted using Prism 9 (GraphPad).
Quantitative measurements were employed by ImageJ. No statistical
methods were used to predetermine sample size or conduct power
analysis. Mean differences (MD) with 95 % confidence intervals (95 %
CI) were calculated. For all experiments except RNA-seq, each experi-
ment was conducted independently at least three times, yielding
consistent results. Age-matched WT littermates of the same sex served as
the control group. All data were included in the analysis with no ex-
clusions. The specific sample sizes (n numbers) were provided in figure
legends. The data presented were indicated as Means + SD. Statistically
significant levels were obtained using unpaired two-tailed Student’s t-
tests for comparisons of WT and **Oxtr groups. ***P < 0.001, **P <
0.01, *P < 0.05.

3. Results
3.1. Oxtr overexpression induces loss of body fat and body weight

To explore the role of OXTR in metabolism, transgenic mice with
universal overexpression of OXTR under the f-actin promoter (*Oxtr)
were employed [8,9]. OXTR overexpression was confirmed in gWAT,
SWAT and BAT (Figs. S1A and B). However, no difference was found in
serum oxytocin between WT and T Oxtr mice (Fig. S1C). On a regular
chow diet, ""Oxtr mice exhibited a leaner phenotype than their WT
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Fig. 1. Oxtr overexpression induces a lean phenotype of mice. WT and " Oxtr mice were on regular chow. Food intake and body weight were monitored weekly.
(A-B) Time course of body weight of females (A) and males (B) from week 1-9 (n = 26-28). (C-D) Time course of food intake of females (C) and males (D) in each
week from week 5-9 (n = 7-8). (E-F) Time course of food efficiency of females (E) and males (F) from week 5-9 (n = 7-8). (G) Representative macroscopic images of
gWAT of males, scale bar: 1 cm. (H) gWAT weight, body weight and percentage body fat (SWAT weight/body weight x 100) of 16-week-old males (n = 4). ***P <
0.001, **P < 0.01, *P < 0.05.
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Fig. 2. Oxtr overexpression induces adipocyte browning. H&E-stained gWAT and BAT of 8-, 20-, 30- week-old males. (A-B) Representative H&E images of gWAT (A)
and BAT (B), scale bar: 50 pm. (C-F) Cell size and density of gWAT (C and D) and BAT (E and F) per microscopic field (n = 3). ***P < 0.001, **P < 0.01,*P < 0.05.

littermates. To accurately assess the difference, food intake and body
weight were monitored weekly for 9 weeks. Both female and male
T Oxtr mice displayed significant lower body weight (95 % CI: —2.244
to —1.448 for females, —4.094 to —3.033 for males) compared to WT
littermates starting at week 3 (Fig. 1A and B). No notable changes in
food intake or efficiency were observed (Fig. 1C-F), indicating that the
weight loss was not due to reduced caloric intake. Dissection analysis
confirmed reduced gWAT mass in " "Oxtr males (Fig. 1G and H), sug-
gesting diminished fat accumulation, rather than appetite, as the pri-
mary driver of leanness.

3.2. Oxtr overexpression induces adipocyte browning

A reduction in adipocyte size, indicative of adipocyte browning,
contrasts with an increase in size, known as hypertrophy [23]. Histo-
logical analysis of gWAT and BAT in 8-, 20-, 30-week-old males showed
smaller adipocytes with multilocular lipid droplets in **Oxtr gWAT
compared to WT. It appears that *TOxtr gWAT underwent a significant
morphological transformation toward a BAT-like phenotype (Fig. 2A).
BAT in WT mice gradually whitened and adipocytes became larger with
age, while this phenomenon was not happening in " "Oxtr BAT (Fig. 2B).
Additionally, both gWAT and BAT of *"Oxtr mice displayed reduced
adipocyte size and increased cell density compared to WT (Fig. 2A and
B), with the statistically significant difference in H&E staining
(Fig. 2C-F). Overall, adipocyte browning in *"Oxtr mice may lead to
increased energy consumption, reduced gWAT mass and body weight
loss.

3.3. Oxtr overexpression promotes energy metabolism

To further examine the difference in energy metabolism between WT
and "TOxtr mice, we performed a cold tolerance test (4 °C) to assess

adaptive thermogenesis. " "Oxtr males exhibited greater adaptive ther-
mogenesis (95 % CI: 1.022 to 2.478) than WT males (Fig. 3A). Increased
oxygen consumption of *TOxtr males indicates a faster metabolism and
more energy loss in the form of heat (95 % CI: 143.0 to 206.9) compared
to WT males (Fig. 3B). These effects support the lean phenotype induced
by Oxtr overexpression. Fasting serum triglyceride were significantly
elevated in "Oxtr males (Fig. 3C), but total cholesterol levels were
unchanged (Fig. 3D). While no significant difference in intraperitoneal
glucose and insulin tolerance test IPGTT/IPITT) were detected between
the WT and "+Oxtr males (Fig. 3E and F), ""Oxtr females exhibited
improved glucose tolerance (Fig. 3G and H).

To investigate the significance of Oxtr overexpression on adipose
development and function, the expression levels of key regulators of
adipose tissue were assessed. Gene expression analysis demonstrated
increased expression of BAT markers Ucp-1, Cidea, Bmp7 and Prmd16 in
**Oxtr gWAT, while Ucp-1 and Cidea were also upregulated in SWAT
(Fig. 3I-L). Resistin, a WAT marker, exhibited decreased expression in
*tOxtr gWAT and sWAT (Fig. 3M), supporting the WAT browning.
Leptin expression was unaffected (Fig. 3N). Additionally, glucose trans-
porter Glut1 was upregulated, indicating an enhanced glucose uptake in
**Oxtr adipocytes, whereas Glut4 decreased in **Oxtr SWAT (Fig. 30
and P). Fatty acid transporters Fatpl, Fatp2, and Fatp4 were elevated in
*tOxtr WAT, while Fatp3 levels remained unchanged (Fig. 3Q-T),
supporting enhanced lipid metabolism. These findings support the
notion that Oxtr overexpression induces alterations in gene expression,
change in cell morphology and function in adipose tissues towards
increased energy metabolism.

3.4. Oxtr overexpression protects mice against HFD-induced obesity and
adipocyte whitening

To assess resistance to HFD-induced obesity, 3-week-old males were



X. Bao et al. Experimental Cell Research 447 (2025) 114534

Fig. 3. Oxtr overexpression promotes energy metabolism. (A) Body temperature of 14-week-old **Oxtr and WT males at 4 °C for 4 h (n = 6). (B) Energy expenditure
was evaluated by measurement of oxygen consumption (Vpz) of 14-week-old males (n = 3-5). (C) Fasting serum triglyceride (TG) of 16-week-old males (n = 4-5).
(D) Fasting serum cholesterol (CHO) of 16-week-old males (n = 4-5). (E-H) IPGTT of 11-week-old males (E) and females (G) fasted for 16 h (n = 4-5). IPITT of 11-
week-old males (F) and females (H) fasted for 4 h (n = 4-5). (I-T) Relative mRNA levels of BAT marker genes (I-L), WAT marker genes (M — N), glucose transporters
(O-P) and fatty acid transport related genes (Q-T) in gWAT, subcutaneous WAT (sWAT, obtained from inguinal depots) and BAT of males, normalized against 18S (n
= 4). ***P < 0.001, **P < 0.01, *P < 0.05, N.S., not significant.
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Fig. 4. Oxtr overexpression provides protection against obesity and brown fat whitening induced by HFD. WT and **Oxtr males were fed an HFD for 2 months. (A)
Time course of body weight of HFD-fed males from week 3-11 (n = 6). (B) Time course of daily food intake of HFD-fed males from week 4-11 (n = 6). (C) Time
course of food efficiency of males from week 4-11 (n = 6). (D-I) H&E staining of gWAT and BAT of 11-week-old males after an HFD. Representative images of gWAT
(D) and BAT (E), scale bar: 50 pm. Cell size and density of gWAT (F and G) and BAT (H and I) per microscopic field (n = 3). ***P < 0.001, **P < 0.01, *P < 0.05. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

fed an HFD for 2 months. With time, body weight gain of **Oxtr males
remained significantly lower (95 % CI: —4.672 to —3.657) than WT
(Fig. 4A), despite comparable food intake and efficiency (Fig. 4B and C).
Histologically, "tOxtr gWAT displayed smaller adipocyte size but
increased density compared to WT (Fig. 4D). As expected, the *TOxtr
BAT had a similar browning effect (Fig. 4E). Quantitative H&E analysis
confirmed these morphological differences (Fig. 4F-I). Furthermore,
HFD-induced hepatic lipid accumulation and lesions were milder in
T Oxtr mice than in WT controls (Fig. S2). These findings suggest that
Oxtr overexpression confers a protective effect against HFD-induced
obesity and adipocyte whitening.

3.5. Oxtr overexpression mitigates HFD-induced metabolic disorder

Under HFD conditions, a cold tolerance test was performed to assess
adaptive thermogenesis. It is consistent with our previous results that
HFD-Fed **Oxtr males displayed enhanced body temperature (95 % CI:
1.081 to 2.186) (Fig. 5A). This suggests that even under HFD-fed con-
ditions, " Oxtr males maintain a stronger metabolic capacity, leading to
increased heat production. Higher insulin levels were observed in HFD-
fed T Oxtr males (95 % CI: 43.99 to 412.9) (Fig. 5B), suggesting that
Oxtr overexpression increased insulin secretion in response to HFD-
induced metabolic stress. Glucose tolerance was superior in HFD-fed
T Oxtr males (95 % CI: —3.467 to —2.168), with minimal changes in
blood glucose levels (Fig. 5C), though insulin tolerance remained un-
changed (Fig. 5D). Oxtr overexpression protects against HFD-induced
metabolic disorder.

BAT markers (Ucp-1 and Cidea) were markedly increased in gWAT
and sWAT of HFD-fed " Oxtr males (Fig. 5E and F), while Bmp7 and
Prdm16 were up-regulated in sSWAT and BAT (Fig. 5G and H). Resistin
downregulation in gWAT, SWAT and BAT of " Oxtr males supported the

anti-whitening effect (Fig. 5I). Leptin, Fatp3 and Fatp4 expression
remained unaffected (Fig. 5J-L). Overall, the anti-obesity effect in
**Oxtr mice can be attributed to the upregulation of BAT markers, as
well as enhanced metabolic capacity and glucose utilization.

3.6. OXTR overexpression induces the activation of PPAR signaling

Mechanistically, RNA sequencing was utilized to identify 365
differentially expressed genes (DEGs) of *TOxtr against WT gWAT (286
upregulated and 79 downregulated (Fig. S3). The heatmap of DEGs
revealed upregulation of genes linked to carbohydrate digestion and
absorption (PPAR pathway), alongside downregulation of steroid hor-
mone biosynthesis-related genes in **Oxtr gWAT (Fig. 6A). KEGG
analysis showed that DEG enrichment in IL-17 pathways, PPAR
signaling, unsaturated fatty acid biosynthesis, fatty acid elongation, and
amino acid metabolism (Fig. 6B). Overlap analysis between **Oxtr
DEGs and PPARy-bound genes identified 151 genes (41.3 % of DEGs)
associated with fatty acid oxidation, amino acid metabolism, and cal-
cium ion transport (Fig. 6C). PPARy targets were upregulated in ™ Oxtr
gWAT (Fig. 6D and E), including Fatp1, Resistin, Acaalb, Fabp5, Apoc3,
Glut4 and Acotl, which showed clear enrichment for PPARy binding
(Fig. 6F). These results suggest PPAR pathway activation underlies
OXTR-driven adipocyte browning and enhanced energy metabolism.

4. Discussion

Oxytocin Receptor (OXTR) is well-known for its involvement in
various biological processes, including social bonding, mammary gland
development and cancers [8,9,24]. Oxtr-knockout mice (Oxtr™'7)
develop obesity and diabetes characterized by enlarged adipocyte sizes
and hypertrophy in epididymal fat pads, highlighting its role in energy
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Fig. 5. Oxtr overexpression protects against HFD-induced metabolic disorder. (A) Body temperature of HFD-fed **Oxtr and WT males at 4 °C for 4 h (n = 6). (B)
Serum insulin levels in HFD-fed *"Oxtr and WT males (n = 5). (C) IPGTT of HFD-fed 11-week-old males fasted for 16 h (n = 5). (D) IPITT of HFD-fed 11-week-old
males fasted for 4 h (n = 5). (E-L) Relative mRNA levels of BAT marker genes (E-H), WAT marker genes (I-J), and fatty acid transport related genes (K-L) in gWAT,
SWAT and BAT of males, normalized against 18S (n = 4). ***P < 0.001, **P < 0.01, *P < 0.05, N.S., not significant.

metabolism [12,14]. Oxytocin signaling within the posterior hypothal-
amus exerts a protective effect against hyperphagic obesity in murine
models [7]. Additionally, oxytocin enhances thermogenesis and miti-
gates obesity and metabolic disorders by promoting WAT browning and
stimulating thermogenesis in BAT, WAT and skeletal muscle [15,16].
However, the metabolic consequences of OXTR overexpression remain
poorly understood. In our study, transgenic mice overexpression OXTR
under the B-actin promoter ("*Oxtr) were utilized. Our findings
demonstrate Oxtr overexpression effectively prevents obesity and
metabolic dysfunction by enhancing adaptive thermogenesis, increasing
energy consumption and improving glucose tolerance. Molecular ana-
lyses revealed Oxtr overexpression activates the PPAR signaling
pathway, a key regulator of energy metabolism.

Oxt™’~ and Oxtr~/~ mice develop late-onset obesity without changes
in food intake [14,25-27]. In contrast, " TOxtr mice exhibited a leaner

phenotype with reduced gWAT mass, despite comparable daily food
intake to WT mice. Additionally, Oxtr overexpression conferred resis-
tance to HFD-induced obesity and adipocyte whitening. **Oxtr adipose
tissues displayed a morphological shift toward a BAT-like phenotype,
marked by smaller, multilocular adipocytes. BAT, which is rich in
mitochondria, utilizes fatty acids and glucose for thermogenesis through
UCP1-mediated mitochondrial respiration [28]. UCP1, a BAT-specific
protein located in the inner mitochondrial membrane, is essential for
thermogenesis. The enhanced thermogenesis and oxygen consumption
observed in TTOxtr mice suggest accelerated metabolism and greater
energy expenditure, consistent with their lean phenotype. Future studies
could explore BAT and WAT responses to $-adrenergic stimulation or
cold exposure in OXTR-overexpressing models to elucidate thermogenic
pathways. While Oxtr—/~ mice develop normally, they display glucose
resistance and impaired insulin secretion under HFD conditions [29]. In
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Fig. 6. OXTR overexpression activates PPAR signaling pathway. “"Oxtr and WT gWAT from 8-week-old males were subjected for RNA sequencing. (A) The heatmap
displayed gene expression patterns of DEGs in " Oxtr and WT gWAT. (B) KEGG enrichment analysis of DEGs between **Oxtr and WT gWAT. (C) The venn diagram
showed the overlap between PPARy-binding genes [55] (Data from GSM1571716 were re-analyzed) and DEGs between ""Oxtr and WT gWAT. GO analysis of
overlapping genes. (D) The heatmap displayed gene expression patterns of PPARy targets (PPAR pathway) in " Oxtr and WT gWAT. (E) Relative mRNA levels of
PPARy targets in gWAT of males, normalized against 18S (n = 3). (F) ChIP-seq profiles of PPARy enrichment on Fatp1, Resistin, Acaalb, Fabp5, Apoc3, Glut4 and Acot1
in mouse gWAT [55] and BAT [56] (Data from GSM1571716, GSM1571715, GSM2551928, GSM2551929 were obtained).
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our study, HFD-fed " Oxtr mice demonstrated enhanced insulin secre-
tion and superior glucose tolerance compared to HFD-fed WT mice.
Although systemic insulin tolerance showed no significant differences,
Oxtr overexpression may improve p-cell survival or glucose sensing,
facilitating efficient insulin release and glucose uptake. Additionally,
HFD-induced hepatic lipid accumulation and lesions were milder in
*+Oxtr mice than in WT controls, suggesting that non-adipose tissues (e.
g., liver, pancreas) contribute to the metabolic benefits of systemic
OXTR overexpression. These effects appear context-dependent and
influenced by genetic factors rather than dietary modulation.

Mechanistically, OXTR overexpression activated PPAR signaling, a
central regulator of energy homeostasis. PPARs, a family of fatty acid-
activated nuclear receptors, include three subtypes: PPARa, PPARS,
and PPARy [30-32]. PPARa and PPARS are abundant in oxidative tis-
sues and regulate genes involved in oxidative phosphorylation, substrate
delivery, and energy homeostasis [33]. In contrast, PPARy, highly
expressed in WAT and BAT, governs adipocyte differentiation and lipid
metabolism [34,35]. It also induces thermogenic and mitochondrial
biogenesis genes, such as Ucpl, Pgcla, and Prdm16 [36,37]. PPARy
activation promotes WAT browning via a SIRT1-PPARy-PRDM16
cascade [38], ameliorating insulin resistance by suppressing
WAT-specific genes (e.g., Resistin) and upregulating BAT markers (e.g.,
Ucpl and Cidea) [39,40]. Our study confirmed elevated expression of
brown adipocytes markers (Ucpl, Bmp7, Prmd16, and Cidea) and
reduced Resistin in WAT, strongly supporting OXTR-driven adipocyte
browning and thermogenesis via PPAR pathway.

PPARy enhances fatty acid uptake, triglyceride storage, glucose
metabolism and insulin sensitivity. Adipose-specific PPARy deletion
causes lipodystrophy and metabolic dysfunction, emphasizing its role in
adipocyte function [41,42]. PPARy also upregulates fatty acid trans-
porters (e.g., FATPs) to promote oxidation [43,44]. We have identified
that 41.3 % of DEGs in TTOxtr WAT are PPARy targets associated with
fatty acid oxidation, amino acid metabolism, and calcium ion transport.
Key PPARy-targets, including Fatpl, Fatp2, Glutl, Acaalb and Acox2,
were upregulated, while Resistin was downregulated in " Oxtr adipose
tissue. Fatpl enhances fatty acid uptake [45] and mitochondrial oxida-
tion [46], while Fatpl and Fatp2 contribute to thermogenesis [47].
PPARy agonists improve glucose uptake by Glutl induction, aligning
with superior glucose tolerance in ""Oxtr mice. However, Glut4
expression was decreased in SWAT, a paradoxical finding given its role
in adipocyte glucose transport. [28,29]. Glut4 protein in WAT is
decreased in obese or lean rats [48]. Acaal and Acox2, which catalyze
B-oxidation and fatty acid degradation, likely enhance lipid metabolism
and reduce fat deposition [49,50]. Collectively, these findings provide
strong evidence that OXTR activation improves lipid metabolism and
glucose homeostasis via PPAR pathway. Oxytocin treatment induced
adipocytes shrinkage and PPARy upregulation in gWAT [51]. Our study
confirms OXTR overexpression activates PPAR signaling which con-
tributes to energy metabolism, indicating the activation effects of
OXT/OXTR system on PPAR signaling.

OXTR agonists are under investigation for autism spectrum disorder,
Alzheimer’s disease, anxiety disorders and depression. However, brain-
specific delivery systems (e.g., nanoparticle carriers) may mitigate pe-
ripheral side effects [52]. Topical OXTR agonists could offer targeted
analgesia without central nervous system (CNS) penetration, mini-
mizing systemic risks [53]. Furthermore, epigenetic modulation of
OXTR expression (e.g., via DNA methyltransferase inhibitors) could
restore receptor function in disorders linked to OXTR methylation, such
as childhood trauma-related psychopathologies [54].

Despite therapeutic potential, OXTR overexpression or off-target
activation poses risks. For instance, universal OXTR overexpression
disrupts progesterone and prolactin signaling, resulting in precocious
mammary gland development, milk production and HER2+ tumors in
non-pregnant females, as well as lactation failure via prolactin/p-STAT5
pathway activation [8,9]. Males may be more inclined to utilize targeted
therapy due to hormonal changes in females influenced by OXTR. These
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findings highlight the need for tissue-specific OXTR targeting to avoid
metabolic or oncogenic complications. Screening for OXTR expression
and epigenetic status may identify at-risk individuals. Future research
should prioritize context-dependent OXTR roles and long-term safety in
translational models.

5. Conclusions

Using the ™" Oxtr mouse model, we elucidated OXTR’s role in energy
metabolism and adipose remodeling. OXTR overexpression induces the
activation of PPAR signaling, which contributes to the amelioration of
obesity and metabolic disorders through WAT browning, increased en-
ergy metabolism, enhanced adaptive thermogenesis. The effects of
OXTR are highly context-dependent, and driven by nonspecific genetic
rather than dietary factors.
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