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Transcutaneous auricular vagus
nerve stimulation inhibits food
intake and body weight gain
through the orexin dependent
pathway in high fat diet mice

Yingying Zhang'%3%7, Dake Song*“’, Ruixia Liu* Hengxin Gong*, Chuan Wang?,
Ming-gao Zhao?* & Kun Zhang?*56

Obesity represents a significant global health challenge, adversely affecting both physical and

mental well-being. Neuromodulation techniques have demonstrated efficacy in promoting weight
loss by regulating appetite. Recently, transcutaneous vagus nerve stimulation (taVNS) has garnered
considerable attention. This study aims to investigate the effects of taVNS on food intake, body
weight, and blood glucose levels in mice subjected to a high-fat diet (HFD), and to explore its potential
mechanisms. Balb/c male mice were randomly assigned to three groups: control group, HFD + sham
electroacupuncture group, and HFD +taVNS group (n=10). The taVNS group received daily 30-min
sessions of intermittent stimulation at 10 Hz and 1.0 mA in the bilateral cymba conchae for one

week. Weight and dietary intake measurements were recorded daily at regular intervals, and fasting
blood glucose levels were assessed for each group after one week of intervention. Additionally, the
wet weight of adipose tissue in the epididymis, scapula, and groin was measured and recorded.
Pathological changes in the liver were observed using Oil Red O and HE staining techniques. Various
lipid indicators and orexin levels in mouse plasma were quantified via colorimetric and ELISA methods.
To elucidate the mediating effects of brain regions on the action of taVNS, relevant neural circuits
were mapped through C-fos expression, viral tracking, and chemogenetic methodologies. According
to the research findings, taVNS can effectively reduce appetite and weight gain, enhance insulin
sensitivity, and ultimately exert a hypoglycemic effect via the orexin-dependent neural circuit of the
paraventricular nucleus-lateral hypothalamus. This suggests that taVNS is a promising treatment
strategy for both obesity and diabetes.
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Abbreviations

HFD High-fat diet

VNS Vagus Nerve Stimulation

taVNS Transcutaneous auricular vagus nerve stimulation
ABVN Auricular branch of the vagus nerve

LH Lateral hypothalamus
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PVN Paraventricular nucleus

OXA Orexin A

TC Total cholesterol

TG Triglycerides

LDL-C Low-density lipoprotein cholesterol
HDL-C High-density lipoprotein cholesterol
AAV Adeno-associated viral vector

OxR Orexin receptor

FG Fluoro-Gold

PRV Pseudomonas virus

DREADD  Designer receptor exclusively activated by designer drugs
WAT White adipose tissue

FBG Fasting blood glucose

GAD1 Glutamate decarboxylase 1

With the development of the economy and the continuous improvement of living standards, there is a growing
trend that human eating habits are shifting towards high-fat and high-sugar diets. The surplus energy is stored in
adipose tissue once energy intake exceeds individual energy expenditure, thereby leading to obesity’. A high fat
diet (HFD) is considered as the major contributor to obesity development®. Furthermore, excessive energy intake
can result in metabolic disorders, which may induce not only hyperglycemia and dyslipidemia but also metabolic
diseases such as type 2 diabetes. Hence, multifaceted and effective prevention, together with treatment strategies
become imperative for the rising prevalence of obesity. Currently, vagus nerve electrical stimulation (VNS) has
been utilized in the treatment of various diseases, including epilepsy’, refractory depression?, traumatic brain
injury®, Parkinson’s disease®, and other conditions. Researches from neuroanatomy show that the only branch of
the vagus nerve on the body surface is auricular branch of the vagus nerve (ABVN)’, which mainly distributes
within the external auditory meatus and concha (cymba conchae and cavum conchae), and the cymba conchae
are supplied exclusively by the ABVN?. Thus, transcutaneous auricular VNS (taVNS) is a form of non-invasive
VNS, as a promising electrical therapy. taVNS has been shown to regulate feeding and body weight in mice*!°
yet its potential mechanism in the brain remains unknown.

The objective of this study is to evaluate the effect of taVNS on body weight and food intake in HFD mice.
C-Fos staining in the whole brain was performed to identify the brain regions responsible for mediating taVNS
function. It can be concluded that taVNS inhibits the activity of LH (lateral hypothalamus) by activating the
GABAergic projection from the PVN (paraventricular nucleus) area, which suppresses the orexin secretion by
the LH. This research indicated that taVNS as an effective treatment for HFD induced obesity and uncovered
the underlying mechanism.

Materials and methods

Experimental animals

Male Balb/C mice aged 5 to 7 weeks were obtained from the Experimental Animal Center of the Fourth Military
Medical University in Xi'an, China. The mice were maintained and bred under standard laboratory conditions
(12-h light/12-h dark cycle, temperature range of 22-26 ‘C, and relative humidity of 55-60%) with access to
water and chow ad libitum. In addition, they were randomly divided into three groups: a control group (CON),
a HFD plus sham electrical acupuncture (SEA) group, and an HFD plus taVNS group, with 10 mice in each
group. Except for the control group, the remaining two groups were fed with a HFD. The duration of the dietary
intervention and tVNS lasted for 7 days. The number of animals used and their suffering were minimized to the
greatest extent as possible. All experimental procedures adhered to the Guide for the Care and Use of Laboratory
Animals (NIH), the Animal Research: Reporting of in vivo Experiments (ARRIVE) guidelines; and all of the
experiments involving mice were conducted under protocols approved by the Animal Care and Use Committee
of the Fourth Military Medical University (IACUC-20221227).

TaVNS and SEA

After being anesthetized with isoflurane, an EA therapy instrument (CMNS6-2, Wuxi Jiajian Medical equipment
Co., LTD, China) was utilized for continuous intervention for 30 min daily over a span of 7 days, targeting the
bilateral cymbae conchae of the mice. The stimulation parameters were applied as reported previously'!"'?, at
an intensity of 1.0 mA, a frequency of 10 Hz, and a train on-time of 2 s and off-time of 3 s. Electrodes were
connected to the bilateral cymba conchae of the mice, and slight tremors in the outer auricles were observed as
a positive response. The stimulation point for SEA was the earlobe, outside of the auricular branch of the vagus
nerve innervated area.

Materials

HFD was purchased from Chonggqing Tengxin Biotechnology Co., Ltd (H10060) (Chongqing, China). Normal
diet was purchased from Jiangsu Medison biomedical Co., Ltd (MD17122) (Yangzhou, China). The composition
and energy density of the two experimental diets are shown in the table below (Tables 1 and 2). In addition, the
fat of HFD mainly comes from lard and soybean oil, while the fat of normal diet only comes from soybean oil.
Isoflurane was sourced from Shenzhen Reward Life Technology Co., Ltd (Shenzhen, China). Blood glucose test
strips and the related device were obtained from Sannuo Biosensing Co., Ltd (Changsha, China). Additionally,
ELISA kit of insulin (Mouse INS, E-EL-M1382), total cholesterol (TC, E-BC-K109-M), triglyceride (TG, E-BC-
K261-M), low-density lipoprotein cholesterol (LDL-C, E-BC-K205-M), high-density lipoprotein cholesterol
(HDL-C, E-BC-K221-M), and Orexin A (OXA, E-EL-MO860) were obtained from Wuhan Eliruit Biotechnology
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Component Normal diet (kcal %) | High-fat diet (kcal %)
Protein (%) 22.47 20
Carbohydrate (%) | 65.42 20
Fat (%) 12.11 60
total 100 100

Table 1. Composition of experimental diets.

Component | Normal diet (kcal /g) | High-fat diet (kcal /g)
Protein 0.8988 0.8

Carbohydrate | 2.6168 0.8

Fat 1.0899 5.4

Total 4.6055 7

Table 2. Energy density of the experimental diet.

Co., Ltd (Wuhan, China). Almorexant hydrochloride was procured from Med ChemExpress (MCE), Catalog
No.: HY-10,805 A (New Jersey, USA). The c-Fos (9F6) Rabbit mAb #2250 antibody was acquired from Cell
Signaling Technology (Massachusetts, USA).

Weight and blood glucose testing

In this experiment, the food intake and body weight of the mice were measured at 8:00 a.m. After one weeK’s
intervention, the fasting blood glucose levels of the mice were assessed following a 16-h fasting period.
Throughout this time, the mice had free access to the drinking water.

Fat pad and liver weight measurements

All mice were sacrificed by cervical dislocation. Parameters to be recorded included weights of the liver and the
fat in the epididymis, scapula, inguinal area. Epididymal fat is situated between the tail of the epididymis and
the distal testis end of the testis, while scapular fat is found beneath the scapula. Inguinal fat is located in the
subcutaneous tissue of the groin, connecting the abdomen and thighs.

Oil red O staining

Liver tissue was fixed in 4% paraformaldehyde overnight and subsequently sliced into 10 pm thick sections using
a freezing microtome. The sections were then immersed in isopropyl alcohol containing 0.5% Oil Red O for
15 min, followed by a brief rinse with 60% isopropyl alcohol. After washing with deionized water, the size and
content of the lipid droplets were observed through an optical microscope.

Hematoxylin-eosin (HE) staining

Paraffin-embedded liver tissue was sectioned into 3 pm thick slices, which were then dewaxed with xylene
and stained with hematoxylin for 3 to 5 min. Following this, the samples were dehydrated using a gradient
of acidic ethanol solutions, clarified with 100% xylene, and stained with eosin for 5 min. After dehydration
and clarification, the sections were sealed with neutral resin. The morphological changes of the liver were
subsequently examined under a light microscope (Olympus VS200).

Total cholesterol, triglycerides, low-density lipoprotein cholesterol, and high-density
lipoprotein cholesterol determination

A colorimetric method was employed to quantify the levels of total cholesterol (TC), triglycerides (TG), low-
density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) in mouse plasma in
conformity with the instructions of the reagent manufacturer. Besides, the ELISA method was used to assess the
concentrations of insulin and orexin in mouse plasma.

Immunofluorescence staining

After removing the brains of mice and fixing them overnight in 4% paraformaldehyde, the brain was sectioned
into 20 pm slices. The antibodies employed included rabbit anti-phospho-cfos (Ser32) at a dilution of 1:200
(Cell Signaling Technology, Inc.) and Alexa Fluor 488 goat anti-mouse IgG at a dilution of 1:1,000 (Invitrogen).
Fluorescent images were captured with an Olympus Fluoview FV1000 confocal microscope.

Stereotactic injection

Adeno-associated viruses (AAVs) was packaged by Obio Biotechnology Co., Ltd. Shanghai, China., Fluoro-
Golds (FG) was purchased from Fluorochrome (Colorado, USA), pseudorabies virus (PRV) purchased from
BrainVTA (Cat.No.: P03001, Wuhan, China). Mice were anesthetized with 1% sodium pentobarbital, and a
brain stereotaxic instrument was employed for the precise locating of LH area (A/P(-)1.22 mm, M/L(+)1.0 mm,
D/V(-)5.15 mm) or PVN area (A/P(-)0.94 mm, M/L(+)0.25 mm, D/V(-) 4.8 mm). Four weeks postsurgery,
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both hM4Di, hM3Dq and mCherry mice received an injection of the DREADD (Designer receptor exclusively
activated by designer drugs) agonist (CAS: 2250025-92-2, i.p.) at a dosage of 0.5 mg/kg. Brains were collected 5
days post-FG (50 nl) or 7 days post-PRV (1 pl) injection.

Data analysis

All data were examined using GraphPad Prism version 8.0.1, with the results presented as the means+SD.
Unpaired Student’s t-test was conducted for difference comparisons between the two groups. One-way ANOVA
was utilized to analyze data from more than two groups, followed by the Tukey post hoc test. P<0.05 was
considered statistically significant.

Results

TaVNS reduced food intake and body weight in HFD mice

The experimental schematic of this part is shown in Fig. la. In comparison to mice with standard diet, HFD
mice exhibited increased food intake and body weight. These indexes were significantly attenuated by taVNS
(Fig. 1b, F, ,, =8.543, p=0.0013; Fig. 1c, F, ,, =13.89, p<0.0001; Fig. 1d, F, . =35.98, p<0.0001; Fig. le,
F(,15=133.5, P <0.0001). Furthermore, the elevated fasting blood glucose (FBG) levels in the HFD mice were
also ameliorated by taVNS (Fig. 1f, F, ,,,=70.63, p<0.0001). White adipose tissue (WAT) serves as an energy
reservoir during periods of high caloric intake', contributing to obesity'®. Consequently, we dissected the
epididymal and inguinal adipose tissues. These results demonstrated that the fat pad wet weight in the HFD mice
were significantly higher than those in the CON group. In contrast to the HFD group, the weight of fat in taVNS-
treated mice were significantly reduced (Fig. 1g, F, ,,,=10.32, p=0.0005; Fig. 1h, F, ,,=13.55, p<0.0001;
Fig. 1i, F(z) m= 7.018, p=0.0035). Compared to the i—IF mice, the levels of TG, LDL-é, and TC in the plasma
were decreased following taVNS intervention (Fig. 2a, F 2= 8.797,p=0.0011; Fig. 2b, F(z, = 8.241, p=0.0016;
Fig. 2¢, F, ,,,=36.37, p<0.0001), whereas the level of Di—C was elevated (Fig. 2d, F, ,,)=25.13, p<0.0001).
Moreover, ta{/NS also led to a reduction in insulin levels in HFD mice (Fig. 2e, F 227 =9.019, p=0.001). And
the weight of the liver were also significantly diminished (Fig. 2. f, Fig. 2g, F, ., =14.40, p<0.0001). In addition,
there was no significant difference between CON group and HFD +taVNS group. In summary, these results
suggest that taVNS may be an effective treatment for mitigating obesity induced by a HFD.
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Fig. 1. taVNS significantly reduces food intake, body and fat pad weight in HFD mice. (a) Schematic of

the experimental procedure. (b, ¢) Changes in body weight and body weight of mice after 7 days of taVNS
intervention. (d, e) Food intake and calories intake of mice. (f) FBG levels of mice in each group. (g-i) Fat
pad wet weight in the epididymis, groin, and scapula regions. n=10 in each group. Statistical significance was
denoted as *P<0.05, **P<0.01,***P<0.001.
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Fig. 2. taVNS significantly improving blood lipid abnormalities. (a-d) TG (Triglycerides), TC (Total
Cholesterol), LDL-C (Low-Density Lipoprotein Cholesterol), and HDL-C (High-Density Lipoprotein
Cholesterol) levels in each group. (e) Insulin levels in mice. (f-g) Liver wet weight and change. (h-i) HE
(Hematoxylin and Eosin) staining and Oil Red O staining of mice liver. Statistical significance was denoted
as*P<0.05, **P<0.01,**P<0.001.

TaVNS ameliorates lipid deposition and injury in mice liver

Non-alcoholic fatty liver disease is characterized by excessive fat accumulation in the liver, potentially giving
rise to an array of health concerns, such as insulin resistance, dyslipidemia, and hypertension'®. The Oil Red O
and HE staining were conducted to assess the pathological condition of the liver. According to the HE staining
results (Fig. 2h), the liver tissue of the HFD + SEA group mice presented an unclear liver lobule structure, severe
congestion of the central veins, disordered arrangement of hepatic cords, infiltration of local inflammatory cells,
swelling and deformation of some liver cells, and cytoplasmic fat vacuoles of varying sizes. The results of the
Oil Red O staining revealed that the HFD + SEA mice exhibited circular granular lipid droplets and diffuse lipid
droplets of varying sizes within the cytoplasm of the liver tissue. The intercellular boundaries were either blurred
or ruptured, indicating severe lipid accumulation. Conversely, the liver of the HFD + taVNS group mice showed
significant alleviation in lipid deposition, with only a small number of small red diffuse lipid droplets observed
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(Fig. 2i). These pathological changes were also mitigated by taVNS intervention. To sum up, it can be found that
the taVNS intervention ameliorated pathological changes in HFD mice.

TaVNS suppressed the appetite of HFD mice through an orexin dependent pathway

The aforementioned results suggested that the appetite of HFD mice decreased due to taVNS, thus initiating
the research on its underlying mechanism. Orexins, also referred to as hypothalamic secretins, are a class of
neuropeptides that play crucial physiological roles in feeding, sleep!®, reward, and energy balance!”. Furthermore,
we measured the levels of orexin A in the serum and observed a decrease in the HFD +taVNS group compared
to the HFD +SEA group (Fig. 3a, F, ,,,=12.28, p=0.0002). It was posited that taVNS might influence the
appetite via an orexin dependent pathway. To validate this hypothesis, almorexant (Alm), an orexin receptor
(OXR) antagonist, was administered orally at a dose of 1 mg/kg (Fig. 3b). After 7 days of administration, the
HFD +taVNS + Alm group exhibited a significant reduction in body weight, daily food and blood glucose intake

compared to the HFD +SEA group, an effect comparable to that of taVNS (Fig. 3¢, F, 5, =11.77, p<0.0001;
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Fig. 3. taVNS reduced food intake by suppressing OXA pathway. (a) OXA levels of in plasma of CON,

HED + SEA, HFD +taVNS mice. (b) Schematic of the experimental procedure. (c, d) Body weight and weight
gain of CON, HFD +taVNS, HFD + Alm, HFD + taVNS + Alm mice. Almorexant (Alm), OXR antagonist. (e—f
Food and calorie intake of mice after 7 days of oral administration of OXR antagonist. (g) FBG levels in mice.
(h-j) Fat pad wet weight in the epididymis, groin, and scapula regions. (k) Liver wet weight in mice. (1-0) TC,
TG, LDL-C, and HDL-C levels in mice. Statistical significance was denoted as *P <0.05, **P <0.01, ***P <0.001.
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F (3 36=13.25, p<0.0001). Moreover, the benefits of taVNS on HFD mice could not be further facilitated by
almorexant as evidenced by the dataset on fat weight, fat organ index( Fig. 3h, F =11.77, p<0.0001; Fig. 3i,

(3,36)
F(; 3= 14.33, p<0.0001; Fig. 3j, F , , =18.54, p<0 0001; Fig. 3k, F, .o =19.54, p<0.0001), TC, TG, LDL, HDL
levels ( Flg 3L, By 4 =8.774, p=0.0002; Fig. 3m, F; ,; =14.29, p<0.0001; Fig. 3n, F, 1 =7.438, p=0.0005;

(3,36
Fig. 30, F 5 36)—28 88 p<0.0001). Thus, these results suggested taVNS may exert its benefits on HFD mice
through an orexin related pathway.

taVNS suppressed the appetite of HFD mice by inhibiting orexin secretion in LH neurons

Substantial evidence supports the critical role of LH in the control of feeding behavior'®!®. Early studies with
electrolytic lesions and electrical stimulations identified the LH as a “feeding center” in the brain?*!. In order
to further verify whether orexin derived from LH mediates taVNS’ function, LH was inhibited or activated by
injecting the viruses expressing the chemogenetic tool hM4D (Gi) /hM3D (Gq) respectively (Fig. 4a-c). Four
weeks after viral injection, HFD was administered along with DREADDs (0.5 mg/kg, intraperitoneally, daily).
Benefits of taVNS on HFD mice were attenuated by LH activation and could not be enhanced by LH inhibition
(Fig. 4d, F, ;o =77.75, p<0.0001; Fig. de, F, ,o =154.7, p<0.0001; Fig. 4f, F, , =32.63, p<0.0001; Fig. 4g,
F (5, 0 =32.63, p<0.0001; Fig. 4h, F, o =32.58, p<0.0001; Fig. 4i, F, , =34, p<0.0001; Fig. 4j, F, , =12.47,

p<0.0001; Fig. 4k, F =48.31, p<00001 Fig. 41, F =39.97, p<0.0001 Fig. 4m, F =11.63, p<0.0001;
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Fig. 4. Chemical genetic activating LH neurons blocked the effects of taVNS on reducing feeding, body
weight, or improving blood lipid abnormalities. (a) Schematic of the experimental procedure. (b) Schematic
diagram of injecting chemogenetic virus into the LH brain region of mice. (c) Representative image of virus
expression in the LH. (d-e) Weight and weight gain in mice after chemical genetic regulation of LH. (f-g)
Chemical genetic regulation of food and calorie intake in mice. (h-j) Fat pad wet weight in the epididymis,
groin, and scapula regions. (k) Liver wet weight of different groups mice. (1) FBG levels of different groups
mice. (m-n) Blood lipid levels of different groups mice. (0) The concentration of OXA in plasma of different
groups mice. n=10 in each group. Statistical significance was denoted as *P<0.05, **P<0.01, ***P<0.001.
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Fig. 4n, F; ;) =5.332, p=0.0031; Fig. 40, F ; ;. =14.58, p<0.0001). These results also suggested that suppression
of LH neurons was essential for taVNS’ benefits.

taVNS decreased orexin level by activating PVN-LH projection

To verify the underlying brain areas mediating taVNS suppressing LH activity, c-FOS staining was utilized to
illustrate the activated neurons® in the whole brain. Results showed that there was a notable increase in c-FOS
positive neurons in the PVN of the HFD mice following taVNS (Fig. 5a, F, =48, p=0.0002), leading to the
assumption of a neuronal connection between the ear canal (the site of taVN. jand PVN. To test this hypothesis,
Pseudorabies virus expressing EGFP (PRV-CAG-EGEFP), as a neuroretrograde tracer, was injected into the ear
canal to reveal the connectivity patterns of neural circuits. Through this method, PRV markers in the PVN
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Fig. 5. taVNS suppressed LH activity by activating the LH projecting PVN GABAergic neurons. (a)
Immunofluorescence staining revealed c-FOS positive neurons in the PVN of different groups of mice. (b)
Image illustrating of PRV-EGEFP injection in the cymba concha and EGFP positive cells in the PVN. (c) Image
illustrating of FG injection in the LH and LH positive cells in the PVN. (d) Ratio of GAD1 and FG double-
positive cells and FG single-positive cells in the PVN. (e) Schematic and representative image of AAV2/1-Cre
injected in the PVN and AAV-DIO-hM3Dgq injected in the LH. (f-g) Number of c-FOS positive cells after
activating PVN-LH projection. (h) OXA levels in the plasma after activating PVN-LH projection. n=3 in each
group. Statistical significance was denoted as *P<0.05, **P<0.01.
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Fig. 6. taVNS suppressed appetite of HFD mice by activating the LH projecting PVN GABAergic neurons.
(a) Schematic of the experimental procedure. (b) Schematic of AAV2/1-Cre injected in the PVN and AAV-
DIO-hM3Dq injected in the LH. (c) OXA levels in the plasma from HFD mice after inhibiting or activating
PVN-LH projection. (d, e) Body weight and weight gain after inhibiting or activating PVN-LH projection.
(f-g) Food and calorie intake in mice after inhibiting or activating PVN-LH projection. (h) FBG levels in
mice after inhibiting or activating PVN-LH projection. (i-k) Fat pad wet weight in the epididymis, groin,
and scapula regions of mice after inhibiting or activating PVN-LH projection. n=10 in each group. *P<0.05,
**P<0.01,**P<0.001.

brain region became explicit, suggesting the presence of neural projections between the cymba conchae nail
and PVN (Fig. 5b). Then, the retrograde dye FG was injected into the LH region for investigating the neural
connection between PVN and LH. Some FG positive cells were detected in the PVN, suggesting that LH received
direct neuronal projection from PVN (Fig. 5¢). Further immunohistochemical analysis showed that most of
the retrograde labeled neurons co-localized with glutamate decarboxylase 1 (GAD1) immunostaining (Fig. 5d).
GADL1 serves as a key enzyme responsible for converting glutamate into GABA, which plays a central role in
neuroinhibitory transmission?. Therefore, these results indicated PVN projected to LH through inhibitory
GABA neurons. In order to regulate this projection, this research injected anterograde AAV2/1-cre into PVN
and Cre dependent hM3Dq into LH to activate this neural circuit (Fig. 5e). And there was a significant decrease
in ¢-FOS positive cells in the LH brain region after PVN activation (Fig. 5f, and g, t=8.110, df =4), whereas the
OXA levels in mice were also significantly reduced (Fig. 5h, t=4.028, df=18). These results indicated taVNS
activated PVNCABA _LH projection.

taVNS decreased food intake and weight gain by activating PVNS®ABA.LH projection

To further validate the role of PVNSABA _LH projection in the taVNS’ suppression of food intake and weight
gain, this projection was regulated by chemogenetic methods in HFD mice (Fig. 6a,b). By injecting AAV2/1-
Cre virus into both sides of the PVN brain region, Cre dependent hM3Dq /hM4Di expression was induced in
the LH of mice. Four weeks later, DREADD was injected to activate or inhibit this PVN -LH this projection.
It can be observed that chemogenetic activation of the PVN-LH projection decreased the OXA level in the
plasma. Conversely, inhibiting the PVN-LH projection elevated OXA levels (Fig. 6¢, F ; 5 =9.459, p<0.0001).
Furthermore, benefits of taVNS$ on HFD mice were blocked by activating PVN-LH, whereas further facilitation
was not achieved by inhibiting PVN-LH projection (Fig. 6d, F, ;¢ =23.42, p<0.0001; Fig. 6e, F, ;0 =56.55,
Pp<0.0001; Fig. 6f, F , , =11.36, p=0.0001; Fig. 6g, F, ,, =11.36, p=0.0001; Fig. 6h, F, , =12.15, p<0.0001;

(3,20)
Fig. 6i, F =21. 21 p<0.0001; Fig. 6j, F —7984 p=0.0004). These

=14.35, p<0.0001; Fig. 6k, F

(3, 36) (3, 36) 3, 36)
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findings confirmed the crucial role of the PVN-LH projection in mediating taVNS’ suppression of food intake
and weight gain in the HFD mice.

Discussion

In this study, we used short-term HFD mice to investigate the effects of taVNS on body weight gain and food
intake. In further research, we found that taVNS activates PVN GABAergic neurons to suppress LH activity and
decrease orexin levels in the plasma, thus inhibiting food intake and body weight gain in the HFD mice. Satiety
signals are produced by mechanoreceptors and chemoreceptors of the gastrointestinal tract and transmitted via
the vagus nerve to the LH, thereby generating appetite—suppressing signals?%. The LH is a critical brain region
involved in regulating dietary behaviors, often referred to as the hunger center. Notably, LH damage has been
shown to inhibit food intake, whereas electrical stimulation of the LH can enhance food consumption. This
suggests that the LH plays a vital role in maintaining energy homeostasis throughout the eating process?>%.
Our results indicated that PVN sent GABAergic projection to the LH, thus taVNS suppresses food intake by
activating PVN. Furthermore, PVN was also activated by some mental stress accompanied with decreased
appetite?’, which is consistent with our findings. However, the difference of PVN activation by mental stress or
taVNS still needs further research.

Orexin is a neuropeptide secreted by the LH that plays a crucial role in regulating feeding behavior, sleep-
wake rhythms, reward and addiction, and energy balance. Drugs targeting orexin receptors have certain potential
in weight loss by regulating appetite and energy expenditure®®. Activation of orexin receptors can enhance
spontaneous physical activity and energy expenditure without impacting food intake, thereby improving fat
distribution in a high-calorie dietary environment. Conversely, orexin receptor antagonists can reduce appetite
and food intake. Consequently, they are primarily utilized in the treatment of obesity and other disorders
associated with overeating. In this research, the involvement of orexins in taVNS mediated weight loss was
found, supporting the vital role of orexin in appetite regulation.

The global prevalence of obesity and related diseases continues to rise, leading to a significant increase in
prevention and treatment costs®’. Due to the lack safety weight loss drugs, the importance of achieving weight
loss through non pharmacological and non-surgical means is emphasized. Previous studies have shown that
VNS can regulate food intake and body weight in rats and mice in the short term, leading to a reduction in weight
gain3®3l. These studies provide preliminary evidence for VNS as a potential treatment for obesity. However,
traditional VNS needs a surgical operation to implant the electrode and is associated with risk of infection.
As the presence of afferent projections of the vagus nerve in the cymba conchae and external ear canals of
mammals®2, taVNS has been developed, offering a non-invasive stimulation way. As a newly developed method,
taVNS has shown benefits for various diseases, including epilepsy*?, chronic tinnitus*, depression®, functional
dyspepsia®® and insomnia®’. Improvements and innovations in stimulating equipment have also enhanced both
the safety and effectiveness of taVNS.

Data availability

The data underlying this article will be shared upon reasonable request to the corresponding author.
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