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26 Abstract

27 Background and Purpose. Obesity involves profound disruptions in neuronal circuits,
28  neuroendocrine communication and the endocannabinoid system (ECS). While global
29 cannabinoid type-1 receptor (CB1R) blockade improves metabolism, its clinical useis limited
30 by neuropsychiatric side effects. Peripherally restricted CB1R antagonists offer a safer
31 dternative, yet the neural pathways, specifically the role of the gut-brain vaga axis,
32  mediating their effects remain unclear.

33

34  Experimental Approach. We investigated the metabolic and neural effects of peripheral
35 inhibition of CB1R (JD5037 and AM6545) in lean and diet-induced obese (DI1O). Metabolic
36  parameters were assessed using indirect calorimetry, and neuronal activation was mapped by
37 cFos immunoreactivity. The requirement for vagal signaling was examined using
38  subdiaphragmatic vagotomy (SDV) and pharmacological blockade of cholecystokinin (CCK)
39  and glucagon-like peptide-1 (GLP-1) receptors.

40

41 Key Results. Peripheral CB1R inhibition suppressed food intake and shifted nutrient
42  partitioning toward fatty acid oxidation in DIO, but not lean, mice. Obesity upregulated CB1R
43  expression in the nodose ganglia. In DIO mice, peripheral CB1R inhibition robustly activated
44  satiety-related brainstem (NTS, AP, PBN) and hypothalamic (ARC, PVN) nuclei. SDV
45  abolished brainstem activation but failed to blunt hypothalamic recruitment or the
46  anorexigenic and metabolic benefits. Furthermore, antagonism of CCK or GLP-1 receptors
47  did not prevent the feeding-suppressive effects of JD5037.

48

49 Conclusions and Implications. Our findings reveal a dual-mechanism model: vagal
50 pathways mediate brainstem engagement, while hypothalamic recruitment and metabolic
51 improvements occur via vaga-independent signaling. These results demonstrate that
52  peripheraly restricted CB1R antagonists indirectly engage central homeostatic circuits,
53  supporting their therapeutic potential for obesity even in conditions with impaired vagal

54  signaling.
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55  Bullet point summary
56
57 ‘What isalready known’

58 e Obesity is associated with elevated circulating endocannabinoids, reflecting chronic
59 overactivation of the peripheral endocannabinoid system.

60 e Clinical and preclinical studies indicate that peripheral CB1R inhibition ameliorates
61 obesity-related dysfunctions.

62

63  ‘What thisstudy adds

64 e Peripheral CB1R inhibition suppresses food intake and promotes fatty acid oxidation
65 in obese but not lean conditions.

66 e Peripheral CB1R inhibition engages brainstem nuclel via vaga signaling and
67 hypothalamic nucle via vagal-independent mechanisms.

68

69  ‘Clinical significance’

70 e Maetabolic state-dependent CB1R responsiveness must be considered when designing
71 endocannabinoids-targeted obesity therapies.

72 e Periphera CB1R antagonists engage central homeostatic circuits via body-brain
73 pathways, warranting surveillance of CNS outcomes.
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74  Abbreviations

75

76 AP areapostrema

77  ARC: arcuate nucleus of the hypothalamus
78  CBI1R: cannabinoid type-1 receptor

79  CCK: cholecystokinin

80 CD: chow diet

81 DIO: diet-induced obesity

82 ECS: endocannabinoid system

83  EE: energy expenditure

84  FAOQ: fatty acid oxidation

85  GLP-1: glucagon-like peptide-1

86  HFD: high-fat diet

87  NTS: nucleus tractus solitarius

88  PBN: parabrachia nucleus

89  PVN: paraventricular nucleus of the hypothalamus

90 RER: respiratory exchange ratio
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91 Introduction
92 Obesity is a multifactorial metabolic disease characterized by a chronic positive energy
93 balance, atered eating patterns, excessive fat accumulation, and systemic metabolic
94  dysfunctions. It is associated with increased risks of type 2 diabetes, cardiovascular disease,
95 non-alcohoalic fatty liver disease, and several cancers. Growing evidence suggests that obesity
96 may be initiated and/or worsened by distorted functioning of neuronal ensembles as well as of
97 dtered body-brain communications [1,2]. However, despite intense research efforts, long-
98 term non-invasive and efficient therapies remain limited, primarily due to the complexity of
99 the underlying regulatory networks that govern energy homeostasis. Among these networks,
100 the endocannabinoid system (ECS) has emerged as a key modulator of both central and
101  peripheral neuronal mechanisms that control appetite, energy storage, glucose metabolism,
102  and lipid homeostasis [3,4].
103 The ECS consists of endogenous cannabinoids [i.e, anandamide (AEA) and 2-
104  arachidonoylglyceral (2-AG)], their receptors [cannabinoid receptor type 1 (CB1R) and type

105 2 (CB2R)] and the enzymes responsible for their synthesis and degradation. While the role of
106  centrally expressed CB1R in regulating feeding behaviour and hedonic aspects of food intake
107 is well-established [3-5], there is a growing recognition that CB1 receptors located in
108  peripheral tissues (i.e.,, adipose tissue, liver, muscles, periphera nervous system and
109 gastrointestinal tract) also contribute to metabolic dysfunctions and represent promising anti-
110  obesity targets [4,6]. In particular, CB1R activation in periphera organs promotes lipogeness,
111  impairs insulin sensitivity, and alters gastrointestinal motility and secretion, whereas CB1R
112  inhibition counteracts such effects [7,8]. This therapeutic potential of leveraging the ECS is
113 supported by both clinical and preclinical studies demonstrating elevated levels of AEA
114 and/or 2-AG in severa eating disorders [9-12] and also in obesity [13-15], therefore
115  suggesting a constant overactivation of the ECS system in these conditions.

116  Early pharmacological approaches targeting the ECS, such as the use of rimonabant, a
117 centrally and peripherally active CB1R inverse agonist, demonstrated robust metabolic
118 improvements and weight loss in obese individuals [16]. However, these benefits were
119 overshadowed by significant neuropsychiatric side effects, including anxiety and depression
120  [17-19], due to CB1R antagonism in the brain. This led to the development of peripherally
121  restricted CB1R antagonists and inverse agonists that do not cross the blood-brain barrier

122 [7,8,20,21]. Preclinical studies using such compounds have shown promising effects,
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123 including reduction in body weight, improved glucose tolerance, enhanced thermogenesis,
124  and decreased hepatic steatosis, al without liciting central side effects [7,8,20-25].

125 An area of active investigation is the extent to which the metabolic and behavioural benefits
126  of peripheral CB1R inhibition are mediated by specific organs [26-29] and also the gut-brain
127  axis [12,30], particularly via the vagal signaling. The vagus nerve serves as a crucial
128  bidirectiona conduit between the gut and the brain, transmitting nutritional, hormonal, and
129  microbial signals to central circuits that regulate appetite and metabolism. Peripheral CB1Rs
130 are expressed aong the gut epithelium [31,32] as well as in afferent/sensory vagal neurons
131 [12,30,33,34] raising the possibility that pharmacological modulation of CB1R may recruit
132 vagal-dependent mechanisms to influence systemic metabolism.

133 However, whether the metabolic improvements observed with peripheral CB1R inhibition in
134  obesity are entirely dependent on an intact gut-brain vagal pathway remains unclear.
135  Distinguishing vagus nerve-dependent from vagus nerve-independent mechanisms is essential
136  for optimizing the therapeutic potential of peripheral CB1R inhibition and understanding its
137  full range of physiological and pharmacological effects. Furthermore, clarification of these
138  mechanisms could broaden the scope of CB1R-targeted therapies to patient populations with
139  altered or impaired vagal signaling.

140  In this study, we investigated whether and how peripheral CB1R inhibition influences energy
141  metabolism under both physiological and pathological conditions, such as obesity. Our
142 findings demonstrate that: (i) peripheral CB1R inhibition modulates energy metabolism in
143  obese, but not lean, states; (ii) this modulation involves activation of brainstem and
144  hypothalamic nuclei through both vagus-dependent and vagus-independent mechanisms
145  respectively; and (iii) critically, the beneficial metabolic effects persist even in the absence of
146  intact gut-brain vagal signaling. These results advance our understanding of endocannabinoid
147  system modulation in metabolic diseases and support the need for continued development of
148  peripherally restricted CB1R-targeted therapies as potentially safe and effective treatments for
149  obesity and eating disorders.
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150 Material and methods

151

152 Animals

153  All experimental procedures were approved by the Animal Care Committee of the Université
154  Paris Cité (CEB-22-2019, APAF S #24407; CEB-38-2021, APAFiS #35447), and carried out
155  following the 2010/63/EU directive. 8-12 weeks old C57BL/6J male mice (Janvier, France)
156  were used and housed in a room maintained at 22 +1 °C, with a light period from 7h00 to
157  19h00. Regular chow diet (3.24 kcal/g, reference SAFE® A04, Augy, France), high-fat diet
158 (HFD, Research Diets, Cat #D12492, 5.24 kcal/g) and water were provided ad libitum unless
159 otherwise stated. Diet-induced obesity was established by feeding mice a HFD for 2-3
160  months. All procedures were designed to minimize animal suffering and reduce the number of
161  animals used. For each experiment, mice were randomly assigned to the different treatment
162  groups. Study designs aimed to generate groups of equal or closely matched sizes. Whenever
163  possible, experimenters were blinded to treatment allocation and experimental conditions.
164 Anima studies are reported in compliance with the ARRIVE guidelines [35] and with the
165  recommendations made by the British Journal of Pharmacology [36].

166

167  Subdiaphragmatic vagotomy (SDV)

168  Prior to surgery and during 4-5 post-surgery days, animals were provided with ad libitumjelly
169 food (DietGel Boost #72-04-5022, Clear H20). Animals received Buprécare®
170  (buprenorphine 0.3 mg/kg) and Ketofen® (ketoprofen 10 mg/kg), and were anaesthetized
171 with isoflurane (3.5% for induction, 1.5% for maintenance). During surgery the body
172 temperature was maintained at 37 °C using a heated pad. Briefly, using a binocular
173 microscope, the right and left subdiaphragmatic branches of the vagus nerve were carefully
174  isolated aong the lower esophagus/stomach and carefully sectioned in vagotomized animals
175  (SDV mice) or left intact in Sham animals. Mice recovered for at least 3-4 weeks before being
176  used for experimental procedures. The efficiency of the SDV procedure was evaluated as
177  previously described [12,37,38]. Briefly, SDV success was confirmed either prior to or
178 following experiments. SDV mice were included based on a least one of the following
179  criteria (i) lower anorexigenic response to CCK-8S 3-weeks after the SDV/Sham procedure,
180  (ii) increased stomach distension, (iii) reduced retrograde Fluorogold staining in the dorsal
181  motor nucleus of the vagus (DMV) and/or (iv) body weight trajectory during the 3-weeks of
182  post-surgery recovery period [38].

183
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184  Drugs

185  Mice were administered with the following drugs at doses selected from previously published
186  studies: JD5037 (3, 6, 10 mg/kg [21,39,40]; #HY-18697, CliniSciences), AM6545 (3 mg/kg
187  [41]; #5443, Tocris), devazepide (0.3 mg/kg [31]; #2304, Tocris), exendin-(9-39) (0.1 mg/kg
188  [42,43]; #2081, Tocris), nadolol (10 mg/kg [44]; #HY-B0804, CliniSciences), sotalol
189  hydrochloride (3 mg/kg [45]; #0952, Tocris), glycopyrrolate (0.5 mg/kg [46]; #SM L0029,
190 Sigma-Aldrich) and respective vehicle solutions. JD5037 and AM6545 were dissolved in a
191  solution containing DM SO, Kolliphor and saline at the following ratio 2:1:97. Nadolol and
192  glycopyrrolate were dissolved in a solution containing DM SO, PEG300, Tween80 and saline
193  at the following ratio 10:40:5:45. Devazepide, exendin-(9-39) and sotalol were dissolved in
194 sdine. Matched vehicles were administered. Devazepide, exendin-(9-39), nadolol and
195 glycopyrrolate were administered 30 minutes prior to JD5037. All drugs were injected
196 intraperitoneally (i.p.) in 10 mL/kg of body volume.

197

198  Tissue preparation and immunofluorescence

199 Mice were anaesthetized with pentobarbital (500 mg/kg, Dolethal, Vetoquinol, France) and
200 transcardialy perfused with cold (4 °C) PFA 4% for 5 min. Brains were post-fixed in PFA 4%
201  at 4°C for 24h and changed in PBS 1X. 40 um corona sections were processed using a
202  vibratome (Leica). Confocal imaging acquisitions were performed  after
203  immunohistochemistry protocol, using a confocal microscope (Zeiss LSM 710) as previously
204  described [47,48]. The following primary antibodies were used: rabbit anti-cFos (1:1000,
205  Synaptic Systems, #226 003, RRID: AB_2231974, or 1:1000, Cell Signaling, #2250, RRID:
206  AB_2247211). Sections were incubated for 60 min with the following secondary antibodies:
207  donkey anti-rabbit Cy3 AffiniPure (1:1000, Jackson Immunoresearch, 711-165-152, RRID:
208  AB_2307443). Structures were selected according to the following coordinates (from bregma,
209  inmm): PBN (-5.02 to -5.34), AP/NTS (-7.32 t0 -7.76), PV N (-0.82 to -1.06) and ARC (-1.46
210 to -1.94). The objectives (10X or 20X) and the pinhole setting (1 airy unit) remained
211  unchanged during the acquisition of a series for al images. Immunopositive cells were
212 quantified using the Cell Counter plugin in Imagel. A fixed fluorescence threshold was
213  applied as a reference standard. Image acquisition and analysis were performed by
214 experimenters blinded to treatment groups.

215

216  Quantitative RT-PCR


https://doi.org/10.64898/2025.12.10.693401
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2025.12.10.693401; this version posted April 27, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-NC 4.0 International license.

217  The nodose ganglia were dissected and snap-frozen using liquid nitrogen. All tissues were
218  Kkept at -80 °C until RNA extraction. Tissues were homogenized in TRIzol/QIAzol Lysis
219 Reagent (Life Technologies) with 3 mm tungsten carbide beads by using the Tissue Lyser |11
220 (QIAGEN, 9003240). Tota RNA was extracted using the Rneasy Micro Kit (QIAGEN,
221 74004). The RNA was quantified by using the NanoDrop 1000 spectrophotometer. 500 ng of
222 mRNA from each sample was used for retrotranscription, performed with the SuperScript®I11
223 Reverse Transcriptase (Life Technologies) following the manufacturer’s instructions.
224  Quantitative RT-PCRs were performed in a LightCycler 1.5 detection system (Roche, Meylan
225  France) using the Takyon No Rox SYBR MasterMix dTTP Blue (Eurogentec) in 384-well
226  plates according to the manufacturer’s instruction. The following primers were used: Cnrl
227  (forward 5-3 AGCAAGGACCTGAGACATG, reverse 5-3":
228 TGTTATTGGCGTGCTTGTGC), Rpl19 (forward 5-3: GGGCAGGCATATGGGCATA;
229 reverse 5'-3': GGCGGTCAATCTTCTTGGATT). Relative concentrations were extrapolated
230 from the concentration range for each gene. Concentration values were normalized to the
231 house-keeping gene RPL19.

232

233  Metabolic efficiency analysis

234 Indirect calorimetry was performed as previously described [12,49]. Mice were monitored for
235  whole energy expenditure (EE), O, consumption, CO, production, respiratory exchange ratio
236 (RER=VCO./VO,, V=volume), fatty acid oxidation (FAO) and locomotor activity using
237  caorimetric cages (Labmaster, TSE Systems GmbH, Bad Homburg, Germany). Ratio of
238  gases was determined through an indirect open circuit calorimeter. This system monitors O,
239 and CO:; at the inlet ports of a tide cage through which a known flow of air is ventilated (0.4
240 L/min) and regularly compared to a reference empty cage. O, and CO, were recorded every
241 15 min during the entire experiment. EE was calculated using the Weir equation for
242 respiratory gas exchange measurements. Food intake was measured with sensitive sensors for
243  automated online measurements. Mice were monitored for body weight and composition at
244 theentry and exit of the experiment using an EchoMRI (Whole Body Composition Analyzers,
245  EchoMRI, Houston, USA). The TSE PhenoMaster software v7.4.2 was used to collect and
246  visudlizethe data. Data were initially processed in Microsoft Excel using extracted raw values
247  of VO,, VCO; (mL/15 min), and energy expenditure (EE; kcal/15 min). Statistical analyses
248  were subsequently performed using GraphPad Prism 10 (GraphPad Software, La Jolla, CA,
249  USA). Covariance analyses between energy expenditure (EE) and lean body mass (LBM) are
250 reported in Suppl. Fig. 1 and 2.
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251

252 Transcriptomics meta-analysis

253  Publicly available transcriptomic data [50] were downloaded from Gene Expression Omnibus
254  (https://www.nchi.nim.nih.gov/geo/, GSE138651) and analysed using a Python 3.0 pipeline
255  generated in line with the original publication.

256

257  Statistics

258 All data are presented as mean + SEM. Statistical tests were performed with Prism 10
259  (GraphPad Software, La Jolla, CA, USA). No a priori sample size calculation was performed.
260 Statistical analysis was undertaken only for studies where each group size was at least n=5.
261  The declared group size is the number of independent values, and statistical analysis was done
262  using these independent values. Sample sizes (n = 5-12 mice per experimental group) were
263  chosen (i) based on previous studies using similar methodologies and in line with standard
264  practice in the field, and (ii) to comply with ethical considerations amed at minimizing
265  animal use, in accordance with the 3Rs principle, without compromising data quality. Normal
266  distribution of data was analysed using the Shapiro-Wilk test. Depending on the experimental
267 design, data were analysed using either Student’s t-test with equal variances, One-way
268 ANOVA or Two-way ANOVA. The significance threshold was automatically set at p<0.05.
269 ANOVA analyses were followed by Bonferroni post hoc test for specific comparisons only
270  when overall ANOVA revealed asignificant difference (at least p<0.05).

271

272 Nomenclature of Targetsand Ligands

273  Key protein targets and ligands in this article are hyperlinked to corresponding entries in
274 http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS
275 Guide to Pharmacology, and are permanently archived in the Concise Guide to
276  PHARMACOLOGY 2023/24 [51].

10
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277  Results

278

279  Themetabolic efficacy of peripheral CB1R inhibition depends on the metabolic state

280  Recent studies have shown that pharmacological inhibition of peripheral CB1 receptors using
281  agents such as JD5037 or AM6545 holds strong promise for treating metabolic and eating
282  disorders (for review see [52]). Here, we explored whether and how peripheral CB1R
283 inhibition affects feeding behaviour and metabolic efficiency. To address this, we first
284  administered different doses of the peripherally restricted CB1R inverse agonist JD5037 (3, 6,
285 and 10 mg/kg, i.p.) to lean mice fed a standard chow diet (CD) and assessed various
286  metabolic parameters of energy homeostasis. Interestingly, JD5037 had no significant effect
287 on food intake (Fig. 1A, E, ), respiratory exchange ratio (Fig. 1B, F, J), fatty acid oxidation
288  (Fig. 1C, G, K), or energy expenditure (Fig. 1D, H, L), compared to vehicle-treated controls.
289  This set of results indicate that inhibition of peripheral CB1R in lean animals does not alter
290 feeding, nutrient partitioning (oxidation of carbohydrates versus lipids) or energy balance.

291  Next, we investigated whether the beneficial effects of peripheral CB1R inhibition depended
292  on the metabolic state. Mice were fed a high-fat diet (HFD) for 2-3 months, leading to a
293  significant increase in body weight (Fig. 2A). In contrast to lean mice, administration of the
294  peripheral CB1R inverse agonist JD5037 (3 mg/kg, i.p.) markedly reduced food intake in
295  HFD-fed mice (Fig. 2B, BY). This was accompanied by ashift in nutrient utilization favouring
296 lipids over carbohydrates, as evidenced by a decreased respiratory exchange ratio (RER; Fig.
297 2C, CY and an increased fatty acid oxidation (FAO; Fig. 2D, DY). These metabolic changes
298  occurred without significant alterations in energy expenditure (EE; Fig. 2E, E*, Suppl. Fig.
299 1A) or spontaneous locomotor activity (Fig. 2F). Beside the metabolic state (chow diet-
300 versus HFD-mice), we also wondered whether the nutritional state (fasted versus fed mice)
301 may condition the anorexigenic effect of JD5037. Again, we observed that JD5037 (3 mg/kg,
302 i.p.) maintained its anorexigenic properties only in HFD-mice (food consumed after 4 hours
303  of refeeding, Fig. 2G).

304 To further complement these findings, we used the peripherally restricted CB1R antagonist
305 AMG6545 (3 mg/kg, i.p.) and observed comparable outcomes: a reduction in food intake (Fig.
306 2H) and a shift in nutrient partitioning (Fig. 21), again without affecting energy expenditure
307 (Fig. 23, Suppl. Fig. 1B).

308

309 Inhibition of peripheral CB1R activates satietogenic brainstem nuclel in a metabolic

310 state-dependent manner via the gut-brain vagal axis

11
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311 Building on our findings related to feeding behaviour and energy metabolism, we next
312  examined whether peripheral CB1R inhibition triggers specific patterns of neuronal activation
313 in key brainstem nuclei involved in satiety regulation, namely the nucleus tractus solitarius
314 (NTS), area postrema (AP), and parabrachial nucleus (PBN) (Fig. 3A), which are known to
315  participate in anorexigenic/satietogenic responses [53-56].

316  Chow- and HFD-fed mice were treated with JD5037 (3 mg/kg, i.p.) or vehicle, and neuronal
317  activity was assessed in the NTS, AP, and PBN using cFos immunoreactivity as a bonafide
318 molecular proxy of neurona activation. Strikingly, and in line with our earlier metabolic
319 observations (Fig. 1, 2), JD5037 increased the number of cFos-positive cells in these
320  brainstem regions exclusively in HFD-fed mice (Fig. 3A-E). This suggests that peripheral
321  CBI1R inhibition engages periphery-to-brain satiety circuits in a metabolic state-dependent
322 manner.

323  Eating disorders and obesity are associated with a chronic elevation of circulating
324  endocannabinoids, particularly 2-arachidonoylglycerol (2-AG) and/or anandamide (AEA), in
325  both humans and animal models, reflecting a systemic overactivation of the endocannabinoid
326 system (ECS) [11,15,57-59]. Given the activation of the NTS observed in HFD-fed mice
327 following JD5037 administration, we hypothesized that the vagus nerve, which conveys
328  periphera metabolic/nutritional signas to NTS-neurons, undergoes CB1R-related molecular
329 adaptations. To explore this aspect, we first examined whether neurons in the nodose ganglia
330 (NG) express CB1R. Consistent with previous reports [12,33], transcriptomic meta-analysis
331 [50] revealed a strong enrichment of Cnrl (the transcript encoding for CB1R) in Phox2b-
332 positive neurons of the NG with ~99% of vagal neurons also co-expressing Cnrl (Fig. 3F).
333  Furthermore, direct quantification of Cnrl expression in the NG showed a significant
334  upregulation in HFD-fed mice compared to chow-fed controls (Fig. 3G), suggesting that
335  obesity sensitizes vagal afferents to endocannabinoid signaling.

336  To directly assess whether JD5037-induced cFos activation in the NTS/AP was mediated via
337 the gut-brain vagal axis, we employed the subdiaphragmatic vagotomy (SDV) model. In
338  HFD-fed mice that underwent SDV (SDV"™-mice), JD5037 failed to €licit the robust cFos
339  activation observed in Sham"™-mice, with a dramatic reduction of cFos expression in the
340 NTS, AP and PBN (Fig. 3H-K). These findings indicate that peripheral CB1R inhibition
341  activates interconnected satiety-associated brainstem nuclel through a vagus nerve-dependent
342 mechanism.

343
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344  The gut-brain vagal axis is dispensable for the metabolic effects of peripheral CB1R
345 inhibition

346  Although the gut-brain vagal axis is required for JD5037-induced neuronal activation in the
347  brainstem, we next wondered whether this pathway was also necessary for the metabolic
348  effects of peripheral CB1R inhibition. To this end, we compared JD5037-mediated metabolic
349  responses in Sham"™- versus SDV™™-mice by using calorimetric cages. In this experiment,
350 food was removed during the light phase (Fig. 4A, B; magenta area) to isolate metabolic
351  responses from food intake (Fig. 4A, B; green area).

352  During this fasting period, JD5037 administration had no impact on respiratory exchange
353 ratio (RER), fatty acid oxidation (FAO), or energy expenditure (EE) in either group (Fig. 4C-
354 H), confirming that food intake is required to reveal the metabolic shift of nutrient
355  partitioning and utilization. When food was reintroduced prior to the dark phase (Fig. 4A, B;
356  green ared), JD5037 significantly reduced food intake in Sham™™-mice (Fig. 4A, A% but
357  surprisingly also in SDV™™-mice (Fig. 4B, BY). In addition, JD5037-induced changes in
358 nutrient utilization, characterized by a reduced RER and an enhanced FAO, were observed in
359  both groups (Fig. 4C-FY), with no significant differences in energy expenditure (Fig. 4G-H?,
360  Suppl. Fig. 2). These results suggest that, although the gut-brain vagal axisis essentia for the
361 central activation of satiety-associated brainstem nuclel (Fig. 3), it is not required for either
362 the metabolic effects or the changes in food intake (FI) induced by peripheral CB1R
363 inhibition.

364  To further validate the dispensability of gut-brain vagal signaling in the metabolic effects of
365 peripheral CB1R inhibition, we pharmacologically blocked the action of two key gut-derived
366  hormones: cholecystokinin (CCK) and glucagon-like peptide-1 (GLP-1). These incretins are
367 (i) known to be regulated by CB1R [27,31,60,61] and (ii) well-established activators of vagal
368  afferents [62,63]. We co-administered the CCK receptor antagonist devazepide (Fig. 5A) or
369 the GLP-1 receptor antagonist exendin-(9-39) (Fig. 5B) along with JD5037 in both chow- and
370 HFD-fed mice. Strikingly, neither antagonist reversed the anorexigenic effect of JD5037 (Fig.
371 5A, B), indicating that blocking CCK or GLP-1 signaling does not impair the appetite-
372 suppressing action of peripheral CB1R inhibition. These findings further support the
373  conclusion that gut-brain endocrine signaling is not required for the metabolic benefits
374  elicited by peripherally acting CB1R antagonists in a HFD model.

375

376 Inhibition of peripheral CB1R activates satietogenic hypothalamic nuclel in a metabolic

377 state-dependent but a vagus nerve-independent manner
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378 The hypothalamus is a central regulator of feeding behaviour and energy homeostasis [64].
379  We therefore examined whether peripheral CB1R inhibition triggered activation of two major
380 hypothalamic nuclei involved in appetite regulation: the paraventricular nucleus (PVN) and
381 the arcuate nucleus (ARC). JD5037 significantly increased the number of cFos-positive cells
382 inboth regions, but only in HFD-fed mice (Fig. 6A-C), reinforcing our earlier observationsin
383 the brainstem (Fig. 3) that peripheral CB1R inhibition engages periphery-to-brain satiety
384  pathwaysin ametabolic state-dependent manner.

385 We next investigated whether this hypothalamic activation required an intact vagus nerve
386 signaling. Unexpectedly, JD5037 still induced robust activation of both PVN- and ARC-
387  neurons in Sham™™®- and SDV"™-mice (Fig. 6D-F). Thus, in contrast to the brainstem (Fig.
388 3H-K), hypothalamic recruitment by peripheral CB1R inhibition appears to occur via a
389  vagus-independent mechanism. This alternative pathway may account for the comparable
390  behavioural and metabolic improvements observed in Sham™™®- and SDVH™-mice (Fig. 4),
391  supporting the existence of a distinct body-brain communication route driving hypothalamic
392  engagement.

393 To further explore the mechanisms underlying this effect, we assessed the potential
394  involvement of the autonomic nervous system. In fact, previous studies have shown that the
395 hypophagic action of rimonabant, a brain-penetrant CB1R antagonist, depends on the
396  activation of the sympathetic nervous system [45,65]. In contrast, pre-treatment of HFD-mice
397  with the peripherally restricted sympathetic blockers nadolol (10 mg/kg, i.p.) and sotalol (3
398 mg/kg, i.p.) did not ater JD5037-induced hypophagia (Suppl. Fig. 3A, B). Likewise,
399 inhibition of the parasympathetic tone using the peripheral cholinergic antagonist
400 glycopyrrolate (0.5 mg/kg, i.p.) failed to affect the anorectic response of JD5037 (Suppl. Fig.
401  3C).

402  Collectively, these findings demonstrate that peripheral CB1R inhibition activates
403  hypothalamic satiety circuits through a mechanism that is independent of both vagal and

404  autonomic nervous system signaling.
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405  Discussion

406 Our study provides compelling evidence that the metabolic efficacy of peripheral CB1
407 receptor (CBI1R) inhibition is strongly dependent on the metabolic state, with clear
408  distinctions between lean and diet-induced obese (DIO) mice. In fact, while peripheraly
409 restricted CB1R inverse agonists such as JD5037 had no measurable impact on feeding
410 behaviour, nutrient partitioning, or energy expenditure in lean animals, the same treatment
411  induced robust anorexigenic and metabolic effects in HFD-fed mice. These findings
412  underscore the importance of the metabolic environment in modulating responsiveness to
413  peripheral endocannabinoid system (ECS) manipulation and are consistent with clinical and
414  preclinical evidence indicating an exacerbated peripheral endocannabinoid tone in metabolic
415  and eating disorders[3,6].

416 A key finding is also that inhibition of peripheral CB1R selectively reduced food intake and
417  shifted fuel utilization towards fatty acid oxidation in HFD-fed mice, consistent with previous
418 studies showing that ECS overactivation contributes to hyperphagia and metabolic
419  dysfunctions in obesity [3]. This metabolic state dependence likely reflects (mal)adaptive
420 changes in periphera ECS tone, as supported by the upregulation of ECS-related signaling
421  components and CB1R in severa periphera tissues [14,57,66,67], as well as in the nodose
422  ganglia of HFD-fed mice (current study). This structure, which houses the sensory neurons of
423  the vagus nerve and integrates peripheral interoceptive and metabolic signals, may be
424  particularly relevant. In fact, increased vagal Cnrl expression may contribute, at least in part,
425  to the molecular and functional rearrangements underlying the blunted vagal activity induced
426 by chronic exposure to obesogenic diets [68—71].

427 Interestingly, we observed that peripheral CB1R inhibition activated satiety-associated
428  brainstem circuits, specifically the NTS, AP, and PBN, but only in HFD-fed animals. This
429  activation, visualized via increased cFos immunoreactivity and most likely resulting from a
430 CB1R-coupled Gi-dependent disinhibition, required an intact gut-brain vagal axis, as
431  subdiaphragmatic vagotomy strongly blunted JD5037-induced cFos expression in the
432  brainstem. These data suggest that obesity-associated ECS overactivity sensitizes the gut-
433 brain vagal axisto peripheral CB1R inhibition, thereby engaging central networks.

434  However, our findings also reveal a crucial dissociation: the gut-brain vagal axis is necessary
435  for neuronal activation in the brainstem but is dispensable for the metabolic effects of
436  periphera CBIR inhibition. In fact, even in SDV"™-mice, JD5037 retained its ability to
437  reduce food intake and shift nutrient partitioning, suggesting that peripheral mechanisms,
438 independent of gut-brain vagal inputs, are sufficient to mediate these homeostatic/metabolic

15


https://doi.org/10.64898/2025.12.10.693401
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2025.12.10.693401; this version posted April 27, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-NC 4.0 International license.

439  outcomes. These results, which are in line with a previous study showing that CB1R in vagal
440 Phox2b-neurons is dispensable for HFD-induced body weight gain [30], highlight that the
441 vaga endocannabinoid tone is mobilized in specific physio-pathological contexts such as
442  binge eating [12], alcohol preference/consumption [72,73], refeeding in fasted states [74] but
443  not obesity, which is a particular metabolic disorder. Furthermore, here we demonstrated that
444  pharmacologica blockade of the gut hormones CCK and GLP-1, whose release and activity
445  are scaled by CB1R-related signaling [27,31,60,75], did not prevent the anorexigenic effects
446  of JD5037. This finding further reinforces the notion that gut-derived endocrine signals are
447  not critical mediators of the metabolic effects elicited by peripheral CB1R inhibition. Thus,
448  the persistence of JD5037 efficacy in the presence of CCK and GLP-1 antagonism suggests
449  dternative, non-vagal mechanisms that may be responsible for the metabolic improvements
450 observed. These non-vagal, CB1R-mediated body-brain mechanisms may involve the release
451  and/or clearance of mediators from CB1R-expressing peripheral organs [13,28,76—79] in the
452  bloodstream and/or the recruitment of sensory spinal afferents [80,81], thereby modulating
453  feeding and metabolic outputs independently of gut-brain vagal inputs.

454  This interpretation is reinforced by our findings showing that the hypothalamic PVN and
455  ARC nuclei of obese mice, similar to brainstem nuclel, exhibit hypersensitivity to peripheral
456  CBIR inhibition, but through a mechanism independent of the vagus nerve. Importantly, this
457  observation contrasts with our previous report demonstrating that peripheral CB1R inhibition
458  induces a vagus-dependent activation of PVN- and ARC-neurons in binge-eating mice [12],
459  an effect that is absent in obese animals in the present study. This apparent discrepancy in
460 vaga involvement across metabolic states may reflect state-dependent alterations of the
461  endocannabinoid system. Indeed, while binge-eating mice are characterized by elevated levels
462  of 2-AG without significant changes in AEA [12], obese individuals exhibit changes in both
463  endocannabinoids [14,82]. Such differences in ligand availability may critically influence
464  how peripheral signals are relayed to the brain. Consistent with this idea, recent evidence
465 indicates that 2-AG and AEA can differentialy engage CB1R depending on receptor
466 localization and cell types, at least in the hippocampus, thereby eliciting distinct effects on
467  synaptic transmission and plasticity [83]. Together, these findings suggest that ligand-specific
468 and context-dependent CB1R signaling may underlie the differential recruitment of vagal
469  pathways across metabolic states.

470 In this context, our results support the existence of alternative body-brain communication
471  pathways capable of engaging hypothalamic circuits independently of the gut-brain vagal
472  axis. Recently, chronic administration of JD5037 has been shown to restore leptin sensitivity
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473  in obese mice, while also increasing circulating adiponectin and free fatty acids (FFAS) [7,21].
474  These parallel adipose tissue-derived factors may cross the blood-brain barrier and converge
475  at the hypothalamic level in a vagus nerve-independent manner, thereby promoting the satiety
476  and metabolic effects associated with JD5037, independently of brainstem nuclei activation.
477  An open guestion remains regarding the functional role of vagus-dependent brainstem circuits
478  activated (cFos induction) following peripheral CB1R inhibition. One plausible hypothesis is
479 that CB1R-mediated vagal signaling does not primarily influence homeostatic feeding and
480 peripheral energy metabolism, but instead modulates the hedonic, reward-driven aspects of
481  food intake [12,38,84]. Future studies should explore whether the reward deficits observed in
482 obese individuals may, at least in part, stem from dysfunctions in the gut-brain
483  endocannabinoid vagal system. This possibility is supported by evidence that
484  pharmacological elevation of 2-AG levels using the MAGL inhibitor JZL 184 induces binge-
485  eating behaviour in avagus-dependent manner [12].

486  Taken together, our results support a dua-pathway model for the action of peripheral CB1R
487  antagonists in obesity. One mechanistic pathway involves vagus-dependent neuronal
488  activation of brainstem nuclei. The second is a vagus-independent homeostatic and metabolic
489  pathway, likely involving direct peripheral effects on organs such as adipose tissue and/or the
490 liver, which may release endocrine mediators that ultimately act on the hypothalamus. This
491 model reconciles the CNS effects of peripheral CB1R inhibition [12,85-87] with the
492  sustained metabolic benefits seen in the absence of vagal or incretin signaling.

493  Our findings have important implications for the development of peripheraly restricted CB1R
494  antagonists as therapeutic strategies for obesity and related metabolic disorders, particularly in
495 light of recent clinical trials reporting significant metabolic improvements with the peripheral
496 CBI1Rinhibitor monlunabant [88,89]. The state-dependent responsiveness to peripheral CB1R
497 inhibition highlights the need to consider individual metabolic states when evaluating
498 therapeutic efficacy. Moreover, the dissociation between neuronal activation and metabolic
499 improvements suggests that engagement of satiety-associated brainstem circuits, while
500 desirable, may not be required for metabolic benefits, potentially reducing the risk of CNS-
501 mediated side effects. However, our study also highlights that targeting the peripheral
502  endocannabinoid system is not devoid of central consequences, as peripheral signals can
503 influence the activity of key brain nucle through body-brain communication pathways.
504  Although peripheraly restricted CB1R antagonists are expected to produce fewer adverse
505 effects than brain-penetrant compounds, further investigation is required to fully delineate
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506 their effects on metabolic, behavioural, and cognitive functions, as well as on associated
507 patterns of brain activity and circuit dynamics.

508  Future work should focus on identifying the peripheral cellular targets of CB1R inhibition
509 that mediate the observed shifts in energy balance and nutrient utilization. It will also be
510 important to determine whether similar mechanisms operate in humans and whether
511  biomarkers of ECS overactivity (e.g., circulating endocannabinoid levels or CB1R expression

512  profiles) can predict responsiveness to peripheral CB1R-based therapies.
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917 Figure 1: Inhibition of peripheral CB1R does not affect feeding and energy homeostasis
918 in lean mice. Escalating doses (3, 6, 10 mg/kg, i.p.) of the peripheral CB1R inverse agonist
919 JD5037 were administered to lean mice, and their feeding and metabolic profiles were
920 characterized by using metabolic chambers (indirect calorimetry). (A, E, I) Food intake, (B,
921 F, J) respiratory exchange ratio (RER), (C, G, K) fatty acid oxidation (FAO) and (D, H, L)
922 energy expenditure (EE) in mice injected with vehicle or JD5037 (3, 6, 10 mg/kg) (n=6-7
923  mice/group). Statistics: Two-way ANOVA followed by a Bonferroni post hoc test (all panels),

924  not significant.
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925
926  Figure 2: Inhibition of peripheral CB1R affects feeding and nutrient partitioning in

927 HFD-mice. (A) HFD-induced body weight gain. Veh or JD5037 (3 mg/kg, i.p.) were
928 administered to HFD-mice and their feeding and metabolic profiles were characterized by
929  using metabolic chambers (indirect calorimetry). (B, BY) Food intake, (C, C') respiratory
930  exchange ratio (RER), (D, DY) fatty acid oxidation (FAOQ), (E, E', see also Suppl. Fig. 1A)
931 energy expenditure (EE) and (F) spontaneous locomotor activity in HFD-mice injected with
932  vehicle or ID5037 (3 mg/kg, i.p.) (n=7 mice/group). (G) Food intake in fasted chow diet- and
933 HFD-mice 4 hours after refeeding schedule (n=6-7 mice/group). (H) Food intake, (I) RER
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and (J, see aso Suppl. Fig. 1B) EE in HFD-mice injected with vehicle or the peripheral
CB1R neutral antagonist AM6545 (3 mg/kg, i.p.) (n=7 mice/group). Statistics: Student’s t-test
(A panel), Two-way ANOVA followed by a Bonferroni post hoc test (B*, C*, DY, EL, F H, I, J
panels), One-way ANOVA followed by a Bonferroni post hoc test (G panel), *p<0.05,
**p<0.01 and ***p<0.001 for specific comparisons.
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Figure 3: Inhibition of peripheral CB1R leads to the activation of brainstem nuclei viaa
vagus nerve-dependent mechanism. (A) The drawing illustrates vagus nerve-mediated
activation of brainstem nuclei. (B) Immunofluorescence detection of cFos in the nucleus
tractus solitarius (NTS), area postrema (AP), and parabrachial nucleus (PBN) of chow- and
HFD-mice administered with JD5037 (3 mg/kg, i.p.). Quantifications of cFos-positive cellsin
the NTS (C), AP (D) and PBN (E) of chow- and HFD-mice administered with vehicle or
JD5037 (3 mg/kg) (n=5 mice/group). (F) Transcriptomic meta-analysis of Phox2b and Cnrl
in sensory neurons (n=453) of the nodose ganglia (NG). (G) Relative mRNA expression of
Cnrl in the nodose ganglia of chow- and HFD-mice (n=5-6 mice/group). (H)
Immunofluorescence detection and quantifications (I, J, K) of cFos-positive cellsin the NTS,
AP and PBN of Sham™™- and SDV"™-mice administered with JD5037 (3 mg/kg, i.p.) (n=5
mice/group). Scale bars: 250 um. Statistics: One-way ANOVA followed by a Bonferroni post
hoc test (C, D, E panels) or Student’s t-test (G, I, J, K panels), **p<0.01 and ***p<0.001 for

Specific comparisons.
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955 Figure 4. The gut-brain vagal axis does not mediate JD5037-induced feeding and
956  metabolic adaptations. Veh or JD5037 (3 mg/kg, i.p.) were administered to Sham™™- and
957  SDV"™-mice and their feeding and metabolic profiles were characterized by using metabolic
958  chambers (indirect calorimetry). (A, A', B, BY) Food intake, (C, C!, D, D% respiratory
959  exchange ratio (RER), (E, E, F, FY) fatty acid oxidation (FAO) and (G, G*, H, H?, see also
960  Suppl. Fig. 2) energy expenditure in Sham"™- and SDV"™-mice injected with vehicle or
961 JD5037 (3 mg/kg) (n=6 mice/group). Statistics: Two-way ANOVA followed by a Bonferroni
962  post hoc test (all panels), **p<0.01 and ***p<0.001 for specific comparisons.
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963
964 Figure5: CCK and GLP-1 do not mediate JD5037-induced feeding adaptations. (A, B)

965 Food intake in lean and HFD-mice following administration the CCK receptor antagonist
966  devazepide (0.3 mg/kg) (A) or the GLP1 receptor antagonist Exendin-9 (0.1 mg/kg) (B) (n=6-
967 12 mice/group). Statistics: Two-way ANOVA followed by a Bonferroni post hoc test (all

968  panels), ***p<0.001 for specific comparisons.
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970 Figure 6: Inhibition of peripheral CB1R leads to the activation of hypothalamic nuclel
971 via a vagus nerve-independent mechanism. (A) Immunofluorescence detection of cFos in
972  the paraventricular nucleus (PVN) and arcuate nucleus (ARC) of the hypothalamus of chow-
973  and HFD-mice administered with JD5037 (3 mg/kg). Quantifications of cFos-positive cellsin
974 the PVN (B) and ARC (C) of chow- and HFD-mice administered with vehicle or JD5037 (3
975 mg/kg) (n=6 mice/group). (D) Immunofluorescence detection and quantifications (E, F) of
976  cFos-positive cells in the PVN and ARC of Sham"™- and SDV"™-mice administered with
977 JD5037 (3 mg/kg) (n=6-7 mice/group). Scale bars: 150 um. Statistics: One-way ANOVA
978 followed by a Bonferroni post hoc test (B, C panels) or Student’s t-test (E, F panels),
979  ***p<0.001 for specific comparisons.
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982  Suppl. Figure 1. Energy expenditure does not covary with lean body massin HFD-mice.
983  Analysis of the relationship between energy expenditure (EE) and lean body mass (LBM) in
984 HFD-mice treated with vehicle or JD5037 (A), or vehicle or AM6545 (B). This analysis
985  relatesto Figure 2. Statistics: R* and p values are indicated within the panels.
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986
987  Suppl. Figure 2: Energy expenditure does not covary with lean body mass in Sham"™®-

988 and SDV"™-mice. Analysis of the relationship between energy expenditure (EE) and lean
989  body mass (LBM) in Sham™™- and SDV"™-mice treated with vehicle or JD5037 (A for
990  Sham™™®-mice; B for SDV"™-mice). This analysis relates to Figure 4. Statistics: R? and p
991 vaues are indicated within the panels.
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Suppl. Figure 3
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Suppl. Figure 3: The anorexigenic effect of JD5037 in HFD-mice does not depend on
recr uitment of the autonomic nervous system. Food intake (FI) following administration of
JD5037 in combination with the sympathetic blockers nadolol (A, n=10/group) and sotalol
(B, n=8/group), or the parasympathetic blocker glycopyrrolate (C, n=10/group) in HFD-mice.
Statistics: One-way ANOVA followed by Bonferroni post hoc test (all panels); ***p<0.001
for comparisons with the Veh+Veh group; *p<0.01 for comparisons with the Veh+JD5037

group.
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