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Introduction
Six glucagon-like peptide 1 (GLP-1) receptor agonists (GLP-1RAs) are approved for the treatment of  type 
2 diabetes, including 4 long-acting agents, but only 1 (liraglutide) is approved and 1 (semaglutide) under 
investigation for the treatment of  obesity. Both liraglutide and semaglutide are fatty acid acylated analogs of  
human GLP-1. In humans, the mechanism of action of  liraglutide is primarily energy intake reduction (1). 
Semaglutide was primarily optimized to obtain a markedly longer half-life in humans (160 vs. 12 hours) and 
full dipeptidyl peptidase-4 stability (2). However, in randomized clinical trials in type 2 diabetes, semaglutide 
resulted in up to 3 times greater weight loss compared with other GLP-1RAs and up to twice as much in 
patients with obesity, approaching 15 kg (3–5). In small randomized controlled clinical trials, semaglutide 
lowered energy intake by, on average, approximately 25% over 3 meals (6) and liraglutide by approximately 
15% over 1 meal (1). Semaglutide also lowered cardiovascular risk in patients with diabetes (7). Semaglutide 
is being investigated in 2 large phase III clinical trial programs in obesity: the STEP program, directed toward 
regulatory approval of  semaglutide as an antiobesity drug, and SELECT (NCT03574597), evaluating car-
diovascular outcomes in 17,500 patients. The mechanism of action of  semaglutide in patients with obesity is 
similar to that of  liraglutide — primarily energy intake reduction — but semaglutide has also been shown to 
improve control of  eating and food cravings and reduce preference for fatty, energy-dense foods (6), suggest-
ing that semaglutide may affect food intake via hedonic as well as homeostatic pathways.

We investigated the neural substrates mediating this effect. Peripherally administered liraglutide has 
direct access to a limited number of  brain regions, primarily circumventricular organs and a few sites in the 
hypothalamus (8), and CNS GLP-1Rs are important for its body weight–lowering (BW-lowering) effect (9). 

Semaglutide, a glucagon-like peptide 1 (GLP-1) analog, induces weight loss, lowers glucose levels, 
and reduces cardiovascular risk in patients with diabetes. Mechanistic preclinical studies suggest 
weight loss is mediated through GLP-1 receptors (GLP-1Rs) in the brain. The findings presented 
here show that semaglutide modulated food preference, reduced food intake, and caused weight 
loss without decreasing energy expenditure. Semaglutide directly accessed the brainstem, septal 
nucleus, and hypothalamus but did not cross the blood-brain barrier; it interacted with the 
brain through the circumventricular organs and several select sites adjacent to the ventricles. 
Semaglutide induced central c-Fos activation in 10 brain areas, including hindbrain areas directly 
targeted by semaglutide, and secondary areas without direct GLP-1R interaction, such as the 
lateral parabrachial nucleus. Automated analysis of semaglutide access, c-Fos activity, GLP-
1R distribution, and brain connectivity revealed that activation may involve meal termination 
controlled by neurons in the lateral parabrachial nucleus. Transcriptomic analysis of microdissected 
brain areas from semaglutide-treated rats showed upregulation of prolactin-releasing hormone and 
tyrosine hydroxylase in the area postrema. We suggest semaglutide lowers body weight by direct 
interaction with diverse GLP-1R populations and by directly and indirectly affecting the activity of 
neural pathways involved in food intake, reward, and energy expenditure.
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One challenge to elucidating a mechanistic role for GLP-1Rs stems from their complex expression across 
multiple brain regions (10–12), including the lateral septal nucleus (LSc), substantia nigra, ventral tegmen-
tal area (VTA), amygdala, nucleus accumbens (ACB), hippocampus, several regions of  the hypothalamus 
(paraventricular nucleus of  the hypothalamus [PVH], arcuate nucleus [ARH]), and hindbrain.

Following the original publication describing GLP-1 as a neurotransmitter involved in satiety (13), multiple 
efforts aimed to determine how neural GLP-1R populations interface with energy homeostasis pathways. GLP-
1Rs in the hypothalamus and hindbrain have a role in satiety regulation and meal termination (8, 14–20); for 
example, this corresponds to a subset of anorexigenic cocaine- and amphetamine-regulated transcript (CART)/
proopiomelanocortin (POMC) neurons that are directly targeted and activated by peripherally administered 
liraglutide (8). Other GLP-1R populations in the ACB, LSc, PVH, lateral hypothalamus (LHA), and VTA are 
involved in food choice, reward, and taste aversion (21–25). A growing body of evidence supports the hypothesis 
that GLP-1RAs may reduce food intake and BW through distributed effects in the CNS, rather than through 
a specific localized population of GLP-1Rs. Ablation of GLP-1Rs in the ARH does not fully attenuate the 
BW-lowering effect of liraglutide, suggesting that these GLP-1Rs are involved in, but not the sole mediators of, 
the effects of GLP-1RAs (20). Furthermore, the efficacy of liraglutide is not altered by area postrema (AP) or 
PVH ablation or by vagal lesions (8, 20). A study in genetically engineered mice highlighted that GLP-1Rs on 
glutamatergic (rather than GABAergic) neurons are required for liraglutide-induced weight loss (19). Several 
GLP-1R–positive neuronal populations in different locations could thus be involved, suggesting action on a net-
work of neurons that likely interfaces with multiple aspects of neural energy homeostasis control.

We characterized how semaglutide interacts with different neural GLP-1R populations to affect BW, 
energy expenditure (EE), and food preference. Our data show that semaglutide did not permeate the blood-
brain barrier (BBB); it affected the brain via circumventricular organs and may work through select regions 
close to the ventricles, such as the LSc and ARH. In the ARH, semaglutide — similarly to liraglutide — 
directly activates POMC/CART neurons. Semaglutide distribution is limited to discrete brain regions, with 
some differences compared with liraglutide, i.e., in the PVH and LSc. Using complementary approaches, we 
identified direct and indirect effects of  semaglutide on neuronal activity and gene expression. Characteriza-
tion of  the phenotypes of  GLP-1R neurons in areas directly targeted by semaglutide revealed that proteins 
known to be involved in appetite regulation coexpress with GLP-1R. The transcriptomic effects of  liraglutide 
and semaglutide were evaluated in 6 rat brain nuclei involved in energy homeostasis control. Differential 
regulation of  gene pathways between liraglutide and semaglutide matched differences in compound distri-
bution. Semaglutide increased prolactin-releasing peptide (PrRP) and tyrosine hydroxylase (TH) in the hind-
brain. These data, combined with an automated analysis of  whole-brain c-Fos activity showing sites with and 
without direct compound access, support a model in which semaglutide regulates BW by directly targeting 
independent brain regions; through these entry sites, multiple pathways are engaged in providing input to key 
appetite-modulating relay stations, such as the parabrachial nucleus (PB). We provide a potentially novel, 
comprehensive view of  the direct and indirect effects of  peripherally administered, long-acting GLP-1RAs 
on multiple brain regions. Building upon previous attempts to characterize essential cell populations, we elab-
orate on neuronal populations and pathways that engage with GLP-1RAs and, thus, may explain overall 
pharmacologic efficacy. Compared with genetic approaches highlighting the importance of  single GLP-1R 
populations, this broader approach is important in determining the functional mechanisms of  GLP-1RAs 
and evaluating the potential translational value of  other mechanistic principles for the treatment of  obesity.

Results
Semaglutide induces weight loss, lowers food intake, and alters food preference in diet-induced obese rodents. Diet-in-
duced obese (DIO) mice and rats fed a high-fat diet received semaglutide, administered subchronically, and 
the effects on food intake and BW were evaluated. In a 3-week study in DIO mice, semaglutide dose-de-
pendently reduced BW and suppressed food intake. The reduction in BW from baseline was 22% at the 
maximum dose tested (mean ± SEM, 100 nmol/kg from 43.6 ± 1.6 g to 34.8 ± 1.4 g) and 10% from 
baseline at the lowest dose tested (mean ± SEM, 1 nmol/kg, from 42.5 ± 1.3 g to 38.2 ± 1.3 g) (Figure 1, 
A and B). In addition to the changes in BW, reductions in fat mass were observed (Supplemental Figure 1; 
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.133429DS1). 
In contrast, the effect on lean mass was minor and not significant relative to vehicle control (Supplemental 
Figure 1). Maximal suppression of  food intake occurred within the first 5 days, with the greatest reduction 
in food intake observed on day 1 at the highest dose of  semaglutide (mean ± SEM, 100 nmol/kg dose, 
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reduction of  68.2% ± 4.3% compared with vehicle). A similar pattern of  BW loss and transient food intake 
suppression was observed in DIO rats (data not shown).

To evaluate the effect of  semaglutide on energy balance and substrate use, DIO mice that received 
vehicle or semaglutide (9.7 nmol/kg) for 11 days were assessed using indirect calorimetry. Food-restricted, 
weight-matched controls were used as comparators. Semaglutide suppressed food intake and induced a 
17%–18% reduction in BW (Figure 1, C and F). No significant changes in locomotor activity were observed 
between groups (Supplemental Figure 1). Weight-matched controls responded to food restriction with a 
sustained reduction in EE during the dark and light phases (animals were subject to a 12-hour light/12-
hour dark cycle) (Figure 1, D and E). In contrast, semaglutide transiently reduced dark phase EE until day 
6 of  treatment, after which levels were not significantly lower than those of  the vehicle-treated controls 
(Figure 1D). Using ANCOVA to adjust EE for lean mass after treatment, we found no difference between 
semaglutide and vehicle control (Supplemental Figure 1). Reduction in the RER occurred following sema-
glutide and food restriction (Figure 1, G and H). During the dark phase, the reduction in RER with sema-
glutide was more pronounced than with weight-matched controls; the converse was true during the light 
phase. This corresponded to the observation that all weight-matched controls consumed all food within the 
first few hours of  the dark phase, whereas in the semaglutide group, food intake was more gradual, occur-
ring throughout the dark phase.

Figure 1. Semaglutide in obese 
rodents. (A and B) BW and 
food intake in DIO mice treated 
twice daily (n = 9). (C−H) BW, 
EE, food intake, and RER in 
DIO mice treated once daily 
(n = 8). *P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 
0.0001 semaglutide (sema) vs. 
vehicle and #P < 0.05, ##P < 
0.01, and ###P < 0.001 sema vs. 
weight-matched, mixed-ef-
fects model, Tukey’s post hoc. 
(I−K) BW and food preference 
in DIO rats treated once daily (n 
= 13–14). *P < 0.05, **P < 0.01, 
and ***P < 0.001 vs. vehicle, 
1-way ANOVA, Dunnett’s post 
hoc. Data are individual mea-
sures with mean ± SEM. Ani-
mals were subject to a 12-hour 
light/12-hour dark cycle. RER, 
respiratory exchange ratio; 
sema, semaglutide.
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The effect of  semaglutide on preference for palatable food was tested in a 77-day study in rats simulta-
neously offered standard chow and chocolate bars. There was a significant and dose-dependent reduction 
in BW (Figure 1I, P < 0.05 for 0.3 nmol/kg semaglutide; P < 0.001 for 1 nmol/kg semaglutide) in sema-
glutide-treated animals compared with controls. The reduction in energy intake was driven by decreased 
chocolate intake with semaglutide treatment compared with vehicle (Figure 1J, P < 0.01 for 0.3 nmol/
kg semaglutide, P < 0.001 for 1 nmol/kg semaglutide). Meanwhile, there was a nonsignificant increase in 
chow intake with semaglutide compared with control (Figure 1K).

Semaglutide specifically accesses GLP-1R–positive brain areas following peripheral administration. Mice received 
VivoTag750-S–labeled semaglutide (semaglutideVT750) and were compared with vehicle-injected mice (Fig-
ure 2C). Whole-brain data acquisition was performed with light sheet fluorescence microscopy to detect 
fluorescent signals with acute (6 hours i.v.) and steady-state (5 days, once daily s.c.) semaglutideVT750 and 
quantified using a digital brain atlas. Following acute administration, a robust signal for semaglutideVT750 
was observed in 4 circumventricular organs: AP, median eminence (ME), vascular organ of  the lamina 
terminalis (OV), and subfornical organ (SFO); as well as in regions protected by the BBB: the caudal part 
of  the LSc, septofimbrial nucleus (SF), ARH including the posterior part (PVp), median preoptic nucleus, 
nucleus tractus solitarius (NTS), and the dorsal motor nucleus of  the vagus nerve (DMX). SemaglutideVT750 
was also observed in the choroid plexus (CHPL), as exemplified by the plexus located in the lateral ventri-
cle (Figure 2, A and D). At steady state, semaglutideVT750 was also apparent in the dorsomedial hypothalam-
ic nucleus (DMH), medial mammillary nucleus (MM), PVH, supraoptic nucleus (SO), and tuberal nucleus 
(TU) (Figure 2, B and E).

To evaluate whether the semaglutideVT750 signal was dependent on GLP-1R expression, semaglutideVT750 
was administered to mice lacking a functional GLP-1R (Glp1r–/–) and evaluated after 6 hours. Visually, the 
average distribution signals clearly decreased in all brain regions except the CHPL in the Glp1r–/– group 
(Figure 2F). GLP-1R was visualized using whole-brain GLP-1R IHC staining (Figure 2G) and compared 
with the steady-state semaglutideVT750 signal. There was a high degree of  overlap between semaglutide and 
receptor distribution, mainly in hypothalamic and hindbrain regions. Supplemental Video 1 shows sema-
glutideVT750 distribution in the mouse brain at steady state.

Differences in the central distribution of  semaglutideVT750 and liraglutideVT750 were compared at steady 
state in mice. Signal intensities in multiple regions obtained from the whole-brain access data (semaglu-
tideVT750: Figure 2, B and F; liraglutideVT750: Supplemental Figure 2) showed areas with increased semaglu-
tideVT750 access compared with liraglutideVT750, namely the LSc, SF, MM, and PVp, and areas showing the 
converse (OV, SO, PVH, and SFO; Figure 2H). High-resolution confocal image analysis following admin-
istration of  cyanine 3–labeled semaglutide and liraglutide (semaglutideCy3 and liraglutideCy3) to mice qual-
itatively showed the differences in distribution pattern in the hypothalamus and AP (Figure 3, A–J). Both 
compounds were present in the ARH, but compared with liraglutideCy3, semaglutideCy3 had a distribution 
that extended more laterally (Figure 3, A–C and F–H) and further into the posterior portions (Figure 3, C 
and H) of  the ARH. In the AP, both compounds were equally distributed (Figure 3, D and I), whereas in 
the PVH, liraglutideCy3 extended more laterally, compared with semaglutideCy3 (Figure 3, E and J).

Semaglutide does not interact with endothelial cells of  the BBB. Using electron microscopy, GLP-1R expres-
sion in rat tissue was detected within α tanycytes, neuronal perikarya, and dendrites, with more limited 
staining in β2 tanycytes. Notably, there was no labeling on endothelial cells of  capillaries in the ARH (Fig-
ure 4, E and F). Endothelial/astrocyte cocultures and rat neonatal tanycyte primary cultures were used as 
in vitro models with previously documented properties reflecting the BBB biology (26–28). Semaglutide-
Cy3 (100 nM) showed no specific accumulation in endothelial cells whereas, in tanycytes, heterogeneous 
accumulation was observed (Figure 4G). Coincubation with the GLP-1 antagonist exendin 9-39 (1000 
nM) abolished most of  the signal in tanycytes. GLP-1R expression and activation were investigated in 
tanycytes by determining phosphorylation of  the cyclic AMP response element binding protein (p-CREB) 
(Supplemental Figure 3). In controls, a few nuclei stained weakly positive, indicating constitutive p-CREB. 
Incubation with 100 nM semaglutide induced p-CREB expression in all nuclei, a response inhibited by 
coincubation with 1000 nM exendin 9-39, indicating that semaglutide binds to and activates GLP-1Rs on 
tanycytes. IHC with an antibody recognizing mouse and rat GLP-1R showed expression in cultured tany-
cytes, whereas no signal was seen in endothelial cells isolated from rat cortices or in secondary antibody 
controls (Supplemental Figure 4).

Radiolabeled semaglutide (125I-semaglutide) in the presence and absence of  exendin 9-39 was used 
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to quantify the semaglutide that interacts with the BBB endothelium and tanycytes (Figure 4, H and I). 
Uptake of  semaglutide was significantly higher in tanycytes than endothelial cells (P < 0.0001). Exendin 
9-39 partly inhibited tanycytic uptake of  125I-semaglutide (P < 0.01) but did not affect uptake in endothelial 
cells (Figure 4H). The ability of  tanycytes to release semaglutide was studied by preloading them with 
125I-semaglutide and applying clean uptake buffer to obtain an outgoing concentration gradient (Figure 4I). 
Intracellular accumulation of  125I-semaglutide declined after removal of  the donor medium, resulting in a 
66% reduction in the accumulated compound after 15 minutes.

GLP-1R–expressing neurons in the ARH and AP coexpress genes involved in appetite regulation and take up 
semaglutide. The cellular phenotypes of  GLP-1R-expressing cells in the ARH and AP were evaluated by 
costaining for GLP-1R and markers of  appetite regulation. GLP-1R was coexpressed with CART in the 
ARH (Figure 5A) but not in the AP or NTS (Supplemental Figure 5). GLP-1R was highly coexpressed with 
somatostatin (SST), a marker of  GABAergic neurons, in the ARH (Figure 5B) and the LSc, but not in the 
AP or NTS (Supplemental Figure 6). In recent studies, TH-expressing neurons in the ARH, coexpressing 
neither neuropeptide Y (NPY)/agouti-related peptide  (AgRP) nor CART, were implicated in metabol-

Figure 2. SemaglutideVT750 distribution in mouse brain. (A) Acute and (B) steady-state brain distribution. Dots show individual measures of total fluores-
cence signal in selected brain regions with horizontal bar at group median. Asterisks indicate enriched regions with FDR of 5%; **P ≤ 0.01; ***P ≤ 0.001; 
****P ≤ 0.0001. (C−F) Maximum intensity projection (MIP) of the average signal computed from individual brains (n = 4) overlaid onto the Common Coor-
dinate Framework version 3 template from AIBS. (C) Representative vehicle signal from WT and Glp1r–/– mice. (D) Acute semaglutideVT750 signal, WT mice. 
(E) Steady-state semaglutideVT750 signal, WT mice. (F) Acute semaglutideVT750 signal, KO mice. (G) GLP-1R distribution visualized with whole-brain IHC. (H) 
Clustered heatmap of fluorescence signal in selected brain regions from mice treated with semaglutideVT750, liraglutideVT750, or vehicle (n = 4). Plot shows 
average semaglutideVT750 versus liraglutideVT750 signal per region. Regions selected based on at least 2.5-fold signal enrichment over vehicle-treated animals 
in either semaglutide- or liraglutide-treated groups. Hierarchical clustering of samples (columns) and brain regions (rows) based on Pearson’s correlation. 
AIBS, Allen Institute for Brain Science; DMH, dorsomedial hypothalamic nucleus; FDR, false discovery rate; lira, liraglutide; liraglutideVT750, VivoTag750-S–
labeled liraglutide; max., maximum; MEPO, median preoptic nucleus; min., minimum; MM, medial mammillary nucleus; PVH, paraventricular nucleus of 
the hypothalamus; PVp, posterior part; semaglutideVT750, VivoTag750-S-labeled semaglutide; SO, supraoptic nucleus; TU, tuberal nucleus; Veh, vehicle.
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ic control (29). A sparse overlap between GLP-1R and TH was observed in the ARH, while in the AP 
coexpression was abundant (Figure 5, C and D). The uptake of  semaglutideCy3 into the abovementioned 
neuronal populations was examined. In the ARH, semaglutide colocalized with GLP-1R (Figure 5, E–H), 
CART (Figure 5I), SST (Figure 5J), and TH (Figure 5K). Similarly, semaglutideCy3 and TH colocalized in 
the AP (Figure 5L). These data demonstrate that peripherally injected semaglutide enters GLP-1R–positive 
neurons, which likely interface with central appetite regulation pathways.

Semaglutide stimulates neuronal activity in brain areas involved in appetite regulation. Current clamp recordings 
from mouse brain ARH slices containing POMC–enhanced green fluorescent protein and NPY–humanized 
Renilla green fluorescent protein neurons were performed, and changes in membrane potential were measured 
in the absence and presence of semaglutide. POMC/CART neurons were depolarized in response to semaglu-
tide, whereas NPY/AgRP neurons elicited membrane hyperpolarization and became inactivated (Supplemental 
Figure 7, A–F). Semaglutide further altered expression of POMC and NPY neuropeptides, as measured by 
quantitative PCR following laser capture microdissection of the ARH from DIO mice subchronically admin-
istered semaglutide. Both NPY and AgRP mRNA levels were higher in weight-matched controls than in the 
semaglutide-treated group (NPY 1.3-fold, P < 0.01; AgRP 1.5-fold, P < 0.05) and the ad libitum vehicle–fed 
controls (NPY 2-fold, P < 0.001; AgRP 2.8-fold, P < 0.001; Supplemental Figure 7G). CART mRNA levels 
were increased in semaglutide-treated mice compared with the vehicle-fed mice (1.2-fold, P < 0.05) and weight-
matched mice (1.7-fold, P < 0.001), whereas POMC expression was unaffected (Supplemental Figure 7G).

c-Fos expression in the brain was quantified using automated segmentation methodology 4 hours after 
subcutaneous (s.c.) injection of  semaglutide or vehicle. Increased c-Fos activity was observed in the bed 
nuclei of  the stria terminalis (BST), central amygdala nucleus (CeA), OV, parasubthalamic nucleus (PSTN), 
SFO, midline group of  the dorsal thalamus (MTN), PB, AP, DMX, and NTS after acute s.c. semaglutide (4 
hours) (Figure 6, A–C). When an average heatmap of  semaglutide-specific c-Fos increase (Figure 6B) was 
compared visually with the map of  semaglutideVT750 brain access (Figure 2E), the largest overlap was in the 
hindbrain, mainly in the AP and NTS, indicating that the c-Fos response was a direct effect of  semaglu-
tide interaction with GLP-1R in these regions (Figure 6D). However, most of  the c-Fos increase occurred 
in regions not directly targeted by semaglutide (BST, CeA, MTN, PB, and PSTN), indicating secondary 
activation. These areas corresponded to regions identified as being part of  an appetite regulation pathway 
related to meal termination (30–33). This pathway is believed to be initiated by hindbrain signaling and 
relayed through the lateral PB. Further investigation of  the semaglutide-induced c-Fos signal in the lat-
eral PB revealed distinct c-Fos expression in 2 subnuclei: the central lateral (cl) and dorsal lateral (dl) PB. 
Costaining for c-Fos and the appetite-suppressive protein, calcitonin gene-related peptide (CGRP), revealed 
a high degree of  overlap in dl PB and none in cl PB (Supplemental Figure 8). Furthermore, a c-Fos–nega-
tive, CGRP-positive cell population was observed in the external lateral PB (Supplemental Figure 8).

Figure 3. Differential distribution of semaglutideCy3 and liraglutideCy3 in the hypothalamus and AP. Representative 
high-magnification confocal images from mice injected for 4 consecutive days with semaglutideCy3 or liraglutideCy3 (red, 
each n = 3); DAPI nuclear stain (blue). (A–C and F–H) ARH, 3 different levels from an anterior to posterior direction; (D 
and I) AP; and (E and J) PVH. Scale bar: 100 μm. 
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A contextual relationship between whole-brain c-Fos activation and semaglutide was established by 
comparing the semaglutide-specific c-Fos heatmap (Figure 6B) with 2469 brain connectivity maps from the 
AIBS. The largest overlap originated from the NTS or PB (Supplemental Table 1). A connectivity map of  
glutamatergic projections from the PB was overlaid with the semaglutide-specific c-Fos–generated heatmap 
to visualize the likely involvement of  the observed regions with secondary brain activation (Figure 6E).

To further characterize GLP-1RA stimulation of  glutamatergic projections from the hindbrain to the 
PB, we examined the expression of  the vesicular glutamate transporter SLC17A6 (also known as vGLUT2), 
which mediates glutamate uptake in excitatory neural cells, and GLP-1Rs in the AP and NTS. In the AP, 
overlap between SLC17A6 and GLP-1R was observed, whereas there were no GLP-1R–positive cell bod-
ies in the NTS, suggesting that the glutamatergic entry point for GLP-1RAs to the PB is through the AP 
(Supplemental Figure 9). Supplemental Video 2 shows acute neuronal activation, based on c-Fos staining 
following semaglutide administration.

Figure 4. GLP-1R is present on 
tanycytes but not endothelial 
cells in rat ARH, and in vitro, 
semaglutide does not interact 
with BBB endothelial cells but is 
taken up by tanycytes. Electron 
micrographs of rat tissue section 
from the ARH showing GLP-1R 
immunoreactivity (silver grains) 
on (A) the ventricular surface and 
interwoven lateral surface of α 
tanycytes, (B) the cell membrane 
of neuronal perikarya (arrows), and 
(C) the cytoplasm and surface of 
dendrites. (D) Limited, scattered 
GLP-1R immunoreactivity in β2 
tanycytes lining the ventricular 
wall of the ME. (E and F) Endo-
thelial cells lining capillaries in the 
ARH appear unlabeled. (G) Sema-
glutideCy3 (100 nM; in red) uptake 
in bovine brain endothelial cells 
(left column) in coculture with rat 
astrocytes and in rat tanycytes in 
monoculture (right column), with 
or without 1000 nM exendin 9-39 
(ex-9-39). Nuclei Hoechst staining 
(blue). (H) Intracellular accumula-
tion of 125I-semaglutide (0.7 nM) 
in BBB endothelial cells and tany-
cytes with or without 1000 nM 
ex-9-39. Individual values, mean, 
and SD shown (n = 3). Means were 
compared using 2-way ANOVA 
with Bonferroni’s correction. 
**P < 0.01, and ****P < 0.0001. 
(I) Intracellular accumulation of 
125I-semaglutide in preloaded tany-
cytes in clean uptake buffer. Data 
are shown as mean and SD (n = 3). 
Scale bars: 500 nm (A–F), 25 μm 
(G). en, endothelial cell; 3V, third 
ventricle; mit, mitochondrion.
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Transcriptomic effects of  semaglutide and liraglutide in discrete brain regions. Effects on mRNA profiles were 
examined in 6 laser capture microdissected brain regions (LSc, PVH, ARH, DMH, AP, and NTS), based 
primarily on areas with compound and receptor distribution overlap. RNA sequencing gene expression 
analyses were performed in semaglutide- and liraglutide-treated DIO rats after weight loss, during the 
steady-state weight maintenance period. A comparable level of  weight loss between treatment groups was 
achieved via dose adjustment. Treatment groups were compared with an ad libitum vehicle–fed group and 
a weight-matched control group, to differentiate between the effects of  weight loss induced by food restric-
tion and GLP-1RA treatment (Supplemental Figure 10A).

Genes with well-established spatial expression patterns were used to assess sample purity and indicated 
successful microdissection (Supplemental Figure 10B), mirrored by clear segregation of  the 6 different 
brain regions in a principal component analysis (Supplemental Figure 10C). Within the 6 brain regions, no 
clear differences between treatment groups was observed (Supplemental Figure 10B). A limited number of  
statistically significant differentially expressed genes (DEGs) were identified by analysis of  gene expression 
between treatment groups for each area (Supplemental Table 2). Supplemental Table 3 shows raw data for 

Figure 5. GLP-1R neurons coexpress modulators of appetite regulation in areas directly targeted by peripheral administration of GLP-1RAs. (A−H) Repre-
sentative immunofluorescence images taken from mouse ARH and AP processed for GLP-1R (green) and CART, SST, and TH, respectively (red). DAPI nuclear 
staining (blue). GLP-1R expression in (A−C) ARH, colocalized with CART, SST, and TH, respectively, and in (D) AP colocalized with TH. Dashed boxes indicate the 
location of the insets. (E−L) Confocal images from mice i.v. injected for 4 consecutive days with semaglutideCy3 (red) and DAPI nuclear stain (blue) applied. (E−H) 
Colocalization of semaglutideCy3 with GLP-1R in the ARH. Dashed box in E indicates location of F−H. (I−K) Colocalization of semaglutideCy3 with CART, SST, and 
TH, respectively, in the ARH and (L) with TH in AP. Scale bars: 100 μm (A−E), 10 μm (A−D insets and F−H), and 20 μm (L). SST, somatostatin.
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median gene expression values. Using these data, an analysis based on Kyoto Encyclopedia of  Genes and 
Genomes (KEGG) pathways was performed to identify overrepresented biological pathways among the 
DEGs. Figure 7A shows the top 10 overrepresented KEGG pathways.

We observed differences in liraglutide versus weight-matched or vehicle-fed controls, as reflected by sig-
nificant overrepresentations within a few KEGG pathways (Figure 7A). In contrast, semaglutide appeared 
to be similar to controls (Figure 7A). Interestingly, differences in KEGG pathway enrichment between the 
2 compounds were predominantly observed in the LS, PVH, and ARH, corresponding to the areas with 
differences in compound distribution. The most significant findings were in the pathways representing ribo-
somal signaling and oxidative phosphorylation. Figure 7B shows the top 20 differentially regulated genes in 
these pathways, depicting liraglutide-mediated upregulation in the ARH and downregulation in the PVH 
and LS, while the expression profile for semaglutide more closely resembled weight-matched and vehicle 
controls. Supplemental Figure 10D depicts DEGs mapped onto canonical pathways.

An investigation of differences between treatment groups on a single-gene level using transcriptomic data 
showed noteworthy results for TH. In the ARH, TH was downregulated in the liraglutide group compared with 
all other groups (Figure 8A, P < 0.001, FDR 0.007 liraglutide versus weight-matched control; FDR NS liraglu-
tide versus semaglutide or vehicle control). In the AP, TH was upregulated in both treatment groups compared 
with vehicle (P < 0.01, FDR NS; Figure 8A). A transcriptome analysis of DIO mice treated with the 2 GLP-
1RAs for 7 days (BW loss ~18%) showed similar upregulation of TH in the AP, with no differences in the ARH 
(data not shown). The high degree of TH/GLP-1R overlap in the AP, together with the presence of semaglutide 
in these neurons (Figure 5), suggests a direct action of the 2 GLP-1RAs on GLP-1R/TH neurons in the AP.

Among the genes differentially expressed in treated versus nontreated rats, prolactin-releasing hormone 
(PrLH) in the AP represented the most significant finding. PrLH was upregulated about 22-fold in the AP 
in each treatment group versus vehicle and weight-matched controls (Figure 8B, P < 0.001, FDR < 0.001). 

Figure 6. Semaglutide activates a meal termination pathway. (A) c-Fos activation (blue) 4 hours after s.c. semaglutide or vehicle administration (horizontal 
sections). (B) Horizontal MIP of average c-Fos increase after semaglutide administration (n = 6). The signal is overlaid onto the Common Coordinate Frame-
work version 3 template from AIBS. (C) Individual values for c-Fos signal 4 hours after s.c. semaglutide (blue) or vehicle (red) administration. Asterisks indicate 
enriched regions with FDR of 20%; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001. (D) Horizontal MIP of average c-Fos increase (blue) compared with 
average acute semaglutideVT750 access map (pink). White circle indicates possible direct activation in hindbrain. (E) Horizontal MIP of average c-Fos increase 
(blue) compared with connectivity map from AIBS outlining unilateral glutamatergic projections from the lateral PB (yellow, PB circled). 
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In the NTS, PrLH expression was downregulated approximately 2-fold in the weight-matched group com-
pared with vehicle control (P < 0.05, FDR NS). In contrast, downregulation was not observed in either 
of  the GLP-1RA–dosed groups (Figure 8B). This was confirmed in the NTS of  mice, whereas no PrLH 
expression was observed in the AP following treatment with GLP-1RAs (data not shown). IHC for PrRP 
(product of  the PrLH gene) showed that it was upregulated in the AP of  rats treated with semaglutide 
or liraglutide for 7 days, compared with vehicle (Figure 8, C–E). In rats, acute treatment (4 hours) with 
GLP-1RAs did not increase PrRP levels compared with vehicle (data not shown). Costaining for GLP-1R 
in the rat AP revealed that all PrRP-positive neurons were GLP-1R positive, whereas not all GLP-1R–pos-
itive cells were PrRP positive (Figure 8F). In the NTS, no colocalization was observed between PrRP and 
GLP-1R. In contrast, although TH exhibited minimal coexpression with PrRP in the AP (Figure 8G), the 
majority of  NTS PrRP-positive neurons also expressed TH (Figure 8H).

Whether PrRP upregulation in the AP was specific to GLP-1RAs was investigated in the AP of  DIO 
rats after receiving vehicle, liraglutide, or a stable amylin analog for 7 days. Only liraglutide induced PrRP 
expression in the AP (data not shown), suggesting the expression change is specific to GLP-1RA treatment, 
rather than a general consequence of  weight loss.

Figure 7. Transcriptomic effects across brain regions directly targeted by peripherally administered semaglutide and liraglutide. (A) Top 10 KEGG pathways 
identified as overrepresented among DEGs (http://www.genome.jp/kegg/pathway.html). (B) Line charts of the 2 most highly concordant expression patterns 
among the DEGs shown in panel A: oxidative phosphorylation (blue) and ribosomal signaling (orange). Each line represents the relative expression of a single 
gene (median-centered, variance-stabilized expression count across samples for a given tissue/treatment). ABC, ATP-binding cassette; WM, weight matched.
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Discussion
Numerous studies have investigated the molecular mech-
anism of  GLP-1 in energy homeostasis following direct 
central administration to select regions of  interest with 
GLP-1R expression. The relatively limited access of  periph-
erally administered liraglutide to the brain (8) has, howev-
er, raised the question of  which brain regions are relevant 
for the BW-lowering effects of  peripherally administered 
GLP-1RAs. Here, we show that semaglutide also exhibits 
limited brain access following peripheral administration, 
which is unlikely to be driven by general permeation of  the 
BBB. We further identify that semaglutide acts directly on 
neurons in the hypothalamus and the hindbrain involved 
in food intake control and, according to whole-brain c-Fos 
analyses, the pattern of  neuronal activation elicited by sema-
glutide overlaps with neuronal pathways involved in meal 
termination. We hypothesize that semaglutide may regulate 
BW by indirect neuronal input to key appetite-modulating 
relay stations, such as the PB, via several independent brain 
nuclei that are accessed directly by semaglutide. Finally, the 
transcriptomic profile in brain regions directly targeted by 
semaglutide was evaluated and revealed potentially novel 
GLP-1RA–regulated genes, such as PrLH.

Previous studies have demonstrated that i.v. GLP-1 and 
exendin-4 can enter the brain (34), and it has been wide-
ly assumed that GLP-1 and related peptides cross the BBB. 
However, several observations do not support general BBB 
permeability, including the limited brain access observed with 
fluorescently labeled semaglutide in the present study, togeth-
er with analogous results with GLP-1 (35) and liraglutide (8). 
The in vitro BBB model used here substantiated this, and we 
did not find GLP-1R expression in endothelial cells using elec-
tron microscopy, whereas expression in tanycytes lining the 
third ventricular wall of  the ventromedial ARH was found. 

Studies describe distinct populations of  tanycytes around the third ventricle, which display significantly dif-
ferent gene expression patterns (36). The role of  GLP-1Rs on tanycytes remains to be fully characterized, 
but they may be involved in transport of  semaglutide into the ARH. This population of  tanycytes could 
also serve as neuro and glial progenitor cells (36) and has been implicated in glucose sensing because a frac-
tion of  tanycytes extend down to the ME, where their end-feet contact permeable fenestrated vessels (37).

Semaglutide exhibited potent BW-lowering effects in rodents. Although the primary driver of  sema-
glutide-induced weight loss was reduced food intake, additional effects were observed. Of  note, by the 
end of  an 11-day period, EE in control mice weight-matched to the semaglutide group by food restriction 
was reduced, whereas EE in the semaglutide-treated group returned to baseline levels. This suggests that 

Figure 8. TH and PrLH/PrRP are upregulated in semaglutide-treat-
ed rats. Gene expression data for (A) TH and (B) PrLH, shown as 
box plots with median, interquartile range (box), and max/min 
(whiskers). ***P < 0.001, FDR < 0.05; ^P < 0.05, ^^P < 0.01, and ^^^P 
< 0.001, FDR > 0.05. (C–H) Representative high-power immunoflu-
orescence images of the AP and NTS stained for PrRP alone, or with 
GLP-1R or TH, and counterstained with DAPI nuclear stain. PrRP in 
the AP (C) with vehicle, (D) with liraglutide, (E) with semaglutide, 
(F) with GLP-1R costaining, (G) with TH costaining, and (H) PrRP and 
TH in NTS. Scale bars: 10 μm (E and F insets), 50 μm (C, D, G and H). 
PrLH, prolactin-releasing hormone.
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semaglutide maintains metabolic activity (or prevents compensatory downregulation of  EE) despite weight 
loss, thereby aiding in prolonged weight loss or maintenance. Clinically, minor reductions in EE have been 
observed in patients receiving liraglutide or semaglutide compared with placebo (1, 6). This was not sig-
nificant when adjusting for lean body mass. However, in clinical studies EE was measured during active 
weight loss, whereas in our studies EE was measured at plateau; it is possible, therefore, that at steady state 
semaglutide may have a small effect on preventing further reduction in EE in patients.

Semaglutide influenced palatable food consumption by shifting food preference away from chocolate, 
also observed previously in rats receiving liraglutide (38, 39). These results are in accordance with obser-
vations in humans where reward and food preference were altered in response to GLP-1RA treatment, 
including semaglutide (6, 40–43). Although these clinical and animal studies (21–25, 44–49) indicate 
that several brain regions are involved in GLP-1RA–regulated reward behaviors, the exact mechanisms 
remain unclear. Data suggest the involvement of  dopamine release from the VTA (44, 47, 50). Projections 
have been mapped between the VTA and LSc (51), and acute stimulation of  GLP-1Rs in the LSc leads 
to enhanced LSc dopamine transporter surface expression and function. It has been suggested that this 
effect is mediated by a reduction in endocannabinoid and arachidonic acid levels in the LSc and decreased 
synaptic dopamine levels (44). Furthermore, direct LSc GLP-1R stimulation suppresses food intake and 
motivation for food in rats (52). In the current study, fluorescently labeled semaglutide was detected in the 
LSc, allowing for the possibility of  similar reductions in dopamine levels in this region (44) and an ability 
to influence food intake and motivation. Only fluorescently labeled semaglutide, and not liraglutide, was 
observed in the LSc following peripheral administration. Because this was apparent following acute and 
steady-state administration, differences in plasma half-lives alone do not explain this difference. Despite the 
direct targeting of  semaglutide to the LSc, no c-Fos–related neuronal activation was observed in the LSc 
following semaglutide administration. Quantitatively, the LSc represents an area with some of  the highest 
numbers of  GLP-1Rs (12, 53), but here the GLP-1R expression is predominantly on neuronal projections, 
which could explain the lack of  activation in this region. Alternatively, semaglutide could inhibit neurons 
in this area. No direct comparison has been made between semaglutide and liraglutide on food preference 
in preclinical studies, and it remains to be determined whether differential access to the LSc translates into 
clinical differences in food preference.

The pathway analyses of  the transcriptome data revealed differential regulation of  pathways, including 
ribosomal (eukaryotic initiation factor 2 and 4 signaling) and mitochondrial (oxidative phosphorylation), 
between liraglutide- and semaglutide-treated animals. These differences could be driven by direct GLP-
1R activation or indirect factors; for instance, insulin is the prototypical regulator of  the initiation factor 
signaling pathway through PI3K activation (54). Thus, the differential regulation of  the oxidative phos-
phorylation pathway could reflect improved insulin sensitivity in response to increased insulin-driven ROS 
production, which has been suggested to inhibit food intake via the hypothalamus (55, 56). Interestingly, 
under hypoxic conditions, GLP-1R stimulation by liraglutide reduces the generation of  ROS (57). Overall, 
semaglutide-treated animals exhibited expression patterns that were closer to the weight-matched group, 
particularly in the ARH and LSc. These areas correspond to regional distribution differences between 
semaglutide and liraglutide, which may explain the discrepancies between the 2 GLP-1RAs by virtue of  
differences in GLP-1R interaction in these specific brain regions.

Among the DEGs identified, the most significant finding was upregulation of  PrLH in the AP follow-
ing liraglutide or semaglutide administration, which translated into upregulation of  PrRP at the protein lev-
el (Figure 8). We established that this is likely a consequence of  GLP-1RA treatment, rather than a general 
change associated with weight loss, because it was not evident with other agents (amylin) yielding similar 
weight loss and did not occur in the weight-matched group. PrRP delivery to the NTS at the level of  the AP 
decreases BW, food intake, and meal size in rats (58). This suggests an inducible system of  PrRP produc-
tion triggered by GLP-1RAs. Given that all PrRP-positive neurons in the AP also expressed GLP-1Rs, it is 
conceivable that PrRP production is driven through direct activation of  the GLP-1Rs in this nucleus. In the 
NTS, PrLH mRNA expression was downregulated exclusively by weight loss caused by food restriction, 
as shown previously (59, 60). The observed expression pattern of  PrLH varied between DIO rats and DIO 
mice; only rats showed induction of  PrLH in the AP after GLP-1RA administration, whereas the expres-
sion patterns in the NTS were similar for both species. Discrepancies between PrRP neurons in mice and 
rats have also been reported in the literature; for example, NTS PrRP neurons are leptin sensitive in rats but 
not in mice (61). PrRP is putatively involved in neuroendocrine function, including energy homeostasis, 
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stress response, cardiovascular regulation, and circadian function (62), and it has been reported to lower 
BW in rodents, potentially through regulation of  food intake and EE (62). Liraglutide reduces food intake 
(although dose independently) in Otsuka Long-Evans Tokushima Fatty rats harboring a natural mutation 
in the PrRP receptor (63). Furthermore, we have previously shown that liraglutide can still reduce BW 
after AP ablation (8). Based on these data and our observations, we hypothesize that PrRP in the hindbrain 
could be one of  several mechanisms involved in the BW-lowering effects of  GLP-1RAs, although it is not 
strictly required. Of  note, TH gene expression was substantially upregulated in the AP following GLP-1RA 
administration (Figure 8A), as demonstrated previously using complementary methods (64). The majority 
of  TH-positive neurons expressed GLP-1R, but in the AP only a limited number of  PrRP-positive neurons 
also expressed TH, suggesting activation of  different cell populations expressing the GLP-1R in AP. Where 
TH overlapped extensively with the GLP-1R–expressing neurons in the AP, fluorescently labeled semaglu-
tide was highly abundant. Limited overlap exists between TH and the vesicular glutamate transporter (data 
not shown); thus, in the AP, TH-positive cells are likely the A1 cell group that produces norepinephrine 
(NE). These project to adjacent A2 cells in the NTS and are involved in the decreased food intake associat-
ed with anorexic agents such as lithium chloride and cholecystokinin (65, 66).

Fluorescently labeled semaglutide was seen in regions classically associated with GLP-1R–mediated 
regulation of  food intake, such as the hypothalamic ARH and the AP and NTS in the brainstem. The 
ARH is involved in mediating liraglutide-regulated food intake and weight loss through direct activation of  
POMC/CART and indirect inhibition of  NPY/AgRP neurons (8, 14). In the current study, these findings 
were confirmed by direct semaglutide-stimulated activation of  POMC neurons and inhibition of  NPY 
neurons in electrophysiological current clamp recordings. These data support the gene expression data that 
showed upregulation of  CART mRNA in the ARH following semaglutide administration, with simultane-
ous attenuation of  hunger-stimulated increases in NPY and AgRP mRNA levels that were observed in the 
weight-matched controls. This suggests a direct interaction between semaglutide and GLP-1Rs in ARH, 
further substantiated by the accumulation of  labeled semaglutide in CART-positive cells in this region.

Semaglutide was also seen in a small population of  TH- and GLP-1R–positive cells 
in the ARH. TH is the rate-limiting enzyme for catecholamine synthesis, leading to dopa-
mine and NE production, and because the ARH lacks the NE-converting enzyme dopamine 
β-hydroxylase, the TH-positive cells in this region are believed to be of  a dopaminergic nature. Limited data 
exist regarding ARH dopamine effects on food intake, but one study reported increased food intake follow-
ing stimulation of  dopamine neurons in the ARH (67). TH-positive neurons in the ARH have been consid-
ered a relatively uniform population of  tuberoinfundibular dopamine neurons, involved in the regulation 
of  prolactin release through dopamine secretion to the ME (68). Emerging literature suggests, however, 
that this population is heterogeneous, with local synaptic inhibitory GABAergic projections to other ARH 
neurons (27, 29, 69, 70). In rats, TH mRNA was downregulated in ARH following liraglutide treatment. 
The impact of  decreased TH expression on food intake, and its translational relevance, remain speculative 
because the effect was not observed in mice. Of  note, the dopamine neurons in the ARH also regulate pitu-
itary hormones (71), which could be linked to the GLP-1 stimulatory release of  pituitary hormones, such 
as vasopressin and corticotropin-releasing hormone (72).

In the ARH, a large proportion of  SST-expressing cells coexpressed GLP-1R. SST is associated with the 
inhibition of  growth hormone (73) and a range of  extrapituitary effects, including body temperature and vis-
ceral functions (74–77). When delivered centrally, SST increases food intake (78, 79). This divergence in func-
tionality between SST and the anorexigenic effects of  GLP-1RAs would appear to exclude the involvement of  
SST in the regulation of  appetite by semaglutide. However, the respiratory quotient has also been reported to 
be increased by central SST actions independent of  the orexigenic effects (80). Conceivably, this effect of  SST 
may, in part, explain the sustained EE observed in the semaglutide-treated mice despite weight loss.

It has been suggested that other regions, such as the ACB, LHA, MTN/PVT, and VTA, could mediate 
the regulatory effect of  GLP-1RAs on food intake (21–25). Studies suggest a role for brain-derived GLP-1 
in the control of  eating and reward (80, 81), but there is no evidence that peripherally administered GLP-
1RAs can directly access GLP-1Rs in these regions, as demonstrated by the lack of  fluorescently labeled 
semaglutide in these brain nuclei. Thus, activation of  brain-derived GLP-1 would be necessary for peripher-
ally circulating GLP-1/GLP-1RAs to engage GLP-1Rs in regions such as the ACB or VTA. Furthermore, 
this engagement is likely to be indirect because expression of  GLP-1Rs on NTS GLP-1–producing cells 
has not been documented (82). We previously compared the c-Fos activation pattern in NTS preprogluca-
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gon (PPG) neurons following liraglutide administration with that induced by food restriction. Both food 
restriction and liraglutide induced c-Fos in the NTS; however, only food restriction induced c-Fos in PPG 
neurons, suggesting that peripherally circulating GLP-1RAs do not activate PPG neurons in the NTS (83). 
Downregulation of  PPG mRNA levels by chronic GLP-1RA administration and food restriction in rats (8) 
further substantiates these findings. Thus, we suggest that the majority of  GLP-1R regions in the CNS are 
likely targets for brain-derived GLP-1 rather than exogenously administered GLP-1RAs.

Whole-brain c-Fos staining revealed that semaglutide activated 10 brain nuclei, and an overlap between 
c-Fos signaling and fluorescently labeled semaglutide was observed only in the AP, NTS, and DMX in the 
brainstem. Comparing c-Fos signals and AIBS connectivity maps revealed that the c-Fos activation observed 
in several regions (CeA, MTN/PVT, and BST) correlated with projections from the lateral PB, as exempli-
fied by the glutamatergic cells in the PB (SLC17A6). The c-Fos activation patterns in the AP, NTS, PB, and 
CeA are well described for other appetite-modulating compounds, including glucagon (84), lithium chloride 
(85–87), amylin (87), and GLP-1 (18). Direct innervation of  the PB by neurons originating in the NTS and 
AP in the brainstem and in the hypothalamic ARH have been demonstrated (88, 89), suggesting an activa-
tion pathway for endogenous blood-borne hormones, such as leptin (27), ghrelin (90), and GLP-1 (8), that 
affects PB signaling. The PB is an important nucleus for appetite and blood glucose modulation, conveying 
information from the brainstem to the CeA and BST (31, 91, 92). Consequently, it has been suggested that 
the PB serves as a key integrator of  hypothalamic energy homeostasis signals with visceral and gustatory 
information from the brainstem (32, 93). Within the PB, the CGRP-positive cells are essential in food intake 
regulation and are involved in GLP-1–related effects on BW (31, 91). A population of  cells in the dl PB were 
both CGRP positive and c-Fos positive following semaglutide administration. Thus, the observed c-Fos acti-
vation pattern elicited by semaglutide in this study is consistent with a brainstem-to-amygdala circuit engaged 
in appetite-regulating pathways. Interestingly, a discrete population of  c-Fos–positive cells in the cl PB were 
not CGRP positive, indicating that other neurons in the PB are activated by GLP-1RA administration. The 
PB is largely innervated by glutamatergic neurons from the AP and NTS. GLP-1Rs in the AP overlapped 
with the vesicular glutamate transporter, whereas there was a lack of  GLP-1R–positive cell bodies in the NTS, 
suggesting that the entry point for GLP-1RAs could be through AP directly innervating PB. An earlier study 
showed that AP neurons project extensively to the dl part of  the PB (94), the region with c-Fos activation in 
CGRP-positive neurons in the current study. Therefore, indirect stimulation of  the PB via the NTS following 
afferent stimulation from GLP-1R–/TH-positive neurons in AP is plausible.

Inhibition of  the PB by hypothalamic AgRP neurons is involved in the regulation of  food intake (31, 
95–97): silencing AgRP neurons elicits a robust PB c-Fos response, leading to starvation of  animals and 
ultimately death (96, 98). POMC neurons also project to the PB (99, 100). In tandem, both innervation 
pathways can modulate the PB by fine-tuning downstream signaling from the PB. Electrophysiological 
recordings showed that semaglutide activated POMC neurons directly in the ARH, which could mediate 
additional activation of  PB. NPY neurons, also known to express AgRP, were inhibited by semaglutide, 
suggesting disinhibition of  AgRP signaling to the PB, resulting in increased activation of  this nucleus. 
These data support direct modulation of  PB signaling by semaglutide-induced neuronal stimulation in 
the hypothalamus. Only the medial and posterior parts of  ARH AgRP neurons project to the PB (95), 
and clinical studies have identified the posterior region of  the hypothalamus as having a crucial effect on 
BW (101, 102). This finding could be relevant, considering that semaglutide, but not liraglutide, is present 
in the posterior ARH and could therefore further modulate AgRP input to the PB. Although limited evi-
dence exists for GLP-1R expression on AgRP neurons, electrophysiological recordings demonstrated that 
indirect modulation is achievable (8). Finally, a basal–forebrain AgRP circuit has been identified, whereby 
AgRP elicits increased food intake through projections directly to the BST (95). The proposed modulation 
of  the PB, via indirect inhibition of  AgRP by GLP-1, could also aid in the modulation of  the BST by 
removing AgRP-mediated inhibition of  this nucleus, thereby enabling — and potentially enhancing — the 
appetite-reducing PB-to-BST pathway. In Supplemental Figure 11, we hypothesize how semaglutide may 
regulate BW by affecting neuronal input to the PB from several independent brain nuclei, including the AP 
and ARH, both direct targets of  semaglutide.

To conclude, we have shown that the GLP-1RA semaglutide reduces BW through direct effects in the 
hypothalamus and the hindbrain as well as secondary effects in several areas previously described to be 
involved in energy metabolism.
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Methods
Please see Supplemental Methods. RNA-Seq data have been deposited into the ArrayExpress database 
(http://www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-8078.

Study approval. All animal studies were conducted in compliance with internationally accepted princi-
ples for the care and use of  laboratory animals and were approved by the internal Novo Nordisk Ethical 
Review Committee in Denmark. Studies performed in Denmark were conducted according to approved 
national regulations and with animal experimental licenses granted by the Danish Ministry of  Justice. In 
addition to internal Novo Nordisk approval and compliance with international standards for animal care 
and use, the DIO mouse study (Figure 1, A and B) performed at Novo Nordisk, China, was conducted 
under licenses granted by the Beijing Administration Office of  Laboratory Animals. Animal studies for 
electron microscopy were approved by the Animal Welfare Committees at the Institute of  Experimental 
Medicine of  the Hungarian Academy of  Sciences.
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