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Abstract

The body possesses critical nutrient sensors that rapidly coordinate  
feeding behaviour and systemic metabolism through hormones  
and neural pathways. In this Review, we highlight the mechanisms 
by which lipid sensing triggers the release of small intestinal-derived 
cholecystokinin, peptide YY, glucagon-like peptide 1 and glucose- 
dependent insulinotropic polypeptide, as well as kidney-derived 
growth differentiation factor 15, to regulate satiety and glucose 
homeostasis through the brain. We discuss how dysregulation of lipid 
sensing pathways contributes to obesity and type 2 diabetes mellitus, 
and how interventions including bariatric surgery, modulation of the 
gut microbiota and pharmacological agonists restore polyhormonal 
secretion and action on metabolism. We propose that lipid sensing in 
the small intestine and the kidney orchestrates an endocrine and neural 
axis that governs energy balance, providing a lipid-sensing-dependent 
framework for the development of next-generation therapies in obesity 
and metabolic disease to remotely and concurrently target multiple 
brain hormone receptors to lower food intake and body weight.
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feeding behaviour and glucose homeostasis. In humans and rodents, 
upper small intestinal lipid infusion increases glucose-dependent 
insulinotropic polypeptide (GIP) secretion as well18,20, but whether 
endogenous GIP engages the brain to control food intake is less clear 
in humans.

Collectively, these gut-derived hormones underscore the role 
of small intestinal lipid sensing in food intake regulation, a process 
disrupted in obesity and type 2 diabetes mellitus (T2DM). With obesity 
rates rising globally since 1991, an estimated 1 billion adult men and 
1.11 billion adult women worldwide are currently living with overweight 
or obesity21. High BMI has been associated with increased mortality22. 
Crucially, advances within the past 10 years in incretin-based therapies 
and gut–brain circuit mapping have transformed this clinical burden 
into a mechanistically tractable framework, in which endogenous 
nutrient-sensing pathways are now directly targeted by pharmacologi-
cal agents. In this context, lipid-stimulated hormone receptors in the 
brain, including GLP1 receptor (GLP1R), represent key mediators of 
modern pharmacotherapy, such as liraglutide23,24, linking peripheral 
nutrient detection to central metabolic regulation.

Here, we examine how lipid detection by intestinal receptors and 
transporters initiates the release of gut-derived peptides. We then 
define the temporal hierarchy and integrated actions of CCK, GLP1, PYY 
and GIP in shaping pre-absorptive satiety and postprandial metabolic 
responses. We further explore how these signals are relayed through 
vagal and enteric circuits, forming a gut–brain axis, and complemented 
by later endocrine factors, such as growth differentiation factor 15 
(GDF15), in response to lipids to form a parallel kidney–brain axis. 
Finally, we discuss how lipid sensing interfaces with glucose homeo-
stasis, the gut microbiota and bile acid signalling, and consider central 
receptor pathways as key effectors and therapeutic entry points for 
recapitulating the metabolic benefits of polyhormonal interventions.

Lipid-sensing mechanisms regulating food intake 
via hormonal pathway changes
Fatty acids are sensed by G protein-coupled receptor (GPR)40 and 
GPR120 on the basolateral surface of small intestinal enterocytes and 
enteroendocrine cells, the latter of which produce GLP1 (refs. 25,26), GIP27 
and/or CCK28. GPR40 is highly expressed in I cells (CCK-secreting cells), 
K cells (GIP-secreting cells) and L cells (GLP1-secreting cells)29, and is 
regulated by hypoxia inducible factor 2α to stimulate GLP1 secretion 
in mice30. In addition, pancreatic and duodenal homeobox 1 in enter-
oendocrine cells of the duodenum is required for GPR40 expression31. 
GPR120 coordinates the secretion of GIP and GLP1 in response to fat 
ingestion12,32. GPR120-deficient mice fed a HFD develop obesity earlier 
than wild-type HFD-fed mice, along with liver steatosis, glucose intoler-
ance, reduced energy expenditure and impaired adipose lipid storage33. 
In addition, these mice have heightened levels of adipose tissue inflam-
mation, which accelerates adipocyte hypertrophy33. In parallel, GPR119 
is expressed on K cells and L cells and activated by the lipids 2-oleoyl 
glycerol (a lipid by-product of triglyceride digestion) and oleoyletha-
nolamide (a lipid endogenously synthesized by the small intestine)34,35. 
Indeed, GPR119 deletion in L cells in male mice suppresses plasma GLP1 
secretion in response to an oral olive and corn oil challenge36. Further-
more, in healthy humans, a jejunal 2-oleoyl glycerol bolus elevates 
plasma levels of GLP1 within 25 min (ref. 35). A 2025 study utilized the 
GLP1 stimulating properties of GPR119 and GPR40 to create agonists, 
K-833 and K-757, which increased GLP1 and PYY levels, improved glu-
cose tolerance and promoted weight loss in HFD-fed male mice37. These 
agonists also increased GLP1, PYY and CCK levels in humans37 (Fig. 1).

Key points

	• Lipid ingestion triggers a conserved, temporal cascade of gut 
peptide release, with early cholecystokinin secretion followed 
by glucagon-like peptide 1, peptide YY and glucose-dependent 
insulinotropic polypeptide coordinating pre-absorptive satiety and 
glucose regulation.

	• Lipid-induced growth differentiation factor 15 secretion is delayed 
compared with gut peptide release and defines a kidney–brain axis that 
suppresses food intake.

	• Disruption of small intestinal lipid sensing in obesity and type 2  
diabetes mellitus impairs gut hormone secretion and gut–brain 
signalling, contributing to dysregulated feeding and glucose control.

	• Pharmacological activation of fatty acid-sensing receptors G 
protein-coupled receptor (GPR40) and G protein-coupled receptor 119 
(GPR119) increases gut hormones and enhances glucose tolerance and 
weight loss.

	• Targeting upstream lipid-sensing pathways and their central 
receptors offers a strategy to recapitulate the efficacy of polyhormonal 
therapies for obesity and metabolic disease.

Introduction
Human studies in the 1980s and 1990s first revealed that lipid deliv-
ery directly into the upper small intestine suppresses food intake in 
lean individuals1–3. However, in obesity, lipid infusion into the upper 
small intestine or eating a high-fat meal fails to suppress hunger4,5. 
Parallel work in rodents6,7 confirmed that the gut is more than sim-
ply a site of nutrient absorption but acts as an active lipid sensor that 
rapidly engages satiety pathways in the brain. Notably, much of this 
mechanistic work has been conducted in male rodents, in which robust 
diet-induced obesity and hyperphagia can be readily established8,9. 
By contrast, female rodents are often not included in these studies and, 
when included, they frequently exhibit relative resistance to high-fat 
diet (HFD)-induced weight gain10,11. Consequently, most mechanistic 
insights into lipid sensing have been derived from males, leaving an 
important gap in our understanding of these circuits in females.

Intestinal lipid sensing can be conceptualized as a multistep 
process linking nutrient sensing to systemic metabolic control. 
In the lumen, dietary lipids serve as the initiating signals, detected by 
specialized intestinal epithelial populations, particularly enteroendo-
crine cells, that function as primary lipid sensors12,13. Upon activation, 
these cells rapidly engage intracellular transduction pathways that 
couple lipid detection to hormone secretion.

Within minutes of infusing lipids into the small intestine, pre- 
absorptive mechanisms are activated by peptide hormones, such as 
glucagon-like peptide 1 (GLP1)14–17, cholecystokinin (CCK)16,18 and pep-
tide YY (PYY)15,19. These hormones are secreted to act locally on vagal 
afferents and systemically on the brain, activating circuits in the dorsal 
vagal complex (DVC) such as the nucleus of the solitary tract (NTS) and 
area postrema and hypothalamic nuclei such as the arcuate nucleus 
(ARH), paraventricular nucleus (PVH), ventromedial hypothalamus 
(VMH) and lateral hypothalamic area (LHA), which govern appetite. 
Through this gut–brain communication, lipid signals directly shape 
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Fig. 1 | Time-dependent hormone release in response to lipid sensing that 
affects feeding. A schematic illustrating the effects of lipids on the small 
intestine, kidney and liver, leading to the release of multiple concurrent 
hormones that engage neuronal circuits to suppress feeding across time 
in humans and rodents. Fatty acid sensing throughout the small intestine 
is mediated by spatially organized receptors on enteroendocrine cells: 
G protein-coupled receptor (GPR)40 and GPR120 are primarily basolateral, 
GPR119 is both apical and basolateral, and CD36 is apical. In the upper small 
intestine, lipid exposure rapidly activates cholecystokinin (CCK)-secreting cells, 
increasing plasma levels of CCK within 5 min. Glucose-dependent insulinotropic 
polypeptide (GIP)-secreting and glucagon-like peptide 1 (GLP1)-secreting 
cells in the upper-to-middle small intestine and GLP1-secreting and peptide 
YY (PYY)-secreting cells in the lower small intestine and colon all secrete 
their respective hormones within approximately 15 min of lipid stimulation. 

CCK, PYY and GLP1 have paracrine action on their respective receptors (CCK1R, 
Y2R and GLP1R) expressed on vagal afferent neurons, which signal to brain 
circuits to suppress appetite. A distinct subpopulation of vasoactive intestinal 
peptide (VIP) neurons expressing CCK1R respond to lipids, glucose and amino 
acids, suggesting a potential role as general nutrient sensors that might regulate 
feeding. By contrast, GIP receptor is absent from vagal afferents, and GIP and PYY 
might act in an endocrine manner to influence appetite via central mechanisms. 
Gut-independent GDF15 signalling occurs on a delayed time course following 
a lipid stimulus, during which plasma levels of GDF15 rise within 1–6 h and are 
associated with food intake reduction. Kidney-derived GDF15 is required for the 
delayed lipid-induced appetite suppression (4–6 h). Lipid administration induces 
renal Atf4 and Chop mRNA expression, encoding transcription factors that might 
promote GDF15 release, whereas potential contributions from hepatic ATF4 or 
CHOP to circulating GDF15 secretion remain unresolved.
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In parallel, the fatty acid transporter CD36 is expressed on the api-
cal side of enterocytes and enteroendocrine I cells38 and is co-expressed 
with CCK39 (Fig. 1). CD36 expression is modulated by various tran-
scription factors, including peroxisome proliferator activated recep-
tor gamma (PPARγ)40, allowing levels of CD36 to adapt to changes in 
nutrient availability. Post-translational modifications and membrane 
trafficking further control the localization of CD36 to the apical surface 
of enterocytes and enteroendocrine cells, influencing fatty acid uptake 
and hormone secretion41. Deletion of CD36 perturbs CCK secretion in 
response to an intragastric olive oil load39. In addition, Black Ameri-
can women with obesity and insulin resistance who carry the CD36 
rs3211938 (G/T) mutation, have a 50% reduction in CD36 expression 
compared with carriers of the T (major) allele, and display blunted 
pre-absorptive GIP, CCK and GLP1 responses to a fat-enriched meal42. 
These findings suggest that impaired CD36 lipid sensing can blunt 
satiety pathways in both rodents and humans. Together, these findings 
position CD36 as an upstream mediator of lipid sensing and underscore 
the importance of defining gut peptide responses to lipids.

CCK
CCK is secreted by enteroendocrine I cells of the duodenum and jeju-
num in response to lipid and protein ingestion43,44 and coordinates 
the release of bile via gall bladder contraction and relaxation of the 
sphincter of Oddi45. CCK also acts on pancreatic acinar cells to release 
pancreatic enzymes such as lipase, amylase and protease precur-
sors, which facilitate the digestion of nutrients46–49. It also acts as a 
satiety signal through activation of CCK1 receptor (CCK1R) on vagal 
afferents50, thereby together illustrating an integral role of CCK in 
gut–brain and gut–pancreas communication51. In healthy humans, 
gastric delivery of fatty acids 12 carbons or greater in length increases 
plasma levels of CCK within 15 min (ref. 52), and long-chain fatty acids 
induce greater CCK secretion than medium-chain fatty acids53. In a 
study with seven male patients with pancreatic insufficiency, in whom 
intraduodenal triglyceride hydrolysis is markedly impaired due to 
reduced pancreatic lipase activity, intraduodenal infusion of oleic 
acid (as a free fatty acid) induced a twofold faster rise in plasma levels 
of CCK than Intralipid infusion (50% linoleic acid, 26% oleic acid, 10% 
palmitic acid, 9% linolenic acid, 3.5% stearic acid and 1.5% other acids, 
as triglycerides)54. Together, these findings suggest that CCK secretion 
is primarily driven by free fatty acids generated during lipid digestion 
rather than by intact triglycerides, indicating that triglyceride hydroly-
sis is an important step in the stimulation of CCK release. In healthy 
human males, intraduodenal fat infusion raises plasma levels of CCK 
and lowers food intake by 23% (ref. 55). Chemical inhibition of CCK1R 
abolishes this anorectic effect55. Consistently, male mice acclimated to 
5 days of HFD and lacking CCK1R consume larger, less frequent meals56. 
In addition, intraduodenal 10% lipoysin (a fat emulsion consisting of 
safflower oil, soybean oil and egg phosphatides) increases plasma levels 
of CCK in chow-fed male Wistar rats within 10 min (ref. 57). Similarly, 
exposure of mouse secretin tumour cell enteroendocrine cells to the 
free fatty acid dodecanoic acid for 5 min is sufficient to induce CCK 
secretion43. These studies establish CCK as one of the earliest gut hor-
mones released from the small intestine in response to lipids to curb 
food intake, with a conserved increase in CCK levels occurring within 
approximately 10 min across species (Fig. 1).

Small intestinal lipid-derived cues are partially communicated 
to the brain via CCK-dependent activation of vagal afferent neurons 
(VANs), which comprise molecularly and functionally distinct subpopu-
lations that differentially encode satiety and nutrient-related signals. 

In fact, abdominal vagotomy suppresses the anorectic effect of CCK8 
in chow male Sprague–Dawley rats58. In mice, vasoactive intestinal 
peptide (VIP) VANs co-expressing CCK1R are activated upon intragastric 
infusion of fat, amino acids and sugars59 and might mediate satiety in 
response to lipids59; however, selective activation of VIP+ CCK1R VANs 
are not sufficient to reduce food intake60. Instead, these VANs might 
participate in the encoding or modulation of gut-derived nutrient state 
signals within distributed vagal afferent circuits that integrate with 
mechanosensory and other nutrient-responsive pathways to regulate 
feeding behaviour (Fig. 1).

In parallel, luminal metabolites engage a distinct epithelial–enteric 
transduction axis that recruits defined neuronal ensembles. In a 2025 
study in mice, luminal acetate, a short-chain fatty acid (SCFA), was 
shown to activate neurons in both the myenteric and submucosal 
plexuses of the enteric nervous system in ex vivo, mucosa-intact jejunal 
preparations61. This activation required intact epithelial serotonergic 
signalling, indicating indirect neuronal activation via mucosal trans-
duction. In vivo, jejunal acetate delivery preferentially and robustly 
recruited calbindin⁺/calcitonin gene-related peptide (CGRP)⁺/
neuromedin U⁺ myenteric neurons, a marker profile characteristic of 
intrinsic primary afferent neurons. Importantly, intravillous applica-
tion of CCK8 did not activate myenteric neurons in the duodenum 
or jejunum, indicating that CCK does not function as a mucosal-to-
enteric signal under these experimental conditions61. Future work 
should explore whether distinct neuronal ensembles are activated by 
mucosal exposure to long-chain fatty acids.

GLP1
GLP1 is secreted by the small intestine and the biologically active forms, 
GLP1(7–37) and GLP1(7–36) amide, stimulate glucose-dependent 
insulin secretion, suppress glucagon release, slow gastric emptying 
and promote satiety62–66. Despite the half-life of GLP1 being approxi-
mately 1.5–2 min due to degradation by dipeptidyl peptidase 4 (DPP4), 
GLP1 exerts pleiotropic physiological effects through rapid receptor 
engagement and local paracrine signalling mechanisms, supported 
by widespread GLP1R expression60,66,67. The role of vagal GLP1R in 
mediating these effects is incompletely understood, as vagal Glp1r 
knockdown in male Sprague–Dawley rats does not alter long term 
weight, food intake or energy expenditure compared with controls; 
however, these rats exhibit increased food intake 1 h after refeeding66, 
suggesting a selective role for GLP1 in acute postprandial satiety rather 
than basal energy balance. By contrast, knockout of Glp1r in Phox2b+ 
cells, a marker of autonomic nervous system neurons, which include 
neurons of the nodose ganglion, results in reduced food intake after 
refeeding67. Despite this apparent discrepancy, oral administration of 
d-allulose, a low-calorie sugar substitute, dose-dependently increases 
endogenous levels of GLP1 and requires vagal Glp1r to lower food intake 
in rats68. Together, these results suggest that endogenous GLP1 has a 
role in satiety through vagal GLP1R, where the apparent discrepancy 
could reflect developmental compensation, differences in the neuronal 
populations targeted or methodological differences between consti-
tutive knockout and adult knockdown approaches. Moreover, vagal 
Glp1r ablation increases gastric emptying in rodents66,67, providing an 
additional mechanism through which endogenous GLP1 might regulate 
food intake. In both canines69 and humans70, ileal infusion of glucose, 
galactose, maltose or sucrose robustly elevates GLP1 secretion via 
sodium–glucose cotransporter 1 (SGLT1)71. Lipids similarly trigger GLP1 
release from L cells in rodents31 and humans72. This response requires 
enzymatic digestion, as lipase inhibition suppresses lipid-induced 
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GLP1 release73,74. An oral fat load increases plasma levels of GLP1 within 
15 min but GLP1 levels remain elevated for up to 120 min in healthy 
humans72, whereas oral Intralipid stimulates GLP1 more effectively than 
intravenous delivery in humans but peaked at 90 min after oral lipid  
administration75.

In mice, acute consumption of a HFD increases plasma GLP1 con-
centrations within 30–60 min via GPR40 (ref. 31). In isolated perfused 
rat intestine, linoleic acid and GPR40 agonists administered vascularly, 
but not luminally, stimulate GLP1 secretion, suggesting basolateral 
L cell expression of GPR40 mediates lipid-induced increase in GLP1 
levels76. Further, intraduodenal lipid infusion (using Liposyn II 20% 
containing 1:1 ratio of safflower and soybean oil) in chow-fed male 
Sprague–Dawley rats increases plasma levels of GLP1 within 30 min; 
however, the temporal peak is dependent on caloric density of the 
lipid emulsion77. Higher-calorie emulsions lead to a delayed but more 
pronounced elevation in plasma levels of GLP1 (ref. 77). By contrast, 
intraduodenal corn oil infusion into male rats increases plasma levels 
of GLP1 within 10 min, a response that required intact vagal afferents in 
the rat duodenum78 and cholinergic muscarinic signalling79. However, 
proximal intestinal L cells are sufficient to mediate the GLP1 response to 
an olive oil challenge in chow-fed male mice (Fig. 1), as deletion of Gcg 
in the distal gut does not impair the increase in plasma levels of GLP1 
(ref. 80). Overall, the studies collectively suggest that orally ingested 
lipids increase small intestinal GLP1 release by approximately 15 min 
across species.

PYY
After a meal, small intestinal L cells secrete PYY, which is cleaved by 
DPP4 in plasma to form PYY(3–36)81. In both healthy humans82 and 
rodents83 systemic PYY(3–36) administration lowers food intake84. 
In male Wistar rats, the PYY receptor Y2R on vagal afferents85 and in 
the ARH84 is necessary to mediate the anorectic effect of PYY(3–36), 
highlighting a gut–brain neural pathway (Fig. 1). In humans, PYY(3–36) 
levels rise within 15 min, peak at 90 min, and remain elevated for up to 
6 h following a meal, depending on the nutrient composition81. Protein 
is the most potent macronutrient stimulus for PYY secretion in both 
lean people and those with obesity, increasing plasma levels within 
approximately 30 min (ref. 86). By contrast, oral glucose induces a 
moderate PYY peak at 30 min, whereas fats (double cream) elicit a 
larger but more sustained elevation around 120 min after ingestion81.

SCFAs, such as propionate and butyrate, produced mainly by 
microbes in the colon87–89, elevate PYY levels by stimulating PYY gene 
expression and secretion in human adenocarcinoma cell lines NCI-h716 
(caecum) and HuTu-80 (duodenum)90. However, in primary mouse 
colonic cultures, a 24-h incubation of 2-mM SCFA had no effect on Pyy 
gene expression90. These findings are in contrast to an earlier study 
that identified that a 2-h exposure to 1–50-mM propionate stimulated 
PYY secretion in primary mouse (C57BL6 males) L cells, which was 
dependent on free fatty acid receptor 2 (GPR43) expression91. Further-
more, intracolonic administration of propionate increases plasma PYY 
levels within 15 min in male Wistar rats and portal vein levels of PYY in 
male mice within 5 min (ref. 91). Consistently, upper small intestinal 
Intralipid infusion into chow-fed male rats increases plasma levels of 
PYY immediately following a 10 min infusion20, whereas lipids stimulate 
PYY release within approximately 15–30 min in mice86 and humans92,93. 
Overall, PYY is mobilized within minutes of lipid or SCFA exposure, 
consistent with a pre-absorptive mode of secretion. However, discrep-
ancies between primary cultures, cell lines and in vivo studies suggest 
that this rapid response is unlikely to arise from an L cell–autonomous 

mechanism alone but instead reflects integrated neural–enteric signal-
ling. Defining these pathways will be essential for understanding the 
role of PYY in meal termination in response to lipids.

GIP
GIP is a gut-derived hormone secreted from the upper small intestine 
that rapidly responds to nutrient challenges, as oral Intralipid elevates 
plasma levels of GIP within 15 min, peaking near 120 min, whereas 
intravenous lipid has no effect on GIP levels in healthy humans94. In 
patients with T2DM, plasma levels of GIP peak 30 min after an oral 
glucose load, with elevated secretion compared with individuals with 
normal glycaemia95,96. In leptin-deficient obese (ob/ob) mice, intragas-
tric administration of SCFA and saturated fatty acids does not stimulate 
GIP secretion, whereas monounsaturated fatty acids potently stimu-
late GIP secretion when compared with fasting ob/ob mice97. Plasma 
levels of GIP in ob/ob mice peak 60 mins post-infusion of monounsatu-
rated fatty acids, earlier than in humans97. In both ad libitum and over-
night (16 h) fasted lean and diet-induced obesity mice, chemogenetic 
activation of K cells elevates circulating levels of GIP to postprandial 
levels and reduces food intake98. This anorectic effect is abolished by 
third ventricle intracerebroventricular (ICV) blockade of the GIP recep-
tor (GIPR) in ad libitum lean mice within 1–4 h of K cell chemogenetic 
activation, suggesting that gut-derived GIP engages brain circuits to 
suppress feeding98. Immediately following a 10 min Intralipid infusion 
into the upper small intestine of chow-fed male rats, plasma levels of GIP 
increase20. However, acute suppression of food intake by lipids is not 
mediated by GIP, as Gipr knockdown in the NTS only blocks the reduc-
tion in feeding observed 6 h after lipid infusion20. Collectively, these 
findings indicate that although lipid-induced gut-derived GIP reaches 
the brain, its role in acute postprandial satiety is limited, highlighting 
a temporal separation between endocrine signalling and immediate 
nutrient-induced feeding suppression (Fig. 1).

Beyond appetite control, GIP also influences whole-body lipid 
handling and tissue metabolism. In humans, GIP increases splanchnic99 
and adipose tissue100 blood flow, whereas in rodents, it promotes lipid 
uptake into both white adipose tissue (WAT) and brown adipose tissue 
(BAT)101–104. In primary human adipocytes, GIP enhances lipolysis dur-
ing fasting and increases free fatty acid uptake in the fed state101,102. 
In rodents, acute GIP administration improves whole-body lipid han-
dling by promoting lipid clearance into BAT and increasing BAT lipo-
protein lipase activity104. Furthermore, GIPR in BAT is necessary for 
GIP-mediated improvements in lipid handling, as mice lacking GIPR 
specifically in BAT exhibit impaired lipid clearance after an oral lipid 
challenge104,105. In addition, chronic GIP administration to mice upregu-
lates genes involved with BAT lipid catabolism106,107, further highlighting 
the importance of GIP regulation of BAT lipid metabolism.

Most work involving the administration of GIP (both human and 
rodent) demonstrates no alterations in total energy expenditure. 
Interestingly, however, GIP tends to shift substrate utilization towards 
lipid oxidation in the postprandial state108 through mechanisms involv-
ing both BAT and WAT. For example, in mice, loss of BAT GIPR abol-
ishes GIP-induced increases in whole-body fatty acid oxidation104, 
whereas overexpression of GIPR in WAT promotes futile calcium 
cycling, increasing whole-body energy expenditure and fatty acid 
oxidation103. In humans, acute GIP treatment increases supraclavicular 
BAT activity and whole-body fatty acid oxidation in individuals with 
type 1 diabetes mellitus who were tested after their last exogenous insu-
lin dose had completely cleared from their system109. Collectively, GIP 
exerts coordinated effects that suppress appetite while promoting 
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lipid mobilization, adipose tissue lipid uptake and whole-body fatty  
acid oxidation.

GDF15
GDF15 is a stress hormone expressed by many tissues such as the kid-
ney, liver, upper small intestine, jejunum and colon, with context- 
dependent secretion in these different tissues110. GDF15 responds 
selectively to lipid ingestion and modulates feeding behaviour 
through its receptor GDNF family receptor alpha-like (GFRAL)110–112, 
which is exclusively expressed in the NTS and/or area postrema113.  
Notably, GDF15 is not induced by glucose administration, highlight-
ing its specificity for lipid stimuli110,111. In chow-fed mice, oral gavage 
of both medium-chain triglycerides and long-chain triglycerides 
elevates plasma levels of GDF15 within 1 h (ref. 112). In obese mice, 
medium-chain but not long-chain triglycerides induce GDF15 secre-
tion and associated weight loss, which requires GFRAL expression112. 
Medium-chain triglycerides bypass conventional gut lipid-sensing 
pathways and are rapidly delivered to the liver via the portal vein, 
where they are metabolized into ketones. This acute lipid load trig-
gers GDF15 release from hepatocytes within an hour112. By contrast, 
long-chain triglycerides depend on nutrient sensing in the gut to pro-
mote the release of gut-derived hormones, a secretory pathway that 
is impaired in obesity114. Combined with delayed systemic lipid deliv-
ery and adaptation to a chronic HFD, long-chain triglycerides fail to 
induce GDF15 release in rodents, probably because peripheral organs 
now require a higher lipid threshold to increase GDF15 secretion110,111. 
Supporting this notion, oral gavage of soybean oil (linoleic, linolenic, 
palmitic and oleic acid mixture) in chow-fed mice induces a delayed, 
compared to gut-derived peptides, increase in circulating levels of 
GDF15, peaking approximately 8 h after administration110. In addition, 
plasma levels of GDF15 are elevated in chow-fed male rats receiving 
upper small intestine Intralipid infusion 6 h after refeeding and food 
intake is reduced in these mice compared to saline infused rats111 
(Fig. 1), whereas in 3-day HFD-fed hyperphagic rats, upper small intes-
tine Intralipid infusion fails to reduce food intake or elevate plasma 
levels of GDF15 (ref. 111).

Unlike gut-derived peptides, GDF15 is expressed broadly across 
tissues and is secreted into plasma on a delayed timescale compared 
with gut-derived hormones. Importantly, both the liver and kidney 
upregulate Gdf15 expression in response to lipids, and a 2025 study 
shows that kidney-derived GDF15 is necessary for the reduction in food 
intake triggered by upper small intestine Intralipid infusion in chow-fed 
male Sprague–Dawley rats, 4–6 h after refeeding111. Mechanistically, 
both linolenic acid and Intralipid upregulate Atf4 and Chop mRNA 
expression, indicative of activating the integrated stress response 
pathway110,111, although it remains to be determined whether kidney 
ATF4 and/or CHOP are necessary and/or sufficient to induce GDF15 
secretion into plasma to reduce food intake (Fig. 1). Together these find-
ings suggest that GDF15 secretion patterns reflect a post-absorptive 
lipid processing response to lipid-associated metabolic stress. This con-
cept could also provide a framework for the elevated basal plasma levels 
of GDF15 observed in obesity115,116, as well as following consumption of 
a ketogenic diet in mice117. Given that liver Gdf15 is elevated in response 
to intralipid intestinal infusion and necessary for the weight-loss effects 
of a ketogenic diet in mice117, it is plausible that liver-derived GDF15 
could contribute to the anorectic effects of intralipid infusion as well. 
Overall, lipid-induced GDF15 seems to function as a systemic relay link-
ing peripheral lipid stress to central appetite suppression. Clarifying 
how the kidney and liver cooperate to sense lipid excess and activate 

the integrated stress response–GDF15 axis will be key for mapping this 
gut-independent nutrient-stress circuit.

In summary, lipid ingestion triggers a conserved temporal cas-
cade of gut hormone release across species. CCK is released rapidly 
from proximal upper small intestine, followed shortly by GLP1, PYY 
and GIP secretion from the rest of the small intestine. The timing and 
magnitude of these responses vary with factors such as nutrient type, 
caloric density and metabolic state. By contrast, lipid-induced GDF15 
secretion is delayed, with the earliest rise in plasma levels of GDF15 
observed around 1 h after feeding. Together, these observations sup-
port a working hypothesis that lipid sensing mechanisms trigger a 
time-dependent and concurrent release of multiple peptide hormones 
to lower food intake and regulate systemic metabolism (Fig. 1).

Gut lipid sensing drives peptide release to 
regulate glucose: insights on feeding
In addition to feeding regulation, it has been documented that acute 
lipid sensing in the small intestine acts through peptide hormones and 
vagal pathways to suppress hepatic glucose production and increase 
glucose tolerance. When these small intestinal lipid-sensing mecha-
nisms fail in obesity and T2DM, interventions such as bariatric sur-
gery or gut microbiota modulation can restore lipid-induced glucose 
control, highlighting small intestinal lipid sensing as a therapeutic 
metabolic target. Notably, activation of lipid-sensing molecular factors 
within the small intestine results in an elevation of gut hormones such 
as CCK, GLP1, PYY and/or GIP, linking these responses to the regulation 
of food intake.

Small intestinal lipid sensing and  
glucoregulatory mechanisms
Mechanistic studies in rodents have begun to unravel how acute lipid 
sensing in the upper small intestine engages gut–brain signalling to 
suppress glucose production. Intralipid administration into the upper 
small intestine of male rats lowers glucose production118 and improves 
glucose tolerance119. This effect requires small intestinal acyl-CoA 
synthetase (ACSL)-mediated fatty acid esterification118, and depends 
on intact vagal afferent signalling, including N-methyl-d-aspartate 
(NMDA) receptors in the NTS and vagal hepatic efferents118,120. Inhibi-
tion of upper small intestinal PKCδ, CCK1R and PKA also prevents lipid 
effects120–122. Altogether, these findings illustrate that lipid metabolism 
via esterification in the small intestine activates a PKCδ–CCK1R–PKA 
axis to lower glucose production, indicating that activation of PKCδ 
leads to CCK secretion120–122. Interestingly, duodenal administration of 
GLP1 activates PKCδ to lower hepatic glucose production, suggesting 
that GLP1 lies upstream of PKCδ signalling within the duodenum123. 
Considering the anorectic effect of CCK discussed in the previous 
section, and that activation of PKCδ leads to CCK secretion, PKCδ 
activation might contribute to food intake regulation and warrants 
future investigation (Fig. 2).

In parallel, the pre-absorptive rise in plasma levels of GLP1 trig-
gered by small intestinal Intralipid infusion in male rats20 requires 
GLP1R on vagal afferents to suppress glucose production119. Moreover, 
bilateral nodose ganglion knockdown of Glp1r using lentiviral short 
hairpin RNA in male rats impairs glycaemic control, indicating that 
vagal GLP1R signalling contributes to glucose homeostasis66. In addi-
tion, both GPR43 within the ileum and GLP1R on vagal afferents are 
necessary for propionate to reduce glucose production87. Further-
more, intralipid, oleic acid and linoleic acid infusion into the ileum 
of chow-fed rats lowers glucose production and increases glucose 
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tolerance87. Of note, a study using rats with a whole-body knockout of 
nesfatin 1 (an anorexigenic peptide) demonstrated that intraduodenal 
infusion of lipids fails to lower glucose production compared with 
wild-type mice124, and that nesfatin 1 signalling also requires GLP1R 
signalling124. Together these findings illustrate that vagal GLP1R acts as 
a convergence point for lipid stimuli to regulate glucose homeostasis 
and potentially for feeding regulation as well (Fig. 2).

With respect to GIP, although small intestinal Intralipid infu-
sion increases plasma levels of GIP to inhibit feeding in chow-fed 
male rats20, it remains unclear whether the endogenous rise in GIP 
elicited by intestinal lipid sensing contributes to the acute reduc-
tion in plasma levels of glucose. However, although administration 
of acyl-GIP in C57BL/6J mice on a 12-week HFD improves glucose 
tolerance104, it is unlikely that GIP lowers plasma levels of glucose by 
lowering glucose production via vagal mechanisms given that GIPR 
is not expressed on vagal afferents of mice125 or male Wistar rats126. 
Instead, physiological activation of pancreatic GIPR127 mediates 
the glucose-lowering effects of GIP via glucose-stimulated insulin 
secretion128,129, suggesting that GIPR signalling is not required for the 
rapid suppression of hepatic glucose production induced by intestinal  
lipid stimulation.

PYY is a lipid-responsive hormone that might contribute to the 
regulation of glucose homeostasis (Fig. 2). Under hyperinsulinaemic– 
euglycaemic clamps, intravenous PYY(3–36) increases glucose uptake 
in skeletal muscle of HFD-fed C57BL/6J male mice, demonstrating 
a systemic role in glucose disposal130. Given that small intestinal 
Intralipid infusion raises plasma levels of PYY in chow-fed male rats20 
and Y2R is expressed on vagal afferents85, it is plausible that luminal 
lipids stimulate PYY release to modulate glucose production. In par-
allel to endocrine peptide-mediated signalling, epithelial nutrient 
absorption pathways also contribute to systemic glucose regulation. 
Leucine-rich repeat-containing G protein-coupled receptor 4 (LGR4) 
regulates enterocyte stem cell differentiation and thereby influences 
lipid absorption131. Accordingly, male intestinal Lgr4 knockout mice 
exhibit impaired lipid uptake but improved intraperitoneal, but not 
oral, glucose tolerance when fed a HFD (60% of calories from fat)131, 
suggesting that intestinal LGR4 influences peripheral (post-absorptive) 
glucose tolerance.

Together these findings suggest that gut-derived peptides and 
epithelial nutrient absorption pathways converge to influence systemic 
glucose metabolism. The involvement of altered gut peptide secretion 
and/or malabsorption downstream of LGR4 signalling, as well as its 
potential effect on feeding regulation, warrants future investigation.

Gut microbiota and lipid sensing in the regulation of  
glucose homeostasis
Emerging evidence indicates that the small intestinal pathways that 
control nutrient-driven feeding responses also regulate systemic 
glucose homeostasis, providing a mechanistic framework through 
which bariatric surgery produces coordinated effects on food intake, 
weight loss and glycaemic control (Fig. 2). Indeed, diet-induced obese 
male mice undergoing vertical sleeve gastrectomy (VSG) experience 
elevated circulating levels of bile acids compared with sham-operated 
controls132. These mice require farnesoid X receptor (FXR; a bile acid 
receptor) for sustained weight loss and improved glucose tolerance 
after VSG, coordinated via changes in the gut microbiome132. Moreover, 
Takeda G protein-coupled receptor 5 (TGR5; another bile acid receptor) 
is necessary for enhancing glucose tolerance in male mice after VSG133. In 
a fasting–refeeding paradigm, rats with uncontrolled diabetes mellitus 

underwent duodenal–jejunal bypass surgery, mimicking Roux-en-Y 
gastric bypass (RYGB). It was found that these rats require jejunal ACSL 
activity to lower plasma levels of glucose134. These beneficial glycaemic 
effects of bariatric surgery are also present in humans; following RYGB, 
40% of patients experience T2DM remission at 3 years after surgery, 
defined by HbA1C levels being <5.7% (ref. 135). Furthermore, HbA1C lev-
els decrease by 1.6% in patients 7 years after RYGB surgery compared 
with 0.2% in patients undergoing lifestyle changes and/or receiving 
antidiabetic medications136. In addition, in patients with obesity137, VSG 
and RYGB induce sustained weight loss by approximately 17.8% and 
27.5%, respectively, 4 years post-surgery138. Collectively, evidence that 
bile acid signalling and intestinal nutrient-sensing pathways indepen-
dently regulate systemic glucose homeostasis suggests that discrete 
microbial components might likewise be sufficient to modulate host 
metabolism139–141.

Pharmacological therapies can also influence host metabolism 
by altering the gut microbiome. For example, metformin, a first-line 
treatment for T2DM, alters gut microbiota composition and modi-
fies circulating bile acid profiles in patients with T2DM after 3 days of 
treatment142. Specifically, metformin elevated plasma levels of glycour-
sodeoxycholic acid (GUDCA), a glycine-conjugated bile acid and FXR 
antagonist to lower glucose levels in obese male mice142. In patients 
with T2DM, Bacteroides fragilis abundance was high and negatively 
correlated with GUDCA levels142. Subsequently, co-administration 
of B. fragilis with metformin in germ-free mice with diet-induced 
obesity blunts the glucose-lowering effect of metformin142. Despite 
these findings, a study published in 2022 identified B. fragilis 
enriched in metformin-treated HFD-fed male mice compared with 
treatment-naive HFD-fed mice143. Indeed, metformin changes gut 
microbiota composition142–144; however, the way it does probably 
depends on the strain of mice used, the dosage, the duration of treat-
ment and environmental factors. The gut microbiota seems to have 
an important role in small intestinal lipid sensing. In 3-day HFD-fed 
hyperphagic male rats, small intestinal Intralipid or oleic acid infu-
sion fails to lower glucose production via a microbiota-dependent 
reduction in ACSL3 expression119,145. Further, activation of FXR in the 
small intestine negates the glucose-lowering effect of small intestinal 
lipid sensing145, whereas inhibiting FXR enhances the ability of small 
intestinal lipid sensing to lower plasma levels of glucose145. Collec-
tively, these findings identify a microbiota–FXR–ACSL3 axis that links 
microbiota-derived bile acid changes to small intestinal lipid metabo-
lism and systemic glucose regulation. Thus, we put forward a working 
hypothesis that a parallel microbiota–FXR–ACSL3-dependent axis is 
both sufficient and necessary for lipid sensing to regulate food intake 
and body weight (Fig. 2).

Although rodent studies have elucidated microbiota-dependent 
and FXR-dependent mechanisms regulating small intestinal lipid sens-
ing, it remains critical to examine whether targeted pharmacological 
interventions can similarly modulate metabolism and feeding in trans-
lational large-animal models. In Bama minipigs, intestine-restricted 
TGR5 agonism lowers plasma levels of glucose, body weight and food 
intake over 14 days by enhancing endogenous GLP1 secretion146. These 
improvements are achieved without causing gall bladder enlarge-
ment, a major limitation of systemic TGR5 agonists146 (Fig. 2). These 
findings illustrate the therapeutic potential of intestinally restricted 
receptor agonism and open the possibility of modulating other small 
intestinal targets, such as ACSL3, to control feeding and metabolic 
homeostasis. With intense interest in poly-agonist therapeutics capable 
of producing approximately 30% weight loss, akin to bariatric surgery, 
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selectively stimulating small intestinal lipid-sensing-dependent tar-
gets that coordinate endogenous polyhormonal secretion repre-
sents a promising and underexplored avenue for next-generation  
obesity treatments.

Central hormone receptors mediate food intake 
suppression via lipid-derived signals
Small intestinal lipid-sensing mechanisms engage gut-derived and 
kidney-derived hormones and interact with bile acids that act via 
GLP1R, GIPR, TGR5 and GFRAL to coordinate energy and glucose 
homeostasis. However, it is the peptide hormone action in the brain 
that eventually and largely leads to a reduction in food intake and 
body weight. For example, GLP1 from L cells and pre-proglucagon 
(PPG) neurons signals through GLP1R in the NTS to reduce food 
intake147,148, whereas bile acids activate TGR5 in the hypothalamus149 
and the NTS150 to suppress appetite and enhance leptin sensitivity. 
Lipid-responsive hormones such as GIP and GDF15 modulate food 
intake via GIPR in the NTS20 and hypothalamus151 and via GDF15 sig-
nalling through GFRAL in the area postrema to regulate food intake 
and glucose disposal152–154. Collectively, these small intestinal and 
kidney lipid-sensing peptide hormone-dependent pathways form an 
integrated gut–kidney–brain axis that links lipid sensing to systemic 
metabolism and represents a key target for metabolic interventions. 
To fully appreciate the mechanistic metabolic effect of small intestinal 
lipid sensing on feeding regulation, we next focus on brain hormonal  
signalling (Fig. 3).

Central GLP1R signalling
Hindbrain and hypothalamic circuits, including the NTS, area postrema 
and select hypothalamic nuclei, contain GLP1R-expressing neurons 
that integrate endocrine and vagal signals arising from intestinal 
lipid sensing to control feeding and systemic glucose homeostasis. 
To directly test how central GLP1R signalling controls feeding, a study 
in 2009 used third ventricle ICV infusion of GLP1 peptide or exendin 4 
in chow-fed male Long–Evans rats, allowing precise manipulation of 
hindbrain circuits155. A 3.0-nmol dose of GLP1 suppressed food intake 
up to 2 h after infusion, whereas 0.3 nmol of exendin 4 produced a 
sustained suppression of food intake lasting 24 h (ref. 155). One of 
the brain regions that demonstrated an increase in activity via FOS 
readout was the NTS155. Indeed, GLP1R is expressed within the NTS156–158, 
although the area postrema seems to be the main site of expression158. 

Strikingly, 25% of neurons within the NTS express adenylate cyclase 
activating polypeptide 1 (Adcyap1), a gene whose protein product 
has been shown to induce satiety when microinjected centrally into 
the hypothalamus of rats159. Peripheral administration of semaglutide 
into wild-type mice increases FOS expression in Adcyap1+ neurons; 
whereas knocking down Glp1r within the DVC blunts NTS Adcyap1+ 
neuronal FOS expression in response to semaglutide158. Notably, only 
5% of Adcyap1+ neurons co-express Glp1r, suggesting that these neurons 
are not directly sensing semaglutide158. These findings suggest that 
Adcyap1+ neurons in the NTS lie downstream of the circuit mediat-
ing semaglutide-induced anorexia. Importantly, ablating Adcyap1 
within the DVC blocks the food intake suppression effect of semaglu-
tide in addition to blocking its weight-loss effect and brain-wide FOS 
activation, suggesting that these neurons are necessary for the clinical 
benefits of semaglutide158, and potentially for the anorectic effect of 
small intestinal lipid sensing. PPG neurons in the NTS, the primary 
central source of endogenous GLP1 within the brain, are unlikely to 
contribute to the anorectic effects of small intestinal lipid sensing as 
Glp1r vagal afferents provide minimal synaptic input to PPG neurons, 
PPG neurons do not express Glp1r and their ablation does not attenu-
ate the food intake suppression effects of peripherally administered 
semaglutide160. This finding indicates that NTS PPG neurons signal 
through a parallel neuronal circuit to suppress food intake. Instead, 
PPG neurons are activated by oxytocin receptor-expressing VANs that 
encode gastric distention to induce satiety160. Selective activation of 
NTS PPG neurons suppresses food intake without causing nausea, sug-
gesting that they could be a valuable therapeutic target for modulating  
food intake160.

Chemogenetic activation of NTS GLP1R-expressing neurons pro-
motes satiety, whereas activation of area postrema GLP1R neurons 
induces conditioned flavour avoidance, indicating an aversive 
response161. These findings suggest that GLP1-based medicines could be 
designed to reduce food intake independent of aversion if they specifi-
cally target NTS GLP1R neurons161. Physiologically, knockdown of NTS 
Glp1r in male rats increased cumulative food intake and meal size156, 
whereas NTS-specific Glp1r knockdown in rats attenuates the anorec-
tic effects of liraglutide (a GLP1R agonist) and liraglutide treatment 
remains effective following area postrema lesioning162. Fluorescent in 
situ hybridization analysis further shows that NTS Glp1r is expressed 
on GABAergic neurons, and chemogenetic inhibition of these neurons 
disrupts liraglutide-induced weight loss162. These findings indicate that 

Fig. 2 | Mechanisms of small intestinal lipid sensing in glucose regulation. 
A schematic illustrating small intestinal lipid-sensing mechanisms that regulate 
glucose homeostasis. In the intestinal lumen, the fatty acid receptors CD36 
and G protein-coupled receptor (GPR)43 are activated by long-chain fatty acids 
and short-chain fatty acids (SCFAs), respectively, whereas LGR4 is a G protein-
coupled receptor crucial for lipid absorption. The glucoregulatory role of dietary 
lipids is mediated by gut-derived hormones acting through vagal afferents 
and systemic circulation. These lipid-sensing glucoregulatory pathways are 
impaired in disease states partly due to altered gut microbiome and bile acid 
profiles, which can be restored by bariatric surgery and metformin. Bile acids 
are circulated in enterohepatic and systemic vessels, and function to emulsify 
dietary lipids into micelles and signal metabolic status via the bile acid receptors 
Takeda G protein-coupled receptor 5 (TGR5) and farnesoid X receptor (FXR). 
Vagal afferents are activated through small intestinal ACSL3-dependent fatty acid 
esterification, which triggers PKCδ activation and stimulates cholecystokinin 
(CCK) secretion and subsequently activates the CCK receptor CCK1R on vagal 
afferents. PKA acts downstream of CCK1R signalling and is necessary to lower 

glucose production. Activation of FXR in enterocytes, by an acute high-fat 
diet (HFD)-induced increase in levels of taurochenodeoxycholic acid (TCDCA), 
inhibits lipid-stimulated acyl-CoA synthetase long-chain (ACSL)-mediated 
glucose regulation, a mechanism that could also have a role in reducing food 
intake. Concurrently, lipid-stimulated pre-absorptive glucagon-like peptide 1 
(GLP1) and CCK activate their respective receptors (GLP1R and CCK1R) on vagal 
afferents to lower glucose production and regulate glucose tolerance, which 
requires N-methyl-d-aspartate receptor (NMDAR) in the nucleus of solitary tract 
(NTS) and hepatic vagal efferents. GLP1 secretion is further increased by small 
intestinal agonism of the bile acid receptor TGR5. Vagal GLP1R might act as a 
convergence point of lipid-stimulated glucose and feeding regulation. In parallel, 
lipid-stimulated GLP1 and glucose-dependent insulinotropic polypeptide (GIP) 
act in an endocrine fashion on the pancreas to potentiate glucose-stimulated 
insulin secretion. Circulating peptide YY (PYY) also acts on muscle to enhance 
insulin-stimulated glucose uptake. HGP, hepatic glucose production; RYGB, 
Roux-en-Y gastric bypass; VSG, vertical sleeve gastrectomy.
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GABAergic GLP1R-expressing neurons in the NTS, rather than in the area 
postrema, are critical mediators of the sustained anorectic actions of 
liraglutide. Mechanistically, exendin 4 reduces food intake by activat-
ing PKA and AMPK–MTOR–CREB signalling in NTS GABAergic GLP1R 
neurons, independent of aversive area postrema circuits163. Clinically 
this is relevant, as approximately 14% of patients stop semaglutide 
owing to gastrointestinal adverse effects, highlighting the potential 
of selectively targeting NTS GLP1R+ neurons to drive satiety with fewer 
adverse effects164, and their respective role in small intestinal lipid 
sensing (Fig. 3).

Central GIPR signalling
The cellular identity of GIPR-expressing cells in the mouse hypo-
thalamus was resolved using single-cell RNA sequencing, reveal-
ing six subpopulations reflecting the pronounced heterogeneity 
of this receptor-expressing population151. These include oligoden-
drocytes marked by high Mal and Klk6 expression, and neurons 
marked by high Snap25 and Syt1 expression, with a subset of hypo-
thalamic Gipr-expressing neurons implicated in mediating anorexi-
genic effects151. In obese mice, a single acute ICV administration of 
acyl-GIP increases FOS expression in the ARH, DMH, VMH and LHA 
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in association with a decrease in body weight, food intake and blood 
levels of glucose108. Whereas hypothalamic GIPR neurons in mice drive 
anorexia, acute pharmacologic infusion of [d-Ala2]-GIP (DA-GIP; a 
synthetic GIP peptide with extended half-life compared with native 
GIP) into the mediobasal hypothalamus of male rats does not sup-
press feeding, whereas DA-GIP infusion into the NTS reduces food 
intake20. This discrepancy is not fully understood but may reflect 
species-specific differences and differential receptor engagement, 
as well as the distinction between broad central GIPR activation ver-
sus local pharmacological stimulation of a restricted brain nucleus. 
Interestingly, Gipr deletion in the hypothalamus is not necessary for 
the synergistic anorectic effects of GLP1R and GIPR dual agonism in 
mice125, suggesting that another brain region mediates these syner-
gistic effects. Specifically, in GABAergic neuron Gipr knockout mice, 
acyl-GIP administration fails to lower food intake or body weight165. 
Furthermore, co-administration of a GIPR and GLP1R agonist also did 
not further improve weight loss compared with administration of GLP1R 
agonist alone in GABAergic neuron Gipr knockout mice165, altogether 
suggesting that GABAergic GIPR neuronal activation is necessary for 
the enhanced weight-loss effects of co-agonists165,166. Together with the 
fact that chemogenetic activation of GIPR in the DVC lowers food intake 
in mice99, we postulate that GABAergic GIPR neurons in the NTS and/or 
area postrema could be mediating the synergistic effects of GIPR and 
GLP1R co-agonists (Fig. 3). A 2022 study demonstrated that GABAergic 
GIPR neurons in the area postrema inhibit local GFRAL and subsets 
of GLP1R neurons167, suggesting they modulate valence within area 
postrema circuits. Within this framework, area postrema GABAergic 
GIPR neurons could bias signalling between aversive and anorexigenic 
pathways, potentially favouring satiety-related circuitry over malaise, 
which might contribute to the improved tolerability of GIPR and GLP1R 
co-agonists compared with GLP1R monoagonists168. To gain insights 
into the function of GIPR-expressing neuronal subsets within spe-
cific brain nuclei, selective activation of GIPR-expressing GABAergic 
and glutamatergic neurons within the area postrema, NTS and ARH  
could reveal distinct contributions to feeding regulation and warrants 
future investigation.

Emerging evidence indicates that GIP is required for the ano-
rectic effect of lipid sensing. For example, viral-mediated knock-
down of Gipr in the NTS of chow-fed male rats blunts the ability of 
Intralipid-induced increase in plasma levels of GIP to lower food intake 
6 h after refeeding20, indicating that endogenous GIP can act as an endo-
crine factor to promote satiety through NTS GIPR in response to lipids. 
In rats, direct administration of DA-GIP into the NTS of 3-day HFD-fed 

male hyperphagic rats acutely reduces feeding, and knockdown of Gipr 
in the NTS abolishes the anorectic effect of DA-GIP20. Future studies 
should selectively block GIPR and the related expression neuronal 
populations in discrete nuclei such as the NTS or ARH during Intralipid 
exposure to directly test central and relative mechanistic contributions 
to lipid sensing (Fig. 3).

Of note, in addition to GIPR agonism, central nervous 
system-specific Gipr knockout mice or ICV GIPR neutralization mice 
are protected against diet-induced obesity as well108,169. Specifically, 
GIPR antagonism lowers food intake and body weight independently 
of GABAergic or peripheral nervous system GIPR neurons in HFD-fed 
mice, but critically depends on Glp1r expression170. Future investiga-
tion is required to understand the feeding regulatory role of GIPR 
antagonism in lipid sensing.

Central GDF15 signalling
Acute lipid administration triggers GDF15 secretion110–112 and GDF15 
subsequently signals through its receptor GFRAL in the area postrema 
of the hindbrain of rodents and humans to regulate food intake, energy 
expenditure and systemic glucose homeostasis113,152–154,171. In the brain, 
chemogenetic activation of GFRAL reduces feeding and induces con-
ditioned taste aversion via parabrachial nucleus CGRP neurons171 in 
both lean and HFD-fed mice171, whereas microinjection of GDF15 into 
the area postrema, but not NTS, of 3-day HFD-fed male rats reduces 
food intake, despite both regions expressing GFRAL172. GDF15 also 
increases skeletal muscle levels of noradrenaline, fatty acid oxidation, 
oxygen consumption and calcium futile cycling173, but the role of GFRAL 
signalling in the area postrema in these regulations remain elusive.

Interestingly in rodents, metformin induces weight loss that 
requires intact GDF15–GFRAL signalling in the area postrema172,174,175. 
Although many organs express GDF15, the kidney was found to be a 
necessary source of GDF15 in response to metformin treatment in male 
Sprague–Dawley rats172. Similarly, kidney-secreted GDF15 as well as the 
respective GFRAL activation in the area postrema are also required for 
lipid sensing to lower food intake111. Future studies await to address the 
similarities and differences of how metformin versus lipid triggers 
the GDF15–GFRAL axis to lower food intake (Fig. 3).

Central TGR5 agonism
Over the past 5 years, bile acids have emerged as postprandial signal-
ling molecules derived from cholesterol that reach the ARH and NTS 
to promote satiety via TGR5 signalling149,150,176. In a fasting–refeeding 
paradigm in chow-fed male mice, bile acids accumulate in the ARH 

Fig. 3 | Central hormonal receptor signalling integrates lipid sensing to 
regulate feeding. A schematic illustrating the central receptors that are 
sufficient and necessary for integrating dietary lipid-sensing signals to control 
feeding. Dietary lipids stimulate secretion of hormones that act on vagal 
afferents or enter circulation to suppress appetite through central processing 
in the arcuate nucleus (ARH) and ventromedial hypothalamus (VMH) and 
nucleus of solitary tract (NTS) and area postrema of the brainstem. Glucagon-
like peptide 1 receptor (GLP1R) activation with GLP1 in the ARH and NTS induces 
satiety. In addition, activation of GLP1R-expressing neurons in the area postrema 
engages a downstream subpopulation of ADCYAP1+ neurons within the NTS 
that are required to induce satiety. Hypothalamic and NTS glucose-dependent 
insulinotropic polypeptide receptor (GIPR) agonism alone can also reduce 
food intake. In parallel, GLP1R-mediated satiation is enhanced by GIP agonism 
(that is, co-agonism) and does not require hypothalamic GABAergic GIPR 
neurons. However, the specific and relative contribution of NTS versus area 

postrema GABAergic GIPR activation in food intake regulation remains to be 
clarified. GLP1R and GDNF family receptor alpha-like (GFRAL) activation in the 
area postrema by GLP1 and growth differentiation factor 15 (GDF15) promotes 
taste aversion, contributing to suppressed appetite, although area postrema 
GABAergic GIPR neurons inhibit area postrema GFRAL-expressing neurons. 
Bile acid activation of Takeda G protein-coupled receptor 5 (TGR5) in the ARH 
and NTS also induces satiety. In addition, in the NTS, TGR5 agonism sensitizes 
leptin receptor signalling, potentially via a microglial to neuronal paracrine 
mechanism. In the VMH, TGR5-expressing steroidogenic factor 1 (SF1) neurons 
might contribute to glucose homeostasis and satiation, but this remains unclear. 
Importantly, in a parallel nutrient-independent circuit, gut distension activates 
oxytocin receptor (OXYR)-expressing vagal afferent neurons (VANs), which 
project to and engage pre-proglucagon (PPG) neurons in the NTS to induce 
satiety. CCK, cholecystokinin.
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within 30 min of refeeding149. Furthermore, in male mice, INT-777  
(a TGR5 agonist) accumulates in the ARH following oral administra-
tion and produces a dose-dependent reduction in food intake, by 
inhibiting orexigenic AgRP/NPY neurons rather than stimulating ano-
rexigenic proopiomelanocortin neurons149. In 80% food restricted 
chow-fed rats, plasma levels of deoxycholic acid (DCA), a natural 
TGR5-activating ligand, rise 30 min after refeeding in association 
with an increase of DCA levels within the NTS 2 h after refeeding150. 
This postprandial DCA rise is blunted in 3-day HFD-fed hyperphagic 
rats, indicating impaired lipid–bile acid sensing150. To mimic the rise in 
DCA in the NTS within chow-fed rats, DCA was infused through a bilat-
eral cannula into the NTS of 3-day HFD-fed rats, which caused a 24-h 
TGR5-dependent reduction in food intake150. Importantly, NTS TGR5 
activation with 3-(2-chlorophenyl)-N-(4-chlorophenyl)-N,5-dimethyl-
4-isoxazolecarboxamide (CCDC), a selective TGR5 agonist, enhances 
leptin–STAT3 signalling in the NTS of 3-day HFD-fed hyperphagic male 
rats with leptin resistance150. This finding suggests that TGR5 sensitizes 
leptin receptors and provides a potential therapeutic target to suppress 
hunger. Future work should explore more combinatorial approaches of 
TGR5 agonism with lipid-dependent gut-derived peptides to elucidate 
what TGR5 can sensitize in metabolic disease states (Fig. 3).

Interestingly, deletion of TGR5 in steroidogenic factor 1 (SF1) neu-
rons within the VMH reportedly improves insulin sensitivity in chow-fed 
male mice, as indicated by lower fasting levels of insulin, reduced 
homeostatic model assessment of insulin resistance (HOMA-IR), 
and improved glucose and insulin tolerance, compared with Tgr5fl/fl 
control mice, which have intact Tgr5 expression, yet the underlying 
mechanism remains unclear177. Notably both food intake and body 
weight were unaffected in chow-fed SF1+ neuron-specific Tgr5 knock-
out mice. Although hypothalamic insulin receptor phosphorylation 
and BAT protein kinase B activation are increased in these knockout 
mice, which correlates with increase glucose uptake into BAT, direct 
evidence linking SF1–TGR5 signalling to peripheral glucose uptake, 
sympathetic activity or glucose production is lacking177. In addition in 
SF1+ neuron-specific Tgr5 knockout mice, acute1-day HFD feeding or 
cold challenges yield only modest changes in meal patterns without 
altering total food intake or energy expenditure, when compared with 
Tgr5fl/fl male mice, leaving the physiological significance of TGR5 on 
SF1+ neurons unresolved177.

Conclusion
Lipid sensing is a rapid, potent regulator of systemic metabolism, 
linking dietary fats to gut and kidney hormone release, vagal signal-
ling and central neural circuits. Fatty acid receptors such as GPR40, 
GPR120 and CD36 and/or ACSL-dependent cellular metabolism in 
the small intestine trigger the secretion of GLP1, CCK, PYY and GIP, 
while lipid sensing in the kidney releases GDF15 in parallel to shape 
feeding behaviour and glucose homeostasis. Bile acids should be 
considered integral lipid-derived signals that extend this network via 
TGR5-dependent gut–brain communication, linking dietary fat han-
dling and microbial metabolism to central appetite circuits. Together, 
these endocrine, sterol-derived and microbiota-modulated signals 
define lipid sensing as a coordinated multi-organ system rather than a 
gut-restricted process. Additional contributions from enteric and sen-
sory neurons, glia and microbial metabolites such as SCFAs probably 
further tune signal integration. Whether targeting intestinal factors 
such as PKCδ, LGR4, ACSL3 and FXR can elicit a sufficient gut hor-
mone response to drive meaningful weight loss remains unresolved. 
Harnessing the hormonal outputs of gut–brain nutrient-sensing 

pathways has transformed obesity and T2DM therapy178,179, exempli-
fied by multi-agonists such as tirzepatide180. Future strategies will need 
to determine whether selectively engaging lipid-sensing pathways 
upstream can recapitulate these polyhormonal effects and deliver 
similar therapeutic efficacy.
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