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GLP-1R–GIPR–PPARα/γ/δ quintuple agonism 
corrects obesity and diabetes in mice
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There are increasing numbers of effective drugs to improve obesity-linked metabolic 
dysfunction; GLP-1R–GIPR co-agonism is effective in the management of obesity and 
type 2 diabetes1,2, and lanifibranor—a nuclear-acting small-molecule triple agonist of 
PPARα, PPARγ and PPARδ—is in clinical phase 3 trials for the treatment of metabolic 
dysfunction-associated steatohepatitis3. Here, seeking to further improve the 
metabolic efficacy of GLP-1R–GIPR co-agonism, we report the development of a 
unimolecular quintuple agonist that combines the body weight-reducing and blood 
glucose-lowering effects of GLP-1R–GIPR co-agonism with the insulin-sensitizing and 
anti-inflammatory effects of lanifibranor via its targeted delivery into GLP-1R- and 
GIPR-expressing cells. In vitro, GLP-1–GIP–lanifibranor is indistinguishable from  
GLP-1–GIP in relation to incretin receptor signalling and shows equal stimulation of 
insulin secretion in isolated mouse islets. In vivo, however, GLP-1–GIP–lanifibranor 
outperforms GLP-1R–GIPR co-agonism and semaglutide, further decreasing body 
weight, food intake and hyperglycaemia in obese and insulin-resistant mice through 
synergistic incretin and PPAR action. The metabolic action of GLP-1–GIP–lanifibranor 
is blunted in mice with genetic or pharmacological inhibition of GLP-1R, GIPR or 
PPARδ and is absent in DIO double incretin receptor-knockout mice, collectively 
suggesting that GLP-1–GIP–lanifibranor has substantial therapeutic value in the 
treatment of obesity and diabetes.

In recent years, there has been a remarkable resurgence in drugs to 
treat obesity and its related co-morbidities. A standout example is 
tirzepatide, a co-agonist at the receptors for GLP-1 and GIP. In phase 
3 clinical trials, tirzepatide improved liver fibrosis in individuals with 
metabolic dysfunction-associated steatohepatitis (MASH)4, and 
outperformed semaglutide in the management of obesity1 and type 
2 diabetes2. Along with preclinical data indicating that long-acting 
GIPR agonists act in the brain to decrease body weight and food intake 
via GIPR signalling in inhibitory γ-aminobutyric acid-producing  
(GABAergic) neurons5–7, and by mitigating the emetic effects of GLP-1R 
agonism8,9, GIPR–GLP-1R co-agonism has been established as a highly 
effective strategy for the management of obesity, type 2 diabetes and 
MASH.

Progress has also been made using small molecules that target the 
peroxisome proliferator-activated receptors (PPARα, PPARγ and PPARδ 
(PPARα/γ/δ)), a family of nuclear-acting receptors, which upon acti-
vation, improve systemic glucose and lipid metabolism10,11. PPARα is 
expressed in many glucoregulatory organs12–17, where its activation 
improves hepatic lipid and cholesterol metabolism while decreasing 
liver fibrosis and expression of proinflammatory cytokines18. Selective 
PPARα agonists ameliorate body weight gain and adiposity in high-fat-
diet (HFD)-fed mice19, although with only limited ability to decrease 
body weight in rodents with already established obesity20–22. Activation 
of PPARγ improves insulin sensitivity in the adipose tissue, liver and skel-
etal muscle10,11,23. Although the mechanisms underlying these effects 
remain largely unknown, they are assumed to at least in part rely on the 
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ability of PPARγ to decrease ectopic lipid deposition by stimulating adi-
pocyte differentiation and fatty acid uptake10,11,23. Expression of PPARγ 
is also found in hypothalamic nuclei that govern energy metabolism24, 
and viral-mediated overexpression of hypothalamic PPARγ decreases 
food intake in diet-induced obese (DIO) mice25. In agreement with this, 
we recently showed that GLP-1-mediated delivery of the PPARα/γ  
co-agonist tesaglitazar (Tesa) decreases body weight and food intake 
with increased efficacy compared with GLP-1R agonism in DIO mice26. 
Nonetheless, the role of PPARγ in regulating food intake remains con-
troversial, since studies have shown discrepant results depending 
on the models used and experimental conditions10,11,23. PPARδ shows 
high expression in the brain, where its activation has neuroprotective 
and anti-apoptotic effects in animal models of cerebral ischemia and 
Parkinson’s Disease27. Germline deletion of PPARδ is embryonically 
lethal28,29, but its overexpression in the adipose tissue improves lipid 
metabolism and leads to resistance to diet-induced obesity30. Although 
PPARα/γ co-agonists have shown metabolic benefits in clinical trials, 
many have been discontinued owing to adverse cardiovascular and/or 
renal effects10,11,23. The PPARα/γ/δ triple agonist lanifibranor (Lani) is 
currently in clinical phase 3 trials for the treatment of MASH. In phase 
2b, Lani decreased liver fibrosis and MASH, but led to body weight gain, 
anaemia and fluid retention (peripheral oedema)3.

Here we report the design and preclinical evaluation of a unimolecu-
lar quintuple agonist, which via covalent binding of Lani to a GLP-1R–
GIPR co-agonist allows for its targeted delivery into cells that express 
the receptor for GLP-1 or GIP. This approach enabled the use of Lani at 
doses 6,898-fold lower than the dose (30 mg kg−1) required preclini-
cally to improve liver metabolism31. In vitro, GLP-1–GIP–Lani is indis-
tinguishable from its GLP-1R–GIPR co-agonist backbone in relation to 
incretin receptor signalling and glucose-stimulated insulin secretion, 
and is equally effective as Lani for inducing PPARα/γ/δ target gene 
expression in the presence of the incretin receptors. In vivo, however, 
GLP-1–GIP–Lani outperforms GLP-1R–GIPR co-agonism and semaglu-
tide to further decrease body weight, food intake and hyperglycaemia 
in mice with diet, or genetically-induced obesity. Consistent with the 
incretin-mediated delivery of the PPARα/γ/δ agonist, the metabolic 
effects of GLP-1–GIP–Lani were blunted in DIO mice with pharmaco-
logical or genetic inhibition of GLP-1R, GIPR or PPARδ, and vanished 
in double-incretin receptor knockout (DIR-KO) mice. Together, these 
results indicate that GLP-1–GIP–Lani has value for the treatment for 
obesity and type 2 diabetes.

Development of GLP-1–GIP–Lani
We previously showed that covalent attachment of the PPARα/γ 
co-agonist Tesa to a pharmacokinetically optimized GLP-1R agonist 
enabled targeted delivery of Tesa into GLP-1R-expressing cells, leading 
to greater weight loss and further improvement of glucose control rela-
tive to treatment with pharmacokinetically-matched GLP-1R agonist 
backbone26 (Extended Data Fig. 1a,b). Building on these data, here we 
assess whether the metabolic effects of such an incretin-conjugated 
PPAR agonist could further be enhanced by covalent tethering of Tesa to 
the peptide backbone of the DPP4-protected GLP-1R–GIPR co-agonist 
MAR70932 (Extended Data Fig. 1c). In DIO mice, daily treatment with 
GLP-1–GIP–Tesa (50 nmol kg−1) only moderately outperformed GLP-1–
Tesa to yield greater weight loss and further suppression of food intake 
(Fig. 1a,b), which was paralleled by slightly greater loss of fat and lean 
tissue mass (Fig. 1c), but solidly enhanced glucose tolerance (Fig. 1d) 
and further decreased blood glucose (Fig. 1e).

We next exchanged the PPARα/γ co-agonist Tesa with Lani, a PPARα/
γ/δ triple agonist that has previously been shown to ameliorate HFD- 
induced body weight gain33,34 (Extended Data Fig. 1d,e). GLP-1–GIP–Lani 
and GLP-1R–GIPR co-agonism comparably induced Gαs recruitment 
(Extended Data Fig. 2a,b) and cAMP production (Fig. 1f,g) via the incretin 
receptors, and equally potentiated glucose-stimulated insulin secretion 

in isolated mouse islets (Fig. 1h). But in contrast to GLP-1–GIP, GLP-1–GIP–
Lani exhibitied similar effectiveness to Lani in promoting the expression 
of the PPAR target gene PDK4 in GLP-1R and GIPR-expressing HEK293T 
cells transfected to co-express PPARα, PPARγ or PPARδ (Fig. 1i,j). Con-
firming the targeting nature of the molecule, the ability of GLP-1–GIP–
Lani to induce PDK4 expression was observed only in the presence of the 
incretin receptors (Fig. 1i,j) and was absent in double-incretin receptor 
negative cells that were transfected to express PPARα, PPARγ or PPARδ 
(Fig. 1k). When given at a daily dose of 50 nmol kg−1, GLP-1–GIP–Lani 
demonstrated exceptional potency in decreasing body weight of DIO 
mice, with placebo-corrected weight loss 2.63-fold greater relative to 
GLP-1–Lani after 14 days of treatment (Fig. 1l). Compared with GLP-1–
Lani, GLP-1–GIP–Lani yielded greater reduction in body fat mass and food 
intake (Fig. 1m,n), greater improvement of glucose tolerance (Fig. 1o) and 
insulin sensitivity (Extended Data Fig. 2c) and further decreased blood 
glucose and insulin (Extended Data Fig. 2d,e). Placebo-corrected drug 
effects showed that GLP-1–GIP–Lani solidly outperformed GLP-1–Lani, 
GLP-1–Tesa and GLP-1–GIP–Tesa to further decrease body weight, fat 
mass and blood glucose (Extended Data Fig. 2f–h) identifying GLP-1–
GIP–Lani as the lead candidate for subsequent studies.

Comparison with GLP-1–GIP and semaglutide
In DIO mice, GLP-1–GIP–Lani dose-dependently decreased body mass,  
fat and lean tissue mass and food intake (Extended Data Fig. 3a–c). Reduc-
tion in fat mass was comparable at daily doses of 10 and 50 nmol kg−1 
(Extended Data Fig. 3b), which identified the 10 nmol kg−1 dose as the 
lead concentration for further studies. In DIO mice, this daily dose of 
GLP-1–GIP–Lani solidly outperformed semaglutide to further decrease 
body weight, food intake and fat mass, without difference in lean body 
mass, but with further improved glucose tolerance, greater decrease in 
blood glucose and similar reduction in plasma insulin (Extended Data  
Fig. 3d–i). GLP-1–GIP–Lani (10 nmol kg−1) also decreased body weight 
with superior effects compared with Lani or GLP-1R–GIPR co-agonism 
(Fig. 2a), and this was paralleled by greater decreased fat mass, slightly 
greater loss of lean mass (Fig. 2b) and further inhibition of food intake 
(Fig. 2c). GLP-1–GIP–Lani did not affect energy expenditure, substrate 
utilization or locomotor activity (Extended Data Fig. 3j–l), but out-
performed GLP-1–GIP to further decrease blood glucose and glucose-
stimulated insulin secretion (Fig. 2d,e). Compared with GLP-1R–GIPR 
co-agonism, GLP-1–GIP–Lani further improved oral glucose tolerance 
(Fig. 2f) and insulin sensitivity, as assessed using hyperinsulinaemic-
euglycaemic clamps (Fig. 2g–i). GLP-1–GIP–Lani also suppressed endog-
enous glucose production with greater efficacy than GLP-1–GIP (Fig. 2j), 
and this was confirmed by reduced pyruvate-induced glucose produc-
tion (Fig. 2k) and decreased hepatic expression of Pcx and Pepck1, the 
master regulators of gluconeogenesis (Fig. 2l,m). In summary, GLP-1–
GIP–Lani outperforms GLP-1R–GIPR co-agonism and semaglutide to 
yield greater body weight loss and further improvement of glucose 
metabolism, with the latter being mediated by improved insulin sensi-
tivity and enhanced suppression of endogenous glucose production.

Transcriptomics in peripheral tissues
Bulk RNA sequencing showed that GLP-1–GIP–Lani robustly induced 
anti-inflammatory gene programmes in the liver and skeletal muscle 
(Fig. 2n,o). Compared with vehicle controls, GLP-1–GIP–Lani yielded 
more than 5,411 differentially expressed genes (DEGs) in the liver, 
compared to only 913 and 57 DEGs induced by GLP-1–GIP and Lani, 
respectively (Extended Data Fig. 4a,b). The transcriptional hepatic 
effects of GLP-1–GIP–Lani separated clearly from those of Lani and 
GLP-1–GIP, which was also apparent by a robust shift in principal com-
ponent analysis (PCA) (Extended Data Fig. 4c). The most enriched 
gene sets induced by GLP-1–GIP–Lani corresponded to cell cycling 
and cholesterol metabolism (Extended Data Fig. 4d). Large systemic 
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effects were also observed in the epididymal white adipose tissue 
(eWAT), with 8,060 DEGs after treatment with GLP-1–GIP–Lani, com-
pared to only 264 and 108 DEGs with GLP-1–GIP and Lani, respectively 
(Extended Data Fig. 4e–g). DEGs induced by GLP-1–GIP–Lani were 
mostly involved in cell cycle regulation, adipogenesis and Notch sig-
nalling (Extended Data Fig. 4h), suggesting effects on adipose tissue 
remodelling and inflammation. Strong effects of GLP-1–GIP–Lani 
were also observed in the skeletal muscle, with a distinct expression 

profile and 1,715 DEGs, particularly corresponding to enhanced oxida-
tive phosphorylation, indicating a shift towards enhanced substrate 
utilization and fatty acid metabolism (Extended Data Fig. 4i–l).

Effects on adipose tissue
PPARγ agonists act not only on mature adipocytes to improve insulin 
sensitivity, but also on adipocyte precursors to increase body weight 
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days. n = 6–8 mice per group. f,g, Ligand-induced cAMP production in HEK293T 
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BRET, bioluminescence resonance energy transfer. h, Insulin stimulation index 
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via stimulation of adipocyte differentiation10,11,23. Consistent with 
these activities, GIPR is expressed in mature adipocytes but not in 
preadipocytes35. We found that GLP-1–GIP–Lani, in contrast to rosigli-
tazone, was unable to induce adipocyte differentiation (Fig. 2p,q), 
but resulted in greater glucose uptake relative to GLP-1–GIP into the 
brown adipose tissue (BAT) (Fig. 2r) and similar glucose uptake into 
eWAT, skeletal muscle, liver and heart (Fig. 2s–v). Consistent with the 
notion that glucose uptake by BAT reflects insulin sensitivity rather 
than energy expenditure36,37, GLP-1–GIP–Lani and GLP-1–GIP did not 
affect expression of thermogenic genes in the BAT (Extended Data 
Fig. 5a–d) and had no acute or chronic effect on mitochondrial func-
tions in differentiated BAT primary cells, including mitochondrial res-
piration, proton production rate, proton leak respiration, coupling 

efficiency, maximal substrate oxidation, cellular respiration, non-
mitochondrial and mitochondrial respiration, ATP-linked respira-
tion, glycolysis, glycolytic proton production rate and glycolytic and 
oxidative phosphorylation-linked ATP production (Extended Data 
Fig. 5e–s). Collectively, these data indicate that the enhanced glycaemic 
effects of GLP-1–GIP–Lani originate from its ability to improve insulin 
sensitivity through decreased inflammation in key glucometabolic 
tissues, leading to enhanced suppression of endogenous glucose pro-
duction and increased glucose uptake into these tissues. Moreover, 
GLP-1–GIP–Lani protects from the adverse effects of PPAR that pro-
mote body weight gain via stimulation of adipocyte differentiation, 
while preserving its activity on mature adipocytes to facilitate glucose  
uptake.
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Fig. 2 | Comparison with GLP-1–GIP. a–f, DIO mice were treated once daily 
subcutaneously for 12 days. n = 5–8 mice per group. 10 nmol kg−1. a, Body weight. 
b, Change in fat and lean mass. c, Cumulative food intake. d, Fasting blood 
glucose. e, Glucose-stimulated insulin secretion. f, Oral glucose tolerance.  
g–j, Hyperinsulinaemic-euglycaemic clamps in DIO mice pretreated for 6 days 
via once daily subcutaneous injections of 10 nmol kg−1 of indicated drug. n = 7 
per group. g, Clamped glycaemia. h, Glucose infusion rate over time. i, Mean 
glucose infusion rate at steady state (90–120 min). j, Endogenous glucose 
production. k–m, DIO mice were treated once daily with subcutaneous injections 
of vehicle or 10 nmol kg−1 of indicated drug for 5 days. n = 7–8 mice per group.  
k, Pyruvate tolerance test. l, Hepatic expression of Pcx. m, Hepatic expression of 
Pepck1. n,o, Expression of anti-inflammatory genes in liver (n) and skeletal 
muscle (o) of DIO mice treated once daily with subcutaneous injections of vehicle 

or 10 nmol kg−1 of indicated drug for 12 days. n = 7–8 mice per group. p,q, Oil Red  
O accumulation in mouse inguinal white adipocytes differentiated for 8 days in 
the presence of vehicle or 50 μM GLP-1–GIP, GLP-1–GIP–Lani or rosiglitazone. 
n = 5–12 biological replicates per group. p, Oil Red O staining. Scale bars, 100 μM. 
q, Absorbance at 500 nm. r–v, Tissue-selective glucose uptake in BAT (r), eWAT (s), 
quadriceps (t), liver (u) and heart (v) of DIO mice treated once daily with 
subcutaneous injections of vehicle or 10 nmol kg−1 of indicated drug for 6 days. 
n = 7–8 mice per group. Data were analysed using one-way ANOVA with Bonferroni 
post hoc multiple-comparison test (b,d,l,m,q–v), two-way repeated-measures 
ANOVA (a,c,e,f,k), two-sided Wald test (n,o) or unpaired two-sided ttest (g,i,j). In 
c, cumulative food intake was assessed per cage in single-or double-house mice. 
Data are mean ± s.e.m. Exact P values, n values and detailed statistics are provided 
in Supplementary Tables 1 and 3 and Source Data.
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Assessment of drug safety
GLP-1–GIP–Lani also decreased body weight, fat mass and food intake 
with increased effectiveness compared with co-treatment with GLP-1–
GIP plus Lani, without affecting lean tissue mass (Fig. 3a–c), but with 
further improved glucose tolerance and insulin sensitivity and further 

decreased blood glucose and insulin (Fig. 3d–g). Relative to GLP-1R–
GIPR co-agonism, GLP-1–GIP–Lani similarly decreased liver mass 
(Fig. 3h) and plasma levels of aspartate aminotransferase and alanine 
aminotransferase (Fig. 3i,j) and further decreased liver triglycerides 
(Fig. 3k). No histological alterations were observed in liver, muscle, 
heart, eWAT or kidney (Fig. 3l). GLP-1–GIP–Lani nonetheless decreased 
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Fig. 3 | Chronic effects in DIO mice. a–m, DIO mice were treated once daily 
with subcutaneous injections of vehicle or 10 nmol kg−1 GLP-1–GIP–Lani or  
GLP-1–GIP plus Lani for 39 days. n = 7–8 mice per group. a, Body mass. b, Change 
in fat and lean mass c, Cumulative food intake. d, Glucose tolerance test on day 9. 
e, Insulin tolerance test on day 40. f, Fasting blood glucose. g, Fasting plasma 
insulin. h, Liver weight. i, Plasma aspartate aminotransferase (AST). j, Plasma 
alanine aminotransferase (ALT). k, Liver triglycerides (TAG). l, Representative 
histology of liver, muscle, heart, pancreas, eWAT and kidney. m, Heart mass 
against tibia lengths. n–p, Renal effects were assessed in DIO mice treated once 
daily with subcutaneous injections of vehicle or 10 nmol kg−1 GLP-1–GIP or GLP-
1–GIP–Lani for 26 days. n = 4–8 mice per group. n, Haematocrit. o, Total body 
fluid. p, Plasma and urinary creatinine. q–v, Cardiovascular end-points were 
assessed in DIO mice treated once daily with subcutaneous injections of vehicle 

or 10 nmol kg−1 GLP-1–GIP or GLP-1–GIP–Lani for 14 days. n = 7–9 mice per group. 
q, Blood pressure. r, Heart rate. s, Ejection fraction. t, Fractional shortening.  
u, Stroke volume. v, Cardiac output. Data were analysed using one-way ANOVA 
with Bonferroni post hoc multiple-comparison test (b,f,i–k,n,o,r–v), two-way 
repeated-measures ANOVA (a,c–e), Kruskal–Wallis test with uncorrected 
Dunns’s test (g,h,q) or analysis of covariance (ANCOVA) (m). Data in p were 
analysed using one-way ANOVA with Bonferroni post hoc multiple-comparison 
test in the case of normal distribution or with the Kruskal–Wallis test with 
uncorrected Dunns’s test in case of non-normal distribution. In c, cumulative 
food intake was assessed per cage in single- or double-house mice. Data are 
mean ± s.e.m. Exact P values, n values and detailed statistics are provided in 
Supplementary Tables 1 and 3 and Source Data.
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HFD-induced heart hypertrophy without causing anaemia, fluid reten-
tion or changes in urinary or plasma creatinine (Fig. 3m–p). GLP-1–GIP–
Lani further improved cardiac performance with increased effectiveness 
versus GLP-1–GIP, with no changes on blood pressure, but decreased 
heart rate and increased ejection fraction, fractional shortening, stroke 
volume and cardiac output relative to vehicle controls (Fig. 3q–v). In 
contrast to co-treatment with GLP-1–GIP plus Lani, the GLP-1–GIP–Lani 
conjugate also fully prevented body weight gain in obesity-prone leptin 
receptor-deficient db/db mice (Extended Data Fig. 6a), a model in which 
tirzepatide, semaglutide and retatrutide showed only modest ability 
to prevent the establishment of obesity38,39. GLP-1–GIP–Lani decreased 
fat mass and food intake in db/db mice with greater effectiveness than 
co-treatment with GLP-1–GIP plus Lani, without notable changes in 
lean tissue mass (Extended Data Fig. 6b), but further decreased food 
intake and blood glucose and further improved glucose tolerance and 
insulin sensitivity (Extended Data Fig. 6d–h). Collectively, these data 
show that GLP-1–GIP–Lani decreases body weight, food intake and 
hyperglycaemia with greater effectiveness than GLP-1–GIP plus Lani, 
without detrimental effects on the renal system, and enhanced efficacy 
compared with GLP-1–GIP alone for improving liver and cardiovascular  
health.

Drug effects in lean mice
Single peripheral bolus administration (10 nmol kg−1) of GLP-1–GIP 
and GLP-1–GIP–Lani both induced conditioned taste avoidance (CTA) 
in lean wild-type mice, with GLP-1–GIP–Lani having a slightly greater 
effect compared with GLP-1–GIP, and without inducing CTA in gluta-
matergic (Vglut2-cre) Glp1r-knockout mice (Vglut2 is also known as 
Slc17a6; Extended Data Fig. 6i). Nonetheless, GLP-1–GIP–Lani did not 
affect body weight, body composition, food intake or plasma levels of 
glucose, insulin, triglycerides or cholesterol in lean mice (Extended 
Data Fig. 6j–p). Collectively, GLP-1–GIP–Lani outperforms GLP-1R–
GIPR co-agonism to improve glucometabolic health in DIO mice, with 
similar tolerability and no risk of hypoglycaemia or weight loss in lean 
mice. The absence of weight loss despite induction of CTA in lean mice 
further indicates that enhanced nausea is unlikely to account for its 
body weight-reducing effects in DIO mice.

Effects in target receptor-knockout mice
Weight loss and food intake suppression effects of GLP-1–GIP–Lani were 
impaired in DIO Vglut2/Glp1r-knockout mice, whereas the effects of 
GLP-1–GIP remained largely preserved (Fig. 4a,b). Weight loss induced 
by GLP-1–GIP–Lani was also diminished in DIO Gipr-knockout mice 
(Fig. 4c), confirming the contribution of both incretin receptors. 
Corroborating a functional role of GIPR, GLP-1–GIP–Lani decreased 
body weight and food intake with increased efficacy compared with 
GLP-1–Lani, but with equal efficacy to co-therapy of GLP-1–Lani and a 
long-acting GIPR agonist (acyl-GIP) (Fig. 4d,e). However, despite similar 
decrease in body weight, GLP-1–GIP–Lani outperformed GLP-1–GIP 
plus Lani co-therapy to yield greater improvement of glucose tolerance 
(Fig. 4f), suggesting that GLP-1–GIP–Lani also improves glycaemia via 
the GIPR-targeted activity of the PPAR agonist. Consistent with this idea, 
we found that the blood glucose-lowering effect of GLP-1–GIP–Lani 
was abolished after selective antagonization of PPARδ using GSK3787 
(Fig. 4g). Of note, although inhibition of PPARδ diminished the glucose-
lowering effect of GLP-1–GIP–Lani, antagonization of PPARδ did not 
ameliorate weight loss induced by either GLP-1–GIP–Lani or the selec-
tive PPARδ agonist GW501516 (Fig. 4h), suggesting that GW501516 and 
the PPAR agonist moiety of GLP-1–GIP–Lani also decrease body weight 
independently of PPARδ. In summary, these data show that GLP-1–GIP–
Lani decreases body weight via both incretin receptors, while further 
improving glucose control via PPARδ. Functionally verifying the incretin 
receptor-dependent nature of the molecule, GLP-1–GIP–Lani decreased 

body weight, food intake and blood glucose in DIO wild-type mice, 
and these effects were absent in DIO DIR-knockout mice (Fig. 4i–m).

Comparison with weight-matched controls
To further confirm whether GLP-1–GIP–Lani improves energy and glu-
cose metabolism beyond GLP-1R–GIPR co-agonism, we treated DIO 
mice for 12 days with either vehicle, GLP-1–GIP or GLP-1–GIP–Lani. As 
an additional control, we further included a group of GLP-1–GIP-treated 
mice that were additionally food-restricted to match the body weight of 
the GLP-1–GIP–Lani-treated mice. These two groups thus differed only 
in the targeted delivery of Lani, but were otherwise matched by body 
weight and treated equally with GLP-1R–GIPR co-agonist. Although 
mice treated with GLP-1–GIP–Lani had the same weight loss and body 
composition as their food-restricted body weight-matched GLP-1–GIP-
treated controls (Extended Data Fig. 7a,b), GLP-1–GIP–Lani yielded 
further improved glucose tolerance and greater decreased blood glu-
cose with similar decreases of fasting insulin (Extended Data Fig. 7c–e). 
Of note, starting from day 6 onwards, the food-restricted (weight-
matched) GLP-1–GIP-treated mice required a smaller amount of daily 
food intake relative to the GLP-1–GIP–Lani-treated mice to match their 
body weight (Extended Data Fig. 7f), indicating that GLP-1–GIP–Lani 
decreases body weight via food intake-dependent and independent 
mechanisms. In summary, these data reiterate that at least some of the 
glycaemic benefit of GLP-1–GIP–Lani is body weight-independent and 
is not observed with GLP-1R–GIPR co-agonism, even after correction for  
body weight.

Effects in GIPR transgenic mice
Since GIPR agonism40 and GLP-1–GIP–Lani (Fig. 2r,s) promote glucose 
uptake into adipose tissue, we next assessed the metabolic effects of 
low-dose GLP-1–GIP–Lani (5 nmol kg−1) in DIO transgenic mice with 
adipose-specific overexpression of GIPR. Consistent with previous 
reports41, such adipose GIPR transgenic mice show substantially 
reduced body weight upon doxycycline-induced overexpression of 
GIPR in the adipose tissue relative to wild-type controls (Extended 
Data Fig. 7g). Notably, however, whereas weight loss induced by 
GLP-1–GIP–Lani and GLP-1R–GIPR co-agonism was much stronger in 
GIPR transgenic mice relative to wild-type controls, they both equally 
induced weight loss in GIPR transgenic mice (Extended Data Fig. 7g), 
but GLP-1–GIP–Lani was slightly more effective at improving control 
of glucose levels (Extended Data Fig. 7h,i). Whether and how enhanced 
GIPR activity in adipocytes contributes to glycaemic effects of the 
GLP-1–GIP–Lani conjugate warrants clarification; however, it is clear 
that GLP-1–GIP–Lani produces greater absolute weight loss in mice 
with adipocyte-specific overexpression of GIPR.

Acute peripheral proteomic effects
After 7 h of single subcutaneous administration, GLP-1–GIP–Lani 
induced robust proteomic changes in the pancreas, with only minor 
effects in the eWAT, liver and skeletal muscle. PCA of the pancreatic 
proteome showed that GLP-1–GIP–Lani induced a clear shift relative 
to GLP-1–GIP (Extended Data Fig. 8a), with induction of 778 proteins 
compared to 304 proteins induced by GLP-1–GIP (Extended Data 
Fig. 8b,c). Most of the proteins were uniquely affected by GLP-1–GIP–
Lani, suggesting a dominant effect of the Lani moiety via incretin 
receptor-dependent transport (Extended Data Fig. 8b–g). Proteins 
that were upregulated by GLP-1–GIP–Lani (cluster 2) were enriched in 
functions related to cell division, DNA binding, transcriptional regula-
tion and mRNA metabolism, whereas proteins that were downregulated 
by GLP-1–GIP–Lani (cluster 4) were associated with mitochondrial inner 
membrane components, oxidative phosphorylation, tricarboxylic acid 
cycle, NAD-related processes and protein biosynthesis (Extended Data 
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Fig. 8c–g). In the eWAT, no group separation was observed in the PCA, 
and only five and three proteins were upregulated by GLP-1–GIP–Lani 
and GLP-1–GIP, respectively (Extended Data Fig. 8h–j). Similarly, no 
group separation was found in the liver, with only 20 proteins induced 
by GLP-1–GIP–Lani and 17 induced by GLP-1–GIP (out of which 16 over-
lapped), and no clear pathway enrichment (Extended Data Fig. 8k–m). 
No differences were seen in the PCA of the skeletal muscle proteome, 
with only seven and six DRPs induced by GLP-1–GIP–Lani and GLP-1–GIP, 
respectively (Extended Data Fig. 8n–p).

Acute drug effects in the CNS
After single subcutaneous administration, GLP-1–GIP–Lani and GLP-1–
GIP induced equal amounts of neuronal FOS activity in the arcuate 
nucleus, area postrema and nucleus tractus solitarius (Fig. 5a–f). 
Similar to liraglutide42, semaglutide43 and acyl-GIP5, GLP-1–GIP–Lani 
and GLP-1–GIP showed no ability to cross the blood-brain barrier, 

as assessed in vitro using an established human blood-brain barrier 
model44 (Fig. 5g). Nonetheless, 7 h after single subcutaneous adminis-
tration, GLP-1–GIP–Lani induced 350 proteins in the brainstem relative 
to vehicle compared with only 94 proteins induced by GLP-1–GIP, and 
this was accompanied by a marked shift in the PCA of the proteome 
(Fig. 5h–j). Consistent with the nuclear action of Lani, most proteins 
downregulated by GLP-1–GIP–Lani (cluster 1) were associated with 
nuclear processes such as RNA processing, neurotransmitter recep-
tor internalization and chromosome organization, whereas proteins 
upregulated by GLP-1–GIP–Lani were mainly linked to neurotrans-
mitter receptor internalization (Fig. 5j and Extended Data Fig. 9a). In 
the hypothalamus, GLP-1–GIP–Lani induced 530 proteins, whereas 
GLP-1–GIP induced 606 proteins, with no clear separation in the PCA 
(Fig. 5k–m). Proteins downregulated by GLP-1–GIP–Lani (cluster 1) 
were mainly associated with calcium and tubulin binding, ion channel 
and phosphatase regulation and protein folding, whereas proteins 
upregulated by GLP-1–GIP–Lani (cluster 3) were linked to oxidative 
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Fig. 4 | Effects of inhibition of GLP-1R, GIPR or PPARδ in mice. a,b, DIO wild-
type (WT) and Vglut2/Glp1r-knockout (KO) mice were treated once daily with 
subcutaneous injections of vehicle or 10 nmol kg−1 GLP-1–GIP or GLP-1–GIP–Lani 
for 14 days. n = 8–9 mice per group. a, Body weight. b, Cumulative food intake.  
c, Change in body weight of DIO wild-type and Gipr-knockout mice treated once 
daily with subcutaneous injections of vehicle or 10 nmol kg−1 GLP-1–GIP or GLP-1–
GIP–Lani for 14 days. n = 7–8 mice per group. d–f, DIO mice were treated once 
daily with subcutaneous injections of vehicle or 10 nmol kg−1 acyl-GIP, GLP-1–Lani, 
GLP-1–GIP–Lani or GLP-1–Lani plus acyl-GIP for 14 days. n = 7–8 mice per group.  
d, Body weight. e, Cumulative food intake. f, Glucose tolerance test at day 14.  
g,h, DIO mice were treated once daily for 14 days with intraperitoneal injections 
of the PPARδ agonist GW501516 (11 μmol kg−1), subcutaneous injections of GLP-1–
GIP–Lani (10 nmol kg−1) or vehicle, or pretreated intraperitoneally with the PPARδ 

antagonist GSK3787 (25.5 μmol kg−1) 4 h before administration of GW501516 or 
GLP-1–GIP–Lani. n = 6–8 mice per group. g, Ad libitum blood glucose at day 11.  
h, Body weight. i–m, DIO wild-type and DIR-knockout mice were treated once 
daily with subcutaneous injections of vehicle or 10 nmol kg−1 GLP-1–GIP–Lani for 7 
days. n = 7–8 mice per group. i, Body weight. j, Cumulative food intake. k, Glucose 
tolerance test at day 7. l, Fasting blood glucose. m, Fasting plasma insulin.  
Data were analysed using one-way ANOVA with Bonferroni post hoc multiple-
comparison test (g,m), two-way repeated-measures ANOVA (a–f,h–k) or 
Kruskal–Wallis test with uncorrected Dunns’s test (l). Cumulative food intake (e,j) 
was assessed per cage in single- or double-house mice. Data are mean ± s.e.m. 
Exact P values, n values and detailed statistics are provided in Supplementary 
Tables 1 and 3 and Source Data.



Nature  |  Vol 653  |  21 May 2026  |  783

and lipid metabolism, ribosomal activity and amino acid and carbo-
hydrate metabolism (Fig. 5k and Extended Data Fig. 9b). Although 
proteomic changes induced by GLP-1–GIP–Lani were less robust in the 
hypothalamus relative to hindbrain, GLP-1–GIP–Lani more robustly 
induced POMC neuronal activity compared with GLP-1–GIP, as assessed 
in vivo using fibre-photometric assessment of POMC neuronal activ-
ity in Pomc-cre mice, and ex vivo using whole-cell patch recordings in 
Pomc-GFP mice (Fig. 5n–p).

Discussion
Here we report the development of a unimolecular quintuple agonist 
that combines the body weight and blood glucose-lowering effects 
of GLP-1–GIP co-agonism with the insulin-sensitizing and anti-inflam-
matory properties of the nuclear-acting PPARα/γ/δ triple agonist Lani 
through targeted delivery into cells expressing GLP-1R and/or GIPR. 

In vitro, GLP-1–GIP–Lani had indistinguishable effects on incretin recep-
tor signalling compared with its GLP-1–GIP co-agonist backbone, and 
this was verified by equal potentiation of glucose-stimulated insulin 
secretion in isolated mouse islets (Fig. 1f–h), and similar induction of 
FOS neuronal activity in the brainstem and hypothalamus (Fig. 5a–f). 
Collectively, these data indicate that GLP-1–GIP–Lani is neither inferior 
nor superior to its GLP-1R–GIPR co-agonist backbone in relation to GLP-
1R or GIPR signalling and action. However, in contrast to GLP-1–GIP, 
GLP-1–GIP–Lani enhanced PPAR target gene expression in the presence 
of the incretin receptors (Fig. 1i,j), without notable effects on PPAR-
expressing cells that lack incretin receptors (Fig. 1k).

In DIO mice, GLP-1–GIP–Lani decreased body weight, food intake 
and hyperglycaemia with improved efficacy compared with GLP-1–GIP, 
semaglutide or Lani (Fig. 2a–i). Improvement of systems metabolism 
by GLP-1–GIP–Lani was mechanistically linked to enhanced insulin 
sensitivity (Fig. 2g–i) and improved liver health, leading to decreased 
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Fig. 5 | Effects on the central nervous system. a–f, DIO mice were treated with a 
single subcutaneous injection of vehicle or 50 nmol kg−1 GLP-1–GIP, GLP-1–GIP–
Lani or Lani. n = 3–4 per group. a,b, Representative image of FOS in brainstem (a) 
and hypothalamus (b). Scale bars, 100 μm. c–f, Number of FOS-positive neurons 
in arcuate nucleus (ARC) (c), dorsomedial hypothalamus (DMH) (d), area 
postrema (AP) (e) and nucleus tractus solitarius (NTS) (f). g, In vitro assessment 
of blood-brain barrier (BBB) permeability in CD34+ endothelial cells derived 
from haematopoietic stem cells co-cultured with brain pericytes. n = 3 biological 
replicates per group. h–m, DIO mice were treated with a single subcutaneous 
injection of vehicle or 100 nmol kg−1 GLP-1–GIP or GLP-1–GIP–Lani, and brainstem 
(h–j) and hypothalamus (k–m) were collected 7 h post-injection. n = 9–10 per 
group. h,l, Venn diagram showing the number of differentially regulated 
proteins in the brainstem (h) and hypothalamus (l). i,m, PCA of the proteome  
in brainstem (i) and hypothalamus (m). j,k, Supervised hierarchical clustering of 
z-scored intensities of significantly changed proteins in the brainstem ( j) and 

hypothalamus (k). n,o, Fibre-photometric assessment of POMC activity in  
Pomc-cre mice treated with a single subcutaneous injection of vehicle or 
10 nmol kg−1 GLP-1–GIP or GLP-1–GIP–Lani. n = 6 per group. n, POMC neuronal 
activity over time. o, Corresponding area under curve. p, Electrophysiological 
recording of POMC neuronal activity in Pomc-GFP mice stimulated with 2 nM 
GLP-1–GIP or GLP-1–GIP–Lani. n = 6 mice per group. Data were analysed using 
one-way ANOVA with uncorrected Fisher’s least significant difference test  
(c–f), one-way ANOVA with Bonferroni’s multiple comparisons test (g,o), two-
way repeated-measures ANOVA (n), one-way ANOVA (false discovery rate 
(FDR) < 0.05) with Tukey’s honest significant difference post hoc test (h,l) or  
one-way ANOVA with FDR < 0.05 and unsupervised hierarchical clustering of  
z-scored log2 label-free quantification intensities ( j,k). Data are mean ± s.e.m.  
Exact P values, n values and detailed statistics are provided in Supplementary 
Tables 1 and 3 and Source Data.
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hepatic inflammation (Fig. 2n), suppression of endogenous glucose 
production (Fig. 2j–m) and enhanced glucose uptake into key glu-
coregulatory tissues (Fig. 2r). Although the liver and the skeletal 
muscle do not express GIPR or GLP-1R40,45, and are thus not directly 
targeted by GLP-1–GIP–Lani, hepatic and skeletal muscle effects are 
nonetheless expected, given that the molecule decreases body weight 
and fat mass and improve glucose metabolism, which indirectly also 
improve metabolism in liver and skeletal muscle. Consistent with 
such indirect effects is the observation that GLP-1–GIP–Lani exhib-
its minimal acute effects on the liver and skeletal muscle proteome 
(Extended Data Fig. 8k–p) but profoundly changes the liver and skel-
etal muscle transcriptome after chronic treatment (Extended Data 
Fig. 4a–d,i–l). Our data are thus in line with reports showing that sema-
glutide and tirzepatide ameliorate liver fibrosis in individuals with 
MASH4,46, and suggest the potential for similar beneficial effects of  
GLP-1–GIP–Lani.

Of note, Lani is currently in phase 3 clinical development for the 
treatment of liver fibrosis and MASH. However, to improve liver metabo-
lism31,47,48, Lani requires daily doses of 30 mg kg−1 (68.98 μmol kg−1)—
approximately 6,900-fold higher than the 10 nmol kg−1 dose used here. 
This not only emphasizes the potential therapeutic advancement of 
GLP-1–GIP–Lani relative to Lani as a stand-alone therapy but also implies 
that such a low dose can be expected to be received with favourable 
tolerability. In line with this assumption, we demonstrated that GLP-1–
GIP–Lani does not cause pathological alterations in peripheral tissues 
and does not cause heart hypertrophy, fluid retention or renal impair-
ment (Fig. 3l–p), but rather improves liver and cardiovascular health 
with slightly greater efficacy than GLP-1R–GIPR co-agonism (Fig. 3q–v 
and Extended Data Fig. 4a–l).

Of note, although GLP-1–GIP–Lani solidly outperforms GLP-1–GIP 
co-agonism or semaglutide to yield greater decreases of body weight, 
food intake and hyperglycaemia, it induces equal amounts of FOS 
neuronal activation in the brainstem and hypothalamus (Fig. 5a–f) 
despite substantial differences in regulation of hypothalamic/brain-
stem gene programmes (Fig. 5j,k). Assessment of drug effects in 
mice with genetic or pharmacological inhibition of GLP-1R, GIPR or 
PPARδ showed that GLP-1–GIP–Lani decreases body weight via both 
incretin receptors, while further improving glucose metabolism via 
PPARδ (Fig. 4a–c,g). Along with reports showing that GLP-1R ago-
nists induce hypothalamic POMC activity49 and our observation that 
weight loss induced by GLP-1–GIP–Lani is markedly diminished in 
Vglut2/Glp1r-knockout mice (Fig. 4a), these data collectively suggest 
that GLP-1–GIP–Lani enhances body weight loss relative to GLP-1–GIP by 
further accelerating POMC neuronal activity via glutamatergic GLP-1R  
neurons.

Limitations of our study include that delineation of the mechanisms 
underlying improvement of systems metabolism by GLP-1–GIP–Lani is 
challenging, not only because mice with germline deletion of PPARγ or 
PPARδ are embryonically lethal28,29,50, but also because targeting of both 
incretin receptors along with PPARα, PPARγ or PPARδ using conditional 
triple, quadruple or quintuple-knockout mice is beyond the possibili-
ties of most scientific laboratories. Furthermore, there remains great 
uncertainty related to how and where PPAR agonists act to regulate 
energy and glucose metabolism51. Accordingly, whereas PPARα ago-
nists (fibrates) are classically assumed to improve lipid and cholesterol 
metabolism via their action on the liver, agonists at PPARγ (thiazoli-
dinediones) are assumed to improve insulin sensitivity by enhancing 
adipose tissue differentiation and fatty acid uptake10,11,23. Nonetheless, 
this classical view has been challenged by the development of thia-
zolidinediones, which possess potent insulin-sensitizing properties 
despite having very low to absent PPAR-binding affinity51. Among the 
most notable are MSDC-0160 (PNU-91325) and MSDC-0602K, which 
show potent insulin-sensitizing effects in preclinical52–54 and clinical53,55 
studies despite exhibiting much reduced ability to bind and signal 
via PPARγ51. Collectively, these studies emphasize the difficulties of 

studying how and where GLP-1–GIP–Lani acts to improve body weight 
loss and insulin sensitivity. The lack of commonly available antibodies 
to detect GIPR is another limitation that hampers immunohistochemi-
cal analysis of potentially relevant drug targets in the brain. Future 
studies are warranted to clarify the spatiotemporal mechanisms 
by which GLP-1–GIP–Lani separates from GLP-1–GIP co-agonism to 
further decrease body weight and food intake. Although the shown 
enhancement of POMC neuronal activity is likely to contribute to 
the observed increased weight loss with GLP-1–GIP–Lani relative to 
GLP-1–GIP, mechanisms in the hindbrain are also known to account for 
GLP-1-induced weight loss, and may thus also have a role in the increased 
weight loss induced by GLP-1–GIP–Lani relative to GLP-1–GIP. Consist-
ent with this assumption is the observation that GLP-1–GIP–Lani has 
distinct effects on the hindbrain proteome compared with GLP-1–GIP  
(Fig. 5h,i,k).
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Methods

Animals and housing conditions
Experiments were performed in accordance with the Animal Protec-
tion Law of the European Union after permission by the Governments 
of Upper Bavaria, Germany, or Copenhagen, Denmark, or by the 
Institutional Animal Care and Use Committees of the Universities of 
Texas Southwestern, Michigan, Duke or Yale, USA. Mice were double- 
or single-housed and unless otherwise indicated fed ad libitum with 
either a regular chow (1314, Altromin or 5L0D, LabDiet) or HFD (58% fat, 
D12331, Research Diets) under constant ambient conditions of 22 ± 2 °C 
with constant humidity (45–65%) and a 12 h:12 h light:dark cycle. Leptin 
receptor-deficient db/db mice were purchased from the Jacksons Labo-
ratory (Strain 000697). Doxycyclin-inducible GIPR-overexpressing 
mice (TRE-GIPR mice) were generated in-house at The University of 
Texas Southwestern Medical Center as described previously41. C57BL/6J 
DIR-knockout mice were generated in-house at Helmholtz Munich 
(Supplementary Information 1).

Pharmacological studies
Indirect calorimetry and assessment of body composition was per-
formed as described in Supplementary information 1. Drug effects 
were assessed in age-matched male single-, or double-housed C57BL6/J 
mice that were randomly assigned in groups matched for genotype, 
body weight and body composition (fat and lean tissue mass). Mice 
were treated subcutaneously at the indicated doses with 5 μl per g body 
weight of either Vehicle, Lani (CAS: 927961-18-0, MedChemExpress), 
semaglutide, GLP-1–Lani, GLP-1–Tesa, GLP-1–GIP, GLP-1–GIP–Tesa, 
GLP-1–GIP–Lani, or co-administration of either GLP-1–GIP plus Lani 
or GLP-1–Lani plus acyl-GIP (Extended Data Fig. 1a–f). All peptides 
were provided by the Novo Nordisk Research Center Indianapolis, IN, 
USA or the Indiana Biosciences Research Institute, IN, USA (for drug 
development see Supplementary Information 1). Assessment of drug 
effects on the cardiovascular system and on POMC neuronal activity 
was performed as described in Supplementary Information 1.

Glucose and lipid metabolism
Glucose and insulin tolerance was assessed in 6 h-fasted mice injected 
intraperitoneally with either 1.5–2 g kg−1 of glucose or 0.6–0.75 U kg−1 
of insulin (Humalog; Eli Lilly). Glucose-induced insulin secretion 
was assessed in 6 h-fasted mice orally gavaged with 4 g kg−1 glucose. 
Pyruvate tolerance was assessed in 12 h-fasted mice injected intra-
peritoneally with 1.25 g kg−1 sodium pyruvate (11360070, Thermo 
Fisher). Commercially available ELISAs were used according to 
the manufacturer’s instruction to measure insulin (90080, Crystal 
Chem), triglycerides (94501, Fujifilm), cholesterol (293-93601, Fuji-
film) and free fatty acids (434-91795, 436-91995, 270-77000, Fuji-
film). Hyperinsulinaemic-euglycaemic clamps and assessment of 
tissue-selective glucose uptake were performed as described in Sup-
plementary Information 1.

Gene expression analysis
Total RNA was isolated using the RNeasy Kit (QIAGEN) according to 
the manufacturer’s instructions. cDNA synthesis was performed using 
the QuantiTect Reverse Transcription Kit (QIAGEN) or High-Capacity 
cDNA Reverse Transcription Kit (Thermo Fisher Scientific) according 
to manufacturer’s instructions. Gene expression was profiled using 
SYBR green (Thermo Fisher Scientific) and the Quantstudio 7 flex cycler 
(Applied Biosystems). The relative expression levels of each gene were 
normalized to the housekeeping gene HPRT. Primer sequences are 
listed in Supplementary Information 1.

Cell culture studies
HEK293T cells (CRL-3216, ATCC) were cultured in DMEM (11995073,  
Life Technologies) supplemented with 10% heat-inactivated FBS 

(10500064, Life Technologies), 100 IU ml−1 penicillin and 100 μg ml−1 
streptomycin solution (Pen/Strep, P4333, Sigma Aldrich). Cells 
(700,000 per well) were seeded in 6-well plates and incubated to 70% 
confluency in DMEM (10% FBS, 1% Pen/Strep). Twenty-four hours fol-
lowing seeding, transient transfections were performed using Lipo-
fectamine 2000 (11668019, Invitrogen) according to the manufacturer’s 
instructions without including additional transformation carrier DNA. 
BRET assays and in vitro quantification of PPAR-responsive genes were 
performed as described in Supplementary Information 1.

Proteomics, transcriptomics and histology
Proteomics, bulk RNA sequencing and immunofluorescence was per-
formed as described in Supplementary Information 1. For histologi-
cal analysis, excised samples were fixed in 4% (w/v) neutral buffered 
formalin, embedded in paraffin and cut into 3 µm slices for haema-
toxylin and eosin (H&E) staining or immunohistochemistry. Immuno-
histochemical detection of alpha and beta cells was performed using  
rabbit anti-insulin (3014, 1:800, Cell Signaling Technology) and mouse 
anti glucagon (G2654, 1:1,000, Merck) as primary antibodies and goat 
anti-rabbit AF750 (A21039, 1:100, Invitrogen) and donkey anti-mouse 
AF555 (A32773, 1:200, Invitrogen) as secondary antibodies. Nuclei were 
labelled with Hoechst33342 (H1399, Thermo Fischer). The stained tissue 
sections were scanned with an AxioScan 7 digital slide scanner (Zeiss) 
equipped with a 20× objective. Steatosis was graded semiquantitatively 
by the presence of fat vacuoles in liver cells according to the percent-
age of affected tissue (0, <5%; 1, 5–33%; 2, 33–66%; 3, >66%) and lobular 
inflammation was scored by overall assessment of inflammatory foci 
per 200× field (0, no foci; 1, <2 foci; 2, 2–4 foci; 3, >4 foci)56. Automated 
digital image analysis (Visiopharm) was used for determination of alpha 
and beta cell mass and mean islet size.

Glucose-stimulated insulin secretion
Mice were euthanized by cervical dislocation, followed immedi-
ately by clamping of the bile duct and perfusion with collagenase P 
(11249002001, Roche Diagnostics). Tissues were incubated in a 15 ml 
Falcon tube with 1 ml of collagenase P solution for 15 min at 37 °C, 
followed by addition of 12 ml of the cold G-solution (Sigma Aldrich) 
and centrifugation at 1,620 rpm at room temperature. The pellet was 
subsequently washed with 10 ml of the G-solution, which comprised 
of 500 ml HBSS (BE10-508F, Life Technologies) with 10% BSA (126615, 
Sigma Aldrich) and 1% Pen-Strep (15140122, Life Technologies), and 
re-suspended in 5.5 ml of gradient solution (15% Optiprep (5 ml 10% 
RPMI, Life Technologies) + 3 ml of 40% Optiprep, which was diluted 
from 60 % Optiprep with G-solution (D1556, Sigma Aldrich)) per sample, 
and placed on top of 2.5 ml of the gradient solution. To form a 3-layer 
gradient, 6 ml of the G-solution was added on the top. Samples were 
then incubated for 10 min at room temperature and centrifuged at 
1,700 rpm. The interphase was then collected and filtered through a 
70-μm nylon filter (352350, BD Falcon), before washing with G-solution. 
Islets were handpicked by a micropipette under the microscope and 
cultured in RPMI 1640 medium (11875093, Life Technologies) overnight.

For assessment of glucose-induced insulin secretion, culture medium 
was removed and islet microtissues were equilibrated for 1 h with Krebs 
Ringer Hepes Buffer (KRHB; 131 mM NaCl, 4.8 mM KCl, 1.3 mM CaCl2, 
25 mM HEPES, 1.2 mM KH2PO4, 1.2 mM MgSO4, 2% BSA) containing 
2.8 mM glucose. The supernatant was collected as a sample under low 
glucose condition for 45 min incubation, and islets were incubated for 
another 45 min at 37 °C with KRHB containing 16.7 mM glucose and sup-
plements as above. The supernatant was collected as a sample under 
high glucose condition and stored at −20 °C. For drug-induced insulin 
secretion, GLP-1–GIP and GLP-1–GIP–Lani were diluted in 1× KRHB 
buffer with 20 mM glucose to reach a concentration of 1, 10 or 50 nM. 
Cells were subsequently treated with either compound for 45 min. 
Insulin concentrations were determined using a Mouse Insulin ELISA 
(90082, Crystal Chem).



Conditioned taste avoidance
CTA experiments used either wild-type C57BL/6J mice purchased from 
the Jackson Laboratories or a glutamatergic neuron GLP-1R knock-
out mouse (a cross between a Glp1r-flox mouse and a Vglut2-ires-cre 
mouse, 035238 and 016963; Jackson Laboratory). Mice were accli-
matized to the experimental conditions, then automated water 
systems were removed and replaced with two bottles full of water 
for three days. During this time, mice were handled and injected 
daily with 0.1 ml saline. On day 4, water bottles were removed for 
22 h to induce thirst. On day 5, mice were given a bottle containing 
0.15% saccharin in water for 2 h. Saccharin bottles were weighed 
before and after the 2 h period to ensure that all mice consumed the 
tastant. Then, mice were injected with either vehicle or the drugs 
as indicated, and the saccharin bottle was replaced by a water bot-
tle. On day 8, water bottles were again removed for 22 h to induce 
thirst. On day 9, mice were given both a water bottle and a saccha-
rin bottle, each of which were weighed at 0 and 24 h. The prefer-
ence ratio was calculated as: saccharin intake/(saccharin + water  
intake).

Replicates, randomization and blinding
In vivo studies were performed in male mice that were randomly dis-
tributed in groups matched for genotype, age, body weight and body 
composition (fat and lean tissue mass). The number of independent 
biological samples per group is indicated in the figure legends and 
the Source Data files. For in vivo studies, drugs were aliquoted by a 
lead scientist in number-coded vials and most, but not all, handling 
investigators were blinded to the treatment condition. Tolerance tests 
(glucose, insulin, pyruvate and in vivo glucose-stimulated insulin secre-
tion) were performed by experienced research assistants who were 
blinded to the treatment conditions.

Statistics and reproducibility
For animal studies, sample sizes were calculated based on a power 
analysis assuming that a body weight difference of ≥5 g between the 
treatment groups can be captured with a power of ≥75% when using 
a two-sided, two-tailed statistical test under the assumption of a s.d. 
of 3.5 and an alpha level of 0.05. Statistical analyses were performed 
using the statistical tools implemented in GraphPad Prism10 (v10.0.3), 
and after testing of data for normal distribution using the Kolmogorov 
–Smirnov test, D’Agostino and Pearson test, Anderson–Darling test 
or Shapiro–Wilk test implemented in GraphPad Prism (v10.0.3). Sta-
tistical tests and individual P values are presented in Supplementary 
Table 1 or Source Data. All results are given as mean ± s.e.m. P < 0.05 was 
considered statistically significant. Differences in energy expenditure 
and heart weight were calculated using ANCOVA with body weight 
or tibia lengths as covariate using SPSS (v31). No animals or data 
were excluded from the analysis unless for animal welfare reasons 
(for example, injury due to fighting) or identification of singular out-
liers using Grubbs test. Outliers are shown in the Source Data. The 
metabolic effects of GLP-1–GIP–Lani have been reproduced in sev-
eral in vivo studies in the manuscript, and across several independent 
laboratories. In vitro studies in Fig. 1f,g and Extended Data Fig. 2a,b 
represent 3–6 independent biological replicates, each obtained in 
an independent study and calculated based on the average of 2–6 
technical replicates. In vitro studies in Fig. 1i–k represent 4–6 inde-
pendent biological replicates, each obtained in an independent study 
and calculated based on the average of 2 technical replicates. Histo-
logical data in Fig. 3l are representative examples out of n = 8 mice 
per group. Microscopic images and FOS quantification in Fig. 5a–f are 
representative examples from 3–4 mice per group. Electrophysiologi-
cal recordings in Fig. 5p are representative examples from 6–7 mice 
per group. The original pictures from which representative examples 
are depicted are displayed in Supplementary Fig. 1. All in vivo data 

represent independent biological samples as indicated in the figure  
legends.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Raw data for the proteomic and transcriptomic analysis are available 
via PRIDE (PXD062990). Raw data from the bulk RNA sequencing are 
available in the Gene Expression Omnibus (GEO) under SuperSeries 
accession number GSE314029. All data used for the statistical analysis 
are available in the Source Data, along with the GraphPad Prism-derived 
report on the statistical analysis. The statistical report contains the 
mean difference between the treatment groups, the 95% confidence 
intervals, the significance summary, and the exact P values (unless 
P < 0.0001). Transcripts were aligned using the GRCm38 reference 
genome (GenBank accession GCA_000001635.20). Source data are 
provided with this paper.
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Extended Data Fig. 1 | Structure of the used peptides. a–f, Chemical structure of the used peptides. a, GLP-1:Tesa. b, the corresponding GLP-1 backbone. c, GLP-1: 
GIP:Tesa. d, GLP-1:Lani. e, GLP-1:GIP:Lani. f, and the corresponding GLP-1:GIP backbone.
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Extended Data Fig. 2 | Comparison of GLP-1GIP:Tesa vs. GLP-1:GIP:Lani.  
a,b, Dose-response curves of ligand-induced BRET changes between Nluc-
tagged Gαs recruitment to GFP-tagged GLP-1R or GIPR. a, HEK293T cells 
expressing GLP-1R (n = 3 independent biological replicates per group).  
b, HEK293T cells expressing GIPR (n = 6 independent biological replicates per 
group). c–e, DIO mice were treated once-daily via s.c. injections of GLP-1:Lani, 
GLP-1:GIP:Lani or vehicle for 14 days. 10 nmol kg−1. c, Homeostatic model 
assessment of insulin resistance (HOMA-IR) (n = 7 Vhcl, n = 6 GLP-1:Lani, n = 8 
GLP-1:GIP:Lani). d, Fasting blood glucose (n = 8 Vhcl, n = 7 GLP-1:Lani, n = 8 GLP-1: 

GIP:Lani). e, Fasting plasma insulin (Vhcl, n = 7; GLP-1:Lani, n = 6; GLP-1:GIP:Lani, 
n = 8). f–h, DIO mice were treated once-daily via s.c. injections of GLP-1:Tesa,  
GLP-1:GIP:Tesa, GLP-1:Lani, GLP-1:GIP:Lani or vehicle for 14 days. GLP-1:Lani, n = 7; 
all other groups, n = 8. 10 nmol kg−1. f, placebo-corrected effects on body weight. 
g, placebo-corrected effects on fat mass. h, placebo-corrected effects on fasting 
blood glucose. Data were analysed using one-way ANOVA with Bonferroni post 
hoc multiple-comparison test (c–h). Data are mean ± s.e.m. *P < 0.05, **P < 0.01, 
***P < 0.001. Exact P-values, n-values and detailed statistics are provided in 
Supplementary Tables 1 and 3 and the Data Source File.
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Extended Data Fig. 3 | Comparison to semaglutide. a–c, DIO mice were 
treated once-daily via s.c. injections of GLP-1:GIP:Lani or vehicle for 9 days.  
2, 10 and 50 nmol kg−1. a, Body weight (n = 8). b, Change in fat and lean mass 
(n = 8). c, Cumulative food intake (GLP-1:GIP:Lani 10 nmol/kg and 50 nmol/kg, 
n = 6; all other groups, n = 8). d–i, DIO mice were treated once-daily via s.c. 
injections of GLP-1:GIP:Lani, semaglutide or vehicle for 16 days. 10 nmol kg−1. 
d, Body weight (GLP-1:GIP:Lani, n = 6; all other groups, n = 8). e, Cumulative 
food intake (GLP-1:GIP:Lani, n = 6; all other groups, n = 8). f, Change in fat and 
lean mass (GLP-1:GIP:Lani, n = 6; all other groups, n = 8). g, Glucose tolerance 
test at day 16 (Vhcl, n = 8; Semaglutide, n = 7; GLP-1:GIP:Lani, n = 6). h, Fasting 
blood glucose (GLP-1:GIP:Lani, n = 6; all other groups, n = 8). i, Fasting plasma 

insulin (GLP-1:GIP:Lani, n = 6; all other groups, n = 8). j–l, DIO mice were treated 
once-daily via s.c. injections of Lani, GLP-1:GIP, GLP-1:GIP:Lani or vehicle for  
14 days. n = 8 each group. 10 nmol kg−1. j, Energy expenditure. k, Respiratory 
exchange ratio (RER). l, locomotor activity. Data were analysed using one-way 
ANOVA with Bonferroni post hoc multiple-comparison test (b,f,h) two-way 
repeated-measures ANOVA (a,c,d,e,g), Kruskall-Wallis test with uncorrected 
Dunns’s test (i), or Analysis of Covariance (ANCOVA) with body weight as 
covariate ( j). Cumulative food intake (c,e) was assessed per cage in single-or 
double-house mice. Data are mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001. 
Exact P-values, n-values and detailed statistics are provided in Supplementary 
Tables 1 and 3 and the Data Source File.
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Extended Data Fig. 4 | Transcriptional drug effects on the liver, eWAT and 
skeletal muscle. a–l, DIO mice were treated once-daily via s.c. injections of 
GLP-1:GIP, GLP-1:GIP:Lani, Lani or vehicle for 12 days. 10 nmol kg−1. a,e,i, Venn-
diagram with number of differentially expressed genes (DEGs; padj <0.05)  
in the liver (a), eWAT (e) and skeletal muscle (i). c,g,k, Principal component 
analysis (PCA) showing the first two principal components of overall gene 
expression in liver (c), eWAT (g) and skeletal muscle (k). b,f,j, Heatmap showing 
gene expression z-scores of all significantly up- or down-regulated genes for 
each treatment relative to vehicle in the liver (b), eWAT (f) and skeletal muscle ( j). 
d,h,l, Gene expression overrepresentation analysis (ORA) of hallmark 

pathways in GLP-1:GIP:Lani–treated mice vs. vehicle, showing odds ratio, false 
discovery rate (FDR)–adjusted p-value, and enrichment score for each pathway 
in the liver (d), eWAT (h) and skeletal muscle (l). Data were analysed using two-
sided Wald test with Benjamin-Hochburg FDR adjustment (a,b,e,f,h,i,j) or  
one-sided Fischer’s exact test with Benjamin-Hochburg FDR adjustment (d,l). 
Data in panel a–h comprise n = 8 mice each group; data in panel j–k comprise 
n = 7 mice for Vhcl and n = 8 for all other groups. Data are mean ± s.e.m. 
*P < 0.05, **P < 0.01, ***P < 0.001. Exact P-values, n-values and detailed statistics 
are provided in Supplementary Tables 1 and 3 and the Data Source File.
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Extended Data Fig. 5 | Drug effects on brown adipose tissue. a–d, Relative 
expression of thermogenic genes in BAT of DIO mice treated once-daily via s.c. 
injections of GLP-1:GIP, GLP-1:GIP:Lani or vehicle for 12 days. n = 8 each group. 
10 nmol kg−1. a, Peroxisome proliferator-activated receptor gamma coactivator-
1α (Pgc1α). b, Uncoupling protein 1 (Ucp1). c, PR domain containing 16 (Prdm16). 
d, Cell death-inducing DFFA-like effector a (Cidea1). e–s, Drug effects on 
mitochondrial function in differentiated immortalized BAT primary cells. 
100 nM. e, Acute effects on mitochondrial respiration. f, Chronic effects  
on mitochondrial respiration. g, Acute effects on proton production rate.  
h, Chronic effects on proton production rate. i, proton leak respiration.  
j, Coupling efficiency. k, Maximal substrate oxidation. l, cellular respiration.  

m, Mitochondrial respiration. n, Non-mitochondrial respiration. o, ATP-linked 
respiration. p, Glycolysis. q, Glycolytic proton production rate. r, Glycolytic 
ATP production. s, ATP production from oxidative phosphorylation. Data were 
analysed using one-way ANOVA with Bonferroni post hoc multiple-comparison 
test (a–d,j,o,p,s), two-way repeated-measures ANOVA (e,f,g,h), or Kruskall-
Wallis test with uncorrected Dunns’s test (i,k–n,q,r). Data in panel e,g comprise 
n = 11 independently differentiated wells per group; data in panel f,h–s comprise 
n = 26 independently differentiated wells for Lani and n = 27 independently 
differentiated wells for all other groups. Data are mean ± s.e.m. *P < 0.05, 
**P < 0.01, ***P < 0.001. Exact P-values, n-values and detailed statistics are 
provided in Supplementary Tables 1 and 3 and the Data Source File.
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Extended Data Fig. 6 | Drug effects in db/db mice and in lean WT and Vglut2-
GLP-1R KO mice. a–h, Leptin receptor deficient (db/db) mice were treated 
once-daily via s.c. injections of GLP-1:GIP + Lani (n = 9), GLP-1:GIP:Lani (n = 8)  
or vehicle (n = 9) for 20 days. 10 nmol kg−1. a, Body weight. b, Change in fat and  
lean mass. c, Cumulative food intake. d, Fasting blood glucose. e, Glucose 
tolerance test. f, Insulin tolerance test. g, Baseline-corrected insulin tolerance 
test. h, Homeostatic model assessment of insulin resistance (HOMA-IR).  
i, Conditioned Taste Avoidance (CTA) in lean wildtype and Vglut2-GLP-1R KO 
mice 24 h after single s.c. administration of GLP-1:GIP (WT, n = 20; KO, n = 9), 
GLP-1:GIP:Lani (WT, n = 21; KO, n = 9) or vehicle (WT, n = 20; KO, n = 9).  
10 nmol kg−1. j–p, Lean wildtype mice were treated once-daily via s.c. injections 

of GLP-1:GIP + Lani, GLP-1:GIP:Lani or vehicle for 14 days. 10 nmol kg−1. j, Body 
weight (n = 8 each group). k, Change in fat and lean mass (Vhcl, n = 8; GLP-1:GIP: 
Lani, n = 8; GLP-1:GIP + Lani, n = 6). l, Cumulative food intake (n = 8 each group). 
m, Fasting blood glucose (n = 8 each group), n, Fasting plasma insulin (Vhcl, 
n = 8; GLP-1:GIP:Lani, n = 8; GLP-1:GIP + Lani, n = 7). o, Plasma triglycerides 
(n = 8 each group). p, Plasma cholesterol (n = 8 each group). Data were analysed 
using one-way ANOVA with Bonferroni post hoc multiple-comparison test 
(b,d,h,k,m,o,p), two-way repeated-measures ANOVA (a,c,e–g,j,l) or Kruskall-
Wallis test with uncorrected Dunns’s test (i,n). Data are mean ± s.e.m. *P < 0.05, 
**P < 0.01, ***P < 0.001. Exact P-values, n-values and detailed statistics are 
provided in Supplementary Tables 1 and 3 and the Data Source File.
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Extended Data Fig. 7 | Drug effects in weight-matched DIO and adipose 
GIPR transgenic mice. a–f, DIO mice were treated once-daily via s.c. injections 
of GLP-1:GIP (n = 10), GLP-1:GIP:Lani (n = 9) or vehicle (n = 10) for 12 days.  
An additional group was daily treated with GLP-1:GIP and additionally food 
restricted to match the body weight of mice treated with GLP-1:GIP:Lani 
(n = 10). 10 nmol kg−1. a, Body weight. b, Change in fat and lean mass. c, Glucose 
tolerance test at day 12. d, Fasting blood glucose. e, Fasting plasma insulin.  
f, Cumulative food intake. g–i, DIO wildtype (WT) and GIPR transgenic (Tg) 
mice were treated daily with GLP-1:GIP, GLP-1:GIP:Lani or vehicle. 5 nmol kg−1.  
g, Body weight (WT-GLP-1:GIP:Lani, n = 7; all other groups, n = 8). h, Fasting 
blood glucose. i, Fasting plasma insulin. Data in panel h,i comprise n = 8 for 
WT-Vhcl, WT-GLP-1:GIP, GIPRtg-Vhcl and GIPRtg-GLP-1:GIP:Lani, n = 7 for 

WT-GLP-1:GIP:Lani and n = 6 for GIPRtg-GLP-1:GIP. Data were analysed using 
one-way ANOVA with Bonferroni post hoc multiple-comparison test (d,e,h), 
two-way repeated-measures ANOVA (a,c,f,g), or Kruskall-Wallis test with 
uncorrected Dunns’s test (i). Data in b were analyzed using one-way analysis  
of variance (ANOVA) with Bonferroni post hoc multiple-comparison test in 
case of normal distribution (fat mass) or using the Kruskall-Wallis test with 
uncorrected Dunns’s test in case of not normal distribution (lean mass). 
Cumulative food intake (f) was assessed per cage in single-or double-house 
mice. Data are mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001. Exact P-values, 
n-values and detailed statistics are provided in Supplementary Tables 1 and 3 
and the Data Source File.
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Extended Data Fig. 8 | Peripheral drug effects. a–p, DIO mice were treated 
with a singly s.c. injection of GLP-1:GIP, GLP-1:GIP:Lani or vehicle, followed  
by tissue harvesting 7 h post treatment. 100 nmol kg−1. a,h,k,n, Principal 
component analysis (PCA) in pancreas (a), eWAT (h), liver (k) and skeletal 
muscle (n). b,i,l,o, Venn-diagram with differentially regulated proteins (DRPs) 
over vehicle in pancreas (b), eWAT (i), liver (l) and skeletal muscle (o). c,j,m,p, 
Heatmaps with supervised hierarchical clustering of z-scored intensities for 
DRPs in pancreas (c), eWAT ( j), liver (m) and skeletal muscle (p). d–g, Selected 
enriched annotations. d, Cluster 1. e, Cluster 2. f, Cluster 3. g, Cluster 4.  

Data were analysed using one-way ANOVA, FDR < 0.05 with Tukey’s HSD post 
hoc test (b,i,l,o), Fisher’s exact test with Benjamini–Hochberg FDR adjustment 
(d–g), or one-way ANOVA, FDR < 0.05 (c,j,m,p). Data are mean ± s.e.m. *P < 0.05, 
**P < 0.01, ***P < 0.001. Data in panel a–g comprise n = 10 per group. Data in 
panel h–j,k–m comprise n = 10 Vhcl, n = 9 GLP-1:GIP and n = 10 GLP-1:GIP:Lani. 
Data in panel n–p comprise n = 9 Vhcl, n = 10 GLP-1:GIP and n = 10 GLP-1:GIP:Lani. 
Exact P-values, n-values and detailed statistics are provided in Supplementary 
Tables 1 and 3 and the Data Source File.
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Extended Data Fig. 9 | Selected enriched annotations for central drug 
effects. a,b, Selected enriched annotations corresponding to Fig. 5j,k.  
a, Hindbrain. b, Hypothalamus. Data were analysed using Fisher’s exact test 

with Benjamini–Hochberg FDR adjustment (a,b). Exact P-values, n-values and 
detailed statistics are provided in Supplementary Tables 1 and 3 and the Data 
Source File.
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