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Incretin-based therapies for the treatment
of obesity-related diseases
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Obesity-related disability-adjusted life years (DALYs) are expected to increase by approximately 40%
from 2020 to 2030. DALYs and mortality related to obesity are the consequence of multiple
comorbidities such as cardiovascular (i.e., heart failure) and metabolic diseases (i.e. type 2 diabetes
[T2D], metabolic dysfunction-associated steatotic liver disease [MASLD]). Lifestyle interventions
represent the foundation of obesity treatment, yet an escalation to pharmacological and/or surgical
interventions is often needed. Liraglutide, semaglutide and tirzepatide are incretin-based therapies
currently approved by FDA for the management of obesity, while triple GIPR/GCGR/GLP-1R agonist
retatrutide (LY3437943), the cagrilintide/semaglutide (CagriSema) 2.4 mg combination, high-dose
oral semaglutide, and oral orforglipron are in advanced stages of development. Incretin-based
therapies have been associatedwith a bodyweight (BW) reduction of ≥5% in at least half of patients in
most randomized controlled trials (RCT) and real-world studies (RWS). Semaglutide and tirzepatide
have also displayed a mean 60–69% 10-years relative risk reduction of T2D development. In line with
evidence accrued in patients with T2D, incretin-based therapies produced a favorable effect on
traditional cardiovascular risk factors, such as lipids and blood pressure, and even reduced the risk of
major cardiovascular events and heart failure-related events in individuals with obesity, as recently
demonstrated for the first time in the SELECT trial with semaglutide 2.4 mg once-weekly. Moreover,
incretin-based therapies have also been proven beneficial on obesity-related comorbidities, such as
knee osteoarthritis (KOA), obstructive sleep apnea (OSA) syndrome, and MASLD. Further research is
needed to improve our understanding of their effects on obesity-related comorbidities and the
underlyingmechanism,whether involving direct effects on target tissues ormediated by improvement
in BW, glucose levels and other CV risk factors.

From 2000 to 2019, the Global Burden of Disease study showed a 0.48%
annual increase in age-standardized disability-adjusted life years (DALYs)
related to obesity, defined as a body mass index (BMI) ≥ 25 kg/m2 1. A
further increase by 39.8% inobesity-relatedDALYs andby42.7% inobesity-
related mortality is expected from 2020 to 20301. DALYs and mortality
related to obesity are the consequence of the multiple comorbidities span-
ning from cardiovascular (CV) andmetabolic diseases, such as heart failure
(HF) and type 2 diabetes (T2D), tomany cancers, infertility and respiratory
(e.g., obstructive apnea syndrome), cutaneous (e.g. psoriasis) and psycho-
social conditions (e.g., depressive syndrome)2,3. Even though some indivi-
duals with excess adiposity might be relatively metabolically healthy
compared to others with a similar BMI, they may still be considered at risk
for obesity-related primarily non-metabolic complications (e.g.,

osteoarthritis, gallstones, gastro-oesophageal reflux disease)3. Unsurpris-
ingly, it has been estimated that healthcare expenditure of European
countries for overweight, obesity and related comorbidities might require
approximately 8% of total national budgets between 2020 and 20504.

Lifestyle interventions, mostly aiming at diet and physical activity
improvement, represent the foundation of obesity treatment, yet an esca-
lation to pharmacological and/or surgical interventions is often needed5. So
far, bariatric surgery has proven to be the most effective approach to body
weight (BW) reduction, as a recent network meta-analysis demonstrated
that it was associated with a 17.7% greater BW loss compared to lifestyle
intervention/medical therapy6, with substantial improvements or remission
of T2D, dyslipidemia and hypertension7. Moreover, the Swedish Obese
Study showed that bariatric surgery was associated with decreased CV and
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cancer mortality by 30% and 23%, respectively8. Surgical management is
indicated for patients with BMI ≥ 35 kg/m2 with ≥1 obesity-related com-
plication or BMI ≥ 40 kg/m2, even though less than 2% of eligible patients
actually receive this treatment9. Pharmacological interventions are indicated
in patients with a BMI ≥ 30 kg/m2 or ≥27 kg/m2 in the presence of ≥1
obesity-related comorbidities10. These drugs have been designed to tackle
the multiple pathogenetic pathways underlying weight gain, mostly aiming
to reduce energy intake by affecting appetite and satiety10. Orlistat, phen-
termine/topiramate, naltrexone/bupropion, and the incretin-based drugs
liraglutide and semaglutide, both GLP-1 receptor agonists (GLP-1RA), and
tirzepatide, a biased dual GIP/GLP-1 receptor agonist, are currently both
FDA and EMA approved for the management of non-syndromic obesity10.
The unique pharmacological profile of tirzepatide allows a greater engage-
ment of theGIP receptor,mimicking the actions of nativeGIP, compared to
the GLP-1 receptor, where it activates biased downstream signals favoring
cAMP generation over beta-arrestin recruitment, resulting in reduced
receptor internalization and degradation2.

A network-meta-analysis showed that phentermine/topiramate and
semaglutide were the most efficacious therapeutic options in terms of BW
reduction11. However, lacking trials conducted with tirzepatide, an updated
comparison among available anti-obesitymedications (AOM) iswarranted.
Mirabegron, a beta3-adrenoceptor agonist, is currently under investigation
as an alternative strategy to achieve weight loss by inducing browning of
subcutaneous white adipose tissue and increasing energy expenditure;
however, initial small human studies have been disappointing12. Also, evi-
dence frompatientswithT2Dshowed that SGLT-2 inhibitors couldprovide
benefits in terms of BW loss and reduction of both visceral and sub-
cutaneous fat; however, their effects aremodest13,14 anddidnot support their
further development for the management of obesity in the absence of
diabetes.

To date, incretin-based approaches for obesity management appear as
the most promising and rapidly developing (Supplementary Table 1), with
innovations such as once-weekly (OW) injectable tripleGIPR/GCGR/GLP-
1R agonist retatrutide (LY3437943), cagrilintide (long-acting amylin ana-
logue)/semaglutide 2.4mg (CagriSema) combination, GCGR/GLP-1R dual
agonists, high-dose oral semaglutide, and oral non-peptide GLP-1 receptor
agonist orforglipron, with relevant implications in terms of patients’ com-
pliance and environmental sustainability.

Efficacy and effectiveness of incretin-based therapies
in body weight reduction
Randomized controlled trials (RCT)
Liraglutide, titrated up to 3.0mg administered subcutaneously once daily
(OD), was the first incretin-based AOM to be developed and launched on
the market. Evidence of its weight-lowering efficacy was accrued in the
dedicated SCALE (Satiety and Clinical Adiposity Liraglutide Evidence)
program. In four randomized controlled trials (RCT) conducted in patients
withobesitywithoutT2D15–18, liraglutide 3.0mgwas compared toplacebo as
an adjunct to lifestyle optimization over 56 weeks, with the exception of the
3-year extension of the SCALE Obesity and Prediabetes study. This study
was limited to the subgroup of patients with prediabetes with the primary
aim to assess the proportion of individuals who developed T2D18. Partici-
pants weremostly white female adults (mean age 45–49 years), with amean
BMI of 37.5–39.3 kg/m2 10. In the SCALEObesity and Prediabetes trial, 61%
of participants had prediabetes17, while the prevalence of baseline pre-
diabetes was not stated for the SCALE Maintenance16,17 and SCALE IBT15

trials, and participants’ mean HbA1c was 5.5%. At 56 weeks, patients on
liraglutide 3.0 mg lost on average 6.1–8.0% of BW vs. 0.2–4.0% on
placebo15–17, with the extension of SCALE Obesity and Prediabetes sug-
gesting a slightweight regain after thefirst year18. Liraglutide 3.0 mgwas also
beneficial in reducing BW in adolescents with obesity compared to placebo
(−3.2%vs. 2.2%)19.Weight losswas also assessed in the SCALESleepApnea
RCT, in which 359 non-diabetic individuals (mean age 48.5 years, mean
BMI 39.1 kg/m2), mostly males with untreated obstructive sleep apnea
(OSA), were enrolled to investigate the effect of liraglutide on disease

severity20. Patients on liraglutide lost 5.7% BW at 32 weeks compared to
1.6% for those on placebo20. The SCALE program also included two RCT
conducted in patients with T2D on background oral anti-diabetes medi-
cations with21,22/without22 insulin, aiming to assess the efficacy of liraglutide
3.0mg on weight loss at 56 weeks. These studies confirmed the weight
lowering efficacy of liraglutide in this setting, showing a BWchange ranging
from −6.0% to −5.8% with liraglutide compared to −2.0 to −1.5% with
placebo21,22. Across the SCALE trials, the proportion of patients losing >5%,
10%, 15% and 20% of BW was 46.3–63.2%, 22.8–33.1%, 11.0–18.1%, and
6.0%, respectively (Fig. 1), with a mean reduction in waist circumference
(WC) ranging from 4.7 to 9.4 cm15–18,20–22.

The development program of semaglutide 2.4mg, STEP (Semaglutide
Treatment Effect in People with obesity), consistently suggested an even
greater BW lowering efficacy compared to SCALE23. The double-blind
multicenter phase 3 trials STEP1, 3, 4, 5were conducted in adults (mean age
46.2–47.3 years),mostly females,withobesity or overweightwith≥1weight-
related complication (mean BMI 37.8–38.4 kg/m2) and aimed to demon-
strate the superiority of semaglutide 2.4mg over placebo in BW lowering at
68 or 10424 weeks as an adjunct to diet and physical activity23. Of note, in
STEP 3 intensive behavioral treatment was also administered in both arms,
and in STEP 4 all patients were initially assigned to semaglutide 2.4 mg but
were randomized 2:1 to semaglutide 2.4 or placebo after 20weeks25. In STEP
1 and STEP 3, patients on semaglutide lost 14.8–16.0% BW compared to
2.4–5.7% in the placebo group at 68 weeks26,27. STEP 5 yielded very similar
results (−15.2% vs. −2.6% with semaglutide 2.4mg and placebo, respec-
tively) at 104weeks24. In STEP4, all participants lost onaverage10.6%BWat
20 weeks; those continuing on semaglutide 2.4mg achieved a 7.9% BW
reduction at study end, while patients on placebo exhibited a BW gain of
6.9%25. The efficacy and safety of semaglutide 2.4mg was also assessed in
patients aged 12–17 years with a BMI >95th percentile or a BMI >85th

percentile with ≥1 weight-related comorbidity in the STEP TEENS trial,
producing similar results (−14.7 vs 2.7% weight change with semaglutide
2.4mg vs placebo, respectively)28.Moreover, a post-hoc analysis of the STEP
1 trial confirmed the consistency of the semaglutide 2.4mgweight-lowering
potential regardless of baseline BMI < 35 kg/m2 and comorbidities29.

The open-label STEP8 trial compared the efficacy of liraglutide 3.0 mg
and semaglutide 2.4mg at 68 weeks in 338 participants with overweight or
obesity and baseline characteristics coherent with previous STEP trials,
confirming the superiority of semaglutide (−15.8% vs −6.4% with sema-
glutide and liraglutide respectively, p < 0.001)30. A blunted BW reduction
was observed inpatientswithT2D in the STEP2 trial (−9.6%vs−3.4%with
semaglutide 2.4 mg and placebo, respectively)31 and in East-Asian patients
with overweight or obesity with/without T2D32. Across the STEP trials, the
proportion of patients losing >5%, 10%, 15% and 20% of body weight was
68.8–88.7%, 45.6–75.3%, 25.8–63.7%, and 13.1–39.6%, respectively (Fig. 1),
with a WC mean reduction ranging from 6.4 to 14.6 cm24–26,28,30,31.

Tirzepatide has been recently added to incretin-based AOM. RCT
conducted in patients with T2D showed that high doses of tirzepatide
represent the most efficacious incretin-based anti-diabetes drug in terms of
BW reduction33, sustaining the development of the SURMOUNT program
to explore its efficacy and safety in the management of obesity9. The SUR-
MOUNT program is composed of multicenter double-blind RCT evaluat-
ing the efficacy and safety of OW tirzepatide compared to placebo on top of
dietary and physical activity recommendations in patients with obesity or
BMI ≥ 27 kg/m2 with ≥1 weight-related complication9. SURMOUNT 1, 3
and 4 enrolled patients without diabetes, aged 44-48 years, mostly females,
with a mean BMI of 38.0–38.6 kg/m2. The proportion of participants with
prediabetes was 40.6% in SURMOUNT 134 while it was not reported in
SURMOUNT335 and 436, enrolling patients with ameanHbA1c of 5.5%. In
SURMOUNT 1, tirzepatide induced amean BW reduction of 15.0%, 19.5%
and 20.9% with 5mg, 10mg and 15mg, respectively compared to 3.1%
obtained with placebo at 72 weeks34. Similarly, SURMOUNT 3 showed a
mean BW reduction of 18.4% with tirzepatide titrated to the maximum
tolerated dose (15mg for 86% participants) after a 72-week follow-up35. In
SURMOUNT 4, all participants received the maximum tolerated dose of
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tirzepatide for 36 weeks and were then randomized 1:1 to continue tirze-
patide or receive placebo until 88 weeks. Patients assigned to tirzepatide
showed a 20.9% BW loss after 36 weeks with an additional 5.5% reduction
after 52 weeks, while those who switched to placebo experienced a 14%
weight regain, confirming the findings from STEP 4 supporting the
chronicity of obesity and theneed for continuous treatment.Confirming the
findings from previous trials, the tirzepatide weight-lowering efficacy was
still impressive yet blunted in patients with T2D, as shown in the SUR-
MOUNT 2 trial. The study population had a mean age of 54 years and a
mean BMI of 36.1 kg/m2 and experienced a BW reduction of 12.8%, 14.7%
and 3.2% with tirzepatide 10mg, tirzepatide 15mg and placebo, respec-
tively, at 72 weeks37. BW change was also a secondary outcome of the
SURMOUNTOSA38 and the SYNERGY-NASHtrial39. The former enrolled
469 non diabetic obese individuals aged 47.9–51.7 years with moderate-to-
severe OSA (mean BMI 38.7–39.1 kg/m2) and showed a 17.7–19.6% BW
reduction with the highest tolerated dose of tirzepatide vs. 1.6–2.3% with
placebo at 52 weeks38. The latter enrolled 190 patients with obesity (mean
age 54.4 years, mean BMI 36.1 kg/m2) and biopsy-proven MASH and
moderate-to-severe fibrosis regardless of the presence of T2D, showing a
BWreduction of 10.7%, 13.3%, 15.6% and 0.8% at 52weekswith tirzepatide
5mg, 10mg, 15mg and placebo, respectively39.

Across the SURMOUNT trials, the proportion of patients losing >5%,
10%, 15% and 20% of body weight was 79.2–97.3%, 60.5–92.1%,
39.7–84.1%, and 21.5–69.5%, respectively34–37; notably, 9.0–54.5% of
patients lost >25% of initial body weight36 (Fig. 1). Treatment with tirze-
patide induced ameanWC reduction ranging from 10.8 to 18.5 cm15–18,20–22.
A recent networkmeta-analysis of RCT comparing incretin-based drugs for
the management of obesity in non-diabetic subjects supported the super-
iority of tirzepatide in achieving a greater percentage of BW loss compared
to semaglutide 2.4 mg and liraglutide 3.0mg (−5.13%, 95% CI −9.82 to

−0.68, tirzepatide 15mg vs. semaglutide 2.4 mg;−13.02%, 95% CI−17.44
to −8-57, tirzepatide 15mg vs. liraglutide 3.0mg)40.

A recent phase 2 trial investigated the triple biased GLP-1/GIP/GCC
receptors agonist retatrutide (LY3437943) in 338patientswith ameanageof
48 years and BMI of 37.3 kg/m2 without diabetes (prediabetes in 36% par-
ticipants) showing BW andWC reduction ranging from−8.7% to−24.2%
and−6.5 cm to−19.6 cm in the 1mg and 12mg dose groups, respectively,
at 48 weeks41. CagriSema 2.4/2.4mg is currently under investigation in
several trials dedicated to obese patients (NCT05567796, NCT05996848,
NCT05813925), including one highly anticipated head-to-head study vs.
tirzepatide (NCT06131437). Of note, a small phase 2 study demonstrated
that CagriSema 2.4/2.4mg significantly reduced BW in individuals with
T2D and overweight or obesity vs. semaglutide and cagrilintide42. The
OASIS 1 phase 3 RCT demonstrated the superiority of oral semaglutide
50mg vs. placebo at 68 weeks in 667 patients with a mean age of 50 years,
mostly females, with a mean BMI of 37.5 kg/m2 and dysglycemia in 8%
participants (BW reduction−15.1% vs. −2.4%, respectively)43.

Orforglipron, a non-peptide GLP-1 receptor agonist, represents
another daily oral incretin-basedAOMdisplaying dose-dependent BWand
WC reductions at 36 weeks ranging from −9.4 to −14.7% and from
−9.6 cm to 13.6 cm with the 12 and 45mg dose, respectively, in mostly
female (59%) patients with a mean age of 54.2 years and BMI 37.9 kg/m2 44.
Cotadutide (MEDI0382) is the most extensively developed dual GLP-1/
glucagon receptor agonist, showing significant improvements in glucose
control, BW(likelymediatedby reduced energy intake rather than increased
energy expenditure), hepatic fat, and albuminuria in a small RCT on
patients with T2D and overweight or obesity45,46. Encouraging results have
also been reported with mazdutide (LY3305677) in terms of BW, blood
pressure (BP), glucose and lipid lowering47, and efinopegdutide (MK-6024)
in terms of liver fat content in patients with metabolic

Fig. 1 | Proportion of participants with at least 5%, 10%, 15%, 20%, 25% body
weight loss across dedicated randomized controlled trials with incretin-based
anti-obesity medications. In randomized controlled trials investigating multiple
doses of the experimental medications, results obtained with the highest dose were
reported. Standard errors are not shown for data retrieved from a single study.

Liraglutide 3.0mgwas administered subcutaneously once daily (refs. 11–14,16–18,26);
Semaglutide 2.4 mg (refs. 20–24,26–28), Tirzepatide 15mg (refs. 30–33) and Reta-
trutide 12mg (refs. 35) were administered subcutaneously once-weekly; Semaglutide
50mg (refs. 36) andOrforglipron 45mg (refs. 37.) were administered orally once daily.
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dysfunction-associated steatotic liver disease (MASLD) with or without
T2D48. Specifically, the only RCT aiming to investigate the BW lowering
efficacy of mazdutide in patients without T2D was limited to Chinese
patients and referred to different cut offs for the definition of obesity
(BMI ≥ 28 kg/m2)49. Awaiting further studies to evaluate their efficacy in
patients with obesity without diabetes, these compounds will not be dis-
cussed further in the present review.

Real-world studies
A recent review of real-world studies (RWS) by Ahmad et al. described an
overall poor compliance to AOM, with patients on liraglutide displaying a
greater adherence compared to orlistat, phentermine/topiramate, and nal-
trexone/bupropion50. The majority of RWS conducted in patients initiating
incretin-based AOM were retrospective51–71 and included liraglutide users,
while only a few studies investigated semaglutide titrated up to
2.4mg65,66,69–71 (Tables 1 and 2). Most RWS were burdened by a relatively
small sample size and lack of thorough information regarding adherence to

treatment and average dose used. Averagely, follow-up duration was
approximately 6months. As in RCT, participants weremostly adults (mean
age 30.4–55.5 years) and females (60–95%) with class II obesity, except for
studies conducted inChina and SouthKorea, enrollingpatientswith amean
BMI ranging from 30.8 to 33 kg/m2 53,54,62,66. A minority of studies were
exclusively dedicated to patients experiencing weight regain following
metabolic surgery64,69,72, which represented an exclusion criteria for most
RWS. Most studies included a certain proportion of participants with pre-
diabetes (2.5–52.0%). Similarly, patients with type 2 diabetes were also
represented in many studies51,53,54,56,57,59,62,63,65,68–71.

Mean body weight reduction with liraglutide titrated up to 3.0 mg
ranged from 2.3 to 12.3 kg, while patients on semaglutide up to 2.4 mg
experienced amean bodyweight reduction ranging from8.2 to 15.8 kg. The
percentage of patients losing >5% body weight ranged from 39.6 to 77.2%
with liraglutide and 85.7 to 93.0%with semaglutide, while the percentage of
patients losing >10% body weight ranged from 14.4% to 30.0% with lir-
aglutide and 47.6 to 64.0% with semaglutide. Only a minority of RWS

Table 1 | Real-world studies with incretin-based anti-obesity medications aiming to demonstrate weight lowering efficacy:
baseline characteristics.

Author (Year) Country N FU (months) Drug Age
(yrs)

Female (%) BMI (kg/m2) Bariatric
surgery (%)

Prediabetes (%)/
Diabetes (%)

Retrospective studies

Wharton (2019) Canada 311 6 Lira 3.0 mg 49.7 (11.6) 83 40.7 (7.1) Excluded 19.5/5.1

Leventhal-
Perek (2023)

Israel 1498 3, 6, 9 Lira 3.0 mg 46 (12.5) 74.4 35.9 (5.5) Excluded n.a./14.7

Park (2021) Korea 769 2,4,6 Lira 3.0 mg 44.9 (12.9) 68 32.1 (5.1) Excluded n.a./37.2

Liao (2022) China 659 6 Lira 47.8 (5.5) 66.8 32.8 (6.9) Excluded n.a./77.4

Gorgojo-
Martìnez (2019)

Spain 100 6.9 Lira 3.0 mg 51.9 (11.3) 73 39.7 (5.3) 22 35/0

Trenson (2022) Belgium 115 4 Lira 3.0 mg 47 (37.7–54.0) 77 34.8
(32.2–37.4)

n.a. n.a./8

Alshehri (2023) Saudi Arabia 399 6 Lira 3.0 mg 46.4 (12.1) 74.4 40.4 (7.7) n.a. 7.3/49.9

Santini (2022) Switzerland 54 10 Lira 3.0 mg 43.6 (11.6) 64.8 40.8 (5.7) Excluded 63/0

Schultes (2024)a Switzerland 269 10 Lira 3.0 mg 47.6 77.1 35.6 Excluded 19/4.6

Sbraccia (2023) Italy 75 5,5 Lira 3.0 mg 55.5 (12.0) 64 38.2 (6.9) n.a. 24/0

Lundegaard
Haase (2021)

Switzerland 277 7 Lira 3.0 mg 43.5 (12.3) 83.4 36.2 (5.9) 19 2.5/0

Park (2021) South Korea 169 2.4 Lira 3.0 mg 41.5 (9.6) 58 30.8 (3.5) n.a. 34.9/10.1

Calderon (2022) United States 80 9.1 Lira 3.0 mg 54 (42–63) 60 42.2
(37.5–50.7)

n.a. n.a./77.5

Rye (2018) Canada 20 6 Lira 3.0 mg 49.6 (8.3) 95 n.a. 100 n.a./25

Alabduljabbar (2024) Dublin 350 6 Sema
1.0 mg

48.5 (11.5) 80.3 40.7 (7.3) n.a. 6.3/7.7

Xiang (2023) China 53 6 Sema
1.0 mg

30.4 (8.1) 62.3 33.0 (4.2) n.a. n.a./0

Ferrari (2020) Italy 93 7.7 Lira 3.0 mg n.a. n.a. n.a. Excluded n.a./0

Wilmington (2024) United Kingdom 50 12 Lira 3.0 mg 46.2 (10.5) 76 54.1 (10.1) 0 n.a./n.a.

Jensen (2023) Switzerland L: 29
S: 21

6 Lira 3.0 mg
Sema
1.0 mg

50 (44.3–57.8) 82 34.0
(31.7–38.7)

100 12/18

Ghusn (2024) United States 304 12 Sema
2.4 mg

49 (12) 73 40.8 (9.6) Excluded 16/27

Ruseva (2024) United States 343 6 Sema
2.4 mg

48 (10.5) 85.1 37.9 (5.5) Excluded 23/7.6

Prospective studies

Suliman (2019) United Arab
Emirates

2092 4 Lira 3.0 mg 38 (n.a.) 75 37.5 9 52/0

Age and BMI reported as mean (SD) or as median (interquartile range).
FU follow-up, Lira or L liraglutide, N sample size, Sema or S semaglutide, yrs years.
aBaseline characteristics are reported as a mean of the reimbursed and non-reimbursed cohorts.
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reported the percentage of patients losing >15% body weight, ranging from
3.5 to 11.3% with liraglutide and from 2.4 to 41% with semaglutide. Most
studies did not report changes in waist circumference. Results from studies
enrolling patients with previous bariatric surgery are in line with those
including surgically naïve individuals64,69,72; furthermore, no difference was
detected according to the type of surgery72.

Incretin-based therapy for diabetes prevention in
patients with obesity
In agreement with what has been previously shown for any weight-
lowering lifestyle intervention and medication, regardless of their
mechanism of action18, incretin-based AOM have been associated
with amelioration of glucose metabolism and T2D prevention (Fig. 2).
In the SCALE Obesity and Prediabetes trial and its extension, treat-
ment with liraglutide 3.0 mg reduced the proportion of patients with
prediabetes compared to placebo at 56 weeks regardless of baseline
glycemic status (7.2 vs. 20.7% and 30.8 vs. 67.3% in patients with
normoglycemia and prediabetes)17. Liraglutide 3.0 mg was also asso-
ciated with a significant 79% reduction in T2D risk at 160 weeks (HR
0.21, 95% CI 0.13–0.34)18. As for BW reduction, semaglutide 2.4 mg
appeared as even more beneficial on glucose metabolism73. Across
STEP 1, STEP 3 and STEP 4, treatment with semaglutide 2.4 mg was
associated with a significant ∼30% HOMA-IR reduction73. The pro-
portion of patients developing prediabetes among patients with
baseline normoglycemia was 1.1–3.2% and 5.0–10.9% with semaglu-
tide and placebo, respectively73. T2Dwas reported in up to 1% patients
on semaglutide vs. 0.9–3% in those on placebo at 68 weeks73. More-
over, a significantly greater proportion of patients with baseline pre-
diabetes reverted to normoglycemia in the semaglutide vs. placebo
group (84.1–89.8% vs. 47.8–70.4%)73. Of note, results from a dedicated
trial (STEP 10, NCT05040971) investigating the efficacy of

semaglutide 2.4 mg vs. placebo in prediabetes reversal will soon be
disclosed. Meanwhile, a post-hoc analysis of the STEP 1 and STEP 4
trials showed that semaglutide 2.4 mg was associated with an
approximately 60% reduction of the 10-years risk of T2D according to
the Cardiometabolic Disease Staging (CMDS) calculator, regardless of
patients’ baseline glycemic status74. In SURMOUNT 1, prediabetes
reversal to normoglycemia occurred more often in patients on tirze-
patide vs. placebo at week 72 (95.3% vs. 61.9%, respectively)34 and a
post-hoc analysis of this trial showed a 60–69%mean 10-years relative
risk reduction of T2D development75. Results from the SURMOUNT 1
extension will further clarify the role of tirzepatide on obesity-related
metabolic disorders. Similarly, encouraging evidence comes from
trials investigating new incretin-based drugs, showcasing a greater
proportion of patients with prediabetes reverting to normoglycemia
following treatment with retatrutide and semaglutide 50 mg vs. pla-
cebo (72% vs. 22%41 and 76% vs. 10%43, respectively).

Results of RWS are in line with data from RCT. For instance, Wil-
mington et al. showed that 92.3% and 72.2% participants on liraglutide
3.0mg achieved remission of prediabetes by 6 and 12months, respectively68

andRuseva et al. demonstrated that 57.1%and 70%of patientswith baseline
diabetes and prediabetes reverted to normoglycemia following treatment
with semaglutide 2.4 once-weekly at 6 months71.

To date, remission of T2Dhas been associated by reduction of liver and
pancreas ectopic fat accumulation and restored insulin secretion76. Inter-
estingly, a post-hoc analysis of the Prediabetes Lifestyle Intervention Study
(PLIS) suggested that patients achievingprediabetes remissiondiffered from
non-responders in improvement in whole body insulin sensitivity, visceral
adipose tissue (VAT) and intrahepatic fat rather than insulin secretion upon
a similar weight loss76. Further research is needed to clarify themechanisms
underlying prediabetes reversal following treatment with incretin-
based AOM.

Fig. 2 | Proportion of participants with normoglycemia, prediabetes and type 2
diabetes at baseline and end of study in dedicated randomized controlled trials
with incretin-based anti-obesity medications. EOS data refer only to participants
with baseline prediabetes. Baseline data for liraglutide 3.0 mg are from SCALE
Obesity andPrediabetes (ref. 13), EOSdata are from SCALEObesity andPrediabetes
extension (ref. 14). Data for semaglutide 2.4 mg are a mean of the results from STEP

1, 3, 4 (refs. 21–23). Data for tirzepatide (ref. 30) and retatrutide (ref. 35) refer to
pooled doses. Liraglutide 3.0 mg was administered subcutaneously once daily;
Semaglutide 2.4 mg, Tirzepatide 15 mg and Retatrutide 12 mg were administered
subcutaneously once-weekly; Semaglutide 50 mgwas administered orally once daily.
EOS end of study, Lira liraglutide, Sema semaglutide, T2D type 2 diabetes.
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Effects of incretin-based therapy on traditional CV risk
factors
Most RCTs with incretin-based therapies reported significant improve-
ments in conventional CV risk factors such as lipids and blood pressure
(Fig. 3A, B). Specifically, these drugs consistently induced a reduction in
triglycerides ranging approximately from −10% with liraglutide 3.0mg to
−34% with retatrutide. Except for orforglipron, incretin-based drugs
appeared to increase HDL-cholesterol up to approximately 13%with pooled
tirzepatide doses.Most incretin-based drugs were also beneficial on total and
LDL-cholesterol, with the greatest reduction observed with retatrutide
(−12.8% and −16.5%, respectively). Systolic (SBP) and diastolic blood
pressure (DBP) were also consistently reduced by incretin-based drugs,
ranging from −3.1 and −0.57mmHg with liraglutide 3.0mg to −9.2 and
−5.1mmHg with retatrutide, respectively. Interestingly, semaglutide with-
drawal in theSTEP1extensionwasassociatedwithSBPandDBPreversion to
baseline levels; also, lipids andC-reactiveprotein levels increasedbyweek120,
yet maintaining a significant difference with respect to patients on placebo77.

A large patient-level meta-analysis showed that estimated glomerular
filtration rate (eGFR) decline and albuminuria are both associated with
increased risk of adverse CV and renal events in the general population78.
Indeed, albuminuria and reduced kidney function have been addressed as
partially responsible for the residual CV risk persisting despite correction of

commonCV risk factors79. In patients with T2D, GLP-1RAwere associated
with a 21% reduction in composite kidney outcomes mostly driven by
amelioration of albuminuria80. Likewise, semaglutide 2.4mg and 1mg
reduced albuminuria by 20.8% and 14.8% and increased the probability of
shifting to a lower albuminuria category compared to placebo in the STEP 2
trial79. Most of the beneficial effect of semaglutide on UACR reduction was
mediated by HbA1c, BW and BP reduction79. However, no significant dif-
ference in eGFR was found in patients treated with liraglutide 3.0mg and
semaglutide 2.4mg in post-hoc analyses of the SCALE Obesity and Pre-
diabetes, SCALEDiabetes and STEP 1–3 trials79,81. Contrariwise, tirzepatide
not only reduced albuminuria but also significantly slowed the rate of eGFR
decline compared with insulin glargine in patients with T2D82. The favor-
able results from the placebo-controlled FLOW trial, conducted with
semaglutide 1.0mg in patients with T2D and chronic kidney disesase
(CKD), are about to be disclosed, while ongoing dedicated trials will further
explore the effects of OW semaglutide 2.4mg (NCT04889183) and tirze-
patide (NCT05536804) on kidney function parameters in obese/overweight
individuals at high risk of CKD progression regardless of T2D.

Effects of incretin-based therapy on CV complications
In line with previous evidence accrued in patients with T2D83, recent data
demonstrated for the first time that incretin-based therapy was associated

Fig. 3 | Effect of incretin-based anti-obesity medications on lipid profile and
blood pressure in dedicated randomized controlled trials. a, bDepict the effect of
incretin-based anti-obesity medications on lipid profile and blood pressure,
respectively. Liraglutide 3.0 mg was administered subcutaneously once daily
(refs. 11–14,16–18,26); Semaglutide 2.4 mg (refs. 20–24,26–28), Tirzepatide
(refs. 30–33,38) and Retatrutide were administered subcutaneously once-weekly

(ref. 35); Semaglutide 50 mg (ref. 36) and Orforglipron (ref. 37) were administered
orally once daily. Data on the effect of Tirzepatide, Retatrutide and Orforglipron
were reported for pooled doses. C cholesterol, DBP diastolic blood pressure, HDL-C
high-density lipoprotein cholesterol, LDL-C low-density lipoprotein cholesterol,
Lira liraglutide, SBP systolic blood pressure, Sema semaglutide, TG triglycerides,
TZP tirzepatide.
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with CV risk reduction in patients with overweight or obesity with nor-
moglycemia or prediabetes. Specifically, the SELECT trial demonstrated
that OW semaglutide 2.4 mg reduced the risk of major adverse CV events
(MACE) compared to placebo (HR 0.80, 95% CI 0.72–0.90, p < 0.001) at
39.8 months in patients with preexisting CV disease. Point estimates for
MACE components, namely CV death (HR 0.85, 95% CI 0.71–1.01),
nonfatal myocardial infarction (MI) (HR 0.72, 95% CI 0.61–0.85) and
nonfatal stroke (HR 0.93, 95% CI 0.74–1.15), suggested consistent
benefit84,85. The population of SELECT was broader (17,605 vs.
3183–14,752) compared to cardiovascular outcome trials (CVOTs) con-
ducted with GLP-1RA in individuals with diabetes, yet similar in terms of
mean age (61.6 vs. 59.9–66.2 years), greater male representation (72.3% vs.
54–69%), mean BMI identifying class I obesity (33.3 vs. 30.1–32.8 kg/m2),
previous CV disease (99.5% vs. 31–100%), and follow-up duration (3.3 vs.
1.4–6.5 years)84,85. Differently from previous GLP-1RA CVOTs, being
conducted in participants without diabetes, SELECT was not designed to
achieve glycemic equipoise between arms. However, prediabetes was
reported in 64.5%of participants, with amean (SD)HbA1c of 5.8% (0.3%)86

and, as expected, individuals treatedwithOWsemaglutide 2.4mg exhibited
a greaterHbA1c reduction compared to placebo (−0.32%, 95%CI−0.31 to
−0.33)84. A meta-regression analysis of CVOTs conducted with GLP-1RA
in individuals with diabetes suggested a significant association between
reduction in MACE HR and mean between-arms HbA1c difference
(R2 = 0.69, p < 0.05), particularly driven by stroke reduction (R2 = 0.89,
p < 0.01) rather than non-fatal MI and CV death prevention85. Results from
the SELECT trial are coherent with these findings, as mean between-arms
HbA1cdifferencemaintains a significant correlationwithMACE(R2 = 0.47,
p < 0.05) and stroke HR (R2 = 0.57, p < 0.05), while still no association
emerged with non-fatal MI (R2 = 0.05, p > 0.05) and CV death (R2 = 0.1,
p > 0.05) (Fig. 4A–D). Contrary to expectations86, CV event rate (including
stroke) in SELECT was in line with that described in GLP-1RA CVOT
conducted in patients with diabetes84,85. This analysis, updatedwith all GLP-
1RA CVOT completed to date, supports the hypothesis that achieving

HbA1c lowering with these distinct drugs might be critical for cere-
brovascular events rather than MI and CV death risk reduction. The
mechanisms sustaining this heterogeneity are unknown, although it should
be acknowledged that CVOTs lack the statistical power to reliably detect
differences in specific MACE components. Moreover, OW semaglutide
2.4mg was associated with a consistent benefit in HF composite endpoint,
comprising death from CV causes or hospitalization or an urgent medical
visit for HF (HR 0.82, 95% CI, 0.71–0.96), and death from any cause (HR
0.81, 95% CI, 0.71–0.93)84. The mean 9.4% BW reduction exhibited by
patients treatedwithOWsemaglutide 2.4mgmight partially explain theHF
benefit observed in this trial84, as previously demonstrated for treatments
leading to at least 10%weight loss87. This finding is not surprising, given the
striking association between BMI and HF risk in patients with T2D emer-
ging from the Swedish National Diabetes Registry88. However, the pre-
cociously emerging benefit of semaglutide might be explained by several
othermechanisms other thanBWreduction, such as reduced inflammation
and BP lowering84. Treatment with semaglutide 2.4mg also significantly
improved symptoms, evaluated with the Kansas City Cardiomiopathy
Questionnaire, and physical limitations, evaluated with the 6min walking
test, in the STEP-HFpEF trial, enrolling 529 patients with obesity and HF
withpreservedejection fraction89.Aprespecified analysis of this trial showed
that a greater weight loss was associated with greater improvements in HF-
related symptoms and physical limitations, regardless of patients’ age,
gender and baseline body weight89. CV safety is currently under investiga-
tion for tirzepatide in patients with obesity without diabetes
(NCT05556512) and for cagrilintide/semaglutide with overweight and
obesity with and without diabetes (NCT05669755).

Effects of incretin-based therapy on other obesity-
related comorbidities
Incretin-based AOM might be beneficial for most of obesity-related
comorbidities, notwithstanding their metabolic, load-bearing, and mixed
pathogenesis (Fig. 5)3. MASLD, associated with obesity, VAT and liver fat

Fig. 4 | Association of mean between-arm HbA1c difference and the risk of
MACEand its components acrossCVOT trialswithGLP-1 receptor agonists.The
association of mean between-arm HbA1c difference and MACE HR (a) (R2 = 0.47,

p < 0.05) is largely driven by reduction of stroke (b) (R2 = 0.57, p < 0.05) rather than
CV mortality (c) or MI (d) HR. CV cardiovascular, HR hazard ratio, MACE major
adverse cardiovascular events, MI myocardial infarction.
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excess and inflammation, is perhaps the most studied among them90. A
recent meta-analysis including 30 RCT enrolling 1738 individuals showed
that treatment with GLP-1RA reduced VAT (−0.59, 95% CI [−0.83,
−0.36], I2 = 77%, p < 0.00001) and hepatic liver content (−3.09, 95% CI
[−4.16, −2.02], I2 = 40%, p < 0.00001) with respect to placebo or active
comparators regardless of patients’ history of T2D and/orMASLD91. Apart
from resmetirom, recently approved by the FDA for use in patients with
MASH with moderate to advanced liver fibrosis, there are no other ther-
apeutic options for this disease92. Interestingly, GLP-1RA-based drugs have
been proven beneficial to some extent in dedicated trials and should be
considered in patients with obesity and/or T2D andmetabolic dysfunction-
associated steatohepatitis (MASH)90.

The LEAN study was the first to demonstrate that liraglutide 1.8 mg
induced histological resolution of MASH compared to placebo in a small
group of patients with and without diabetes93. A larger study (SEMA-
NASH) enrolling 320 individuals with obesity, biopsy-proven NASH and
different degreesoffibrosis,with orwithout diabetes, demonstrated thatOD
subcutaneous semaglutide 0.4mg significantly resolved MASH without
worsening fibrosis in 59% of patients93. Both the LEAN and SEMA-NASH
trials showed thatGLP-1RAslowedfibrosis progression and improvednon-
invasivemarkers offibrosis but failed to demonstrate significant histological
modifications93. Secondary analyses of these studies suggested that weight
loss might be the main driver of GLP-1RA efficacy inMASH, supported by
the lack of expression of GLP-1 receptors in the human liver93. A phase 3
study (NCT04822181), which enrolled 1200 patients with biopsy-proven
MASH and fibrosis, is currently ongoing to assess the benefit of OW

subcutaneous semaglutide 2mg in this setting93. Moreover, OW semaglu-
tide 2.4mg has been recently proven safe and effective in reducing BW,
HbA1cand lipids inpatientswithMASH-related compensated cirrhosis, yet
failed to improve fibrosis or induce MASH resolution vs. placebo at
48 weeks94. However, non-invasive markers of disease activity, such as
transaminases, gammaglutamyltransferase, pro-C3 levels and liver steatosis
at MRI, significantly improved94. In the SURPASS-3 trial, tirzepatide
showed an 8.1% reduction in MRI-measured liver fat and AST, ALT and
gamma-glutamyltransferase vs. insulindegludec at 52weeks inpatientswith
type 2 diabetes93. Moreover, the SYNERGY-NASH trial showed that tirze-
patide was associated with a dose-dependent greater likelihood of biopsy-
proven MASH resolution vs. placebo at 52 weeks (62% of participants on
tirzepatide 15mg vs. 10% of participants on placebo)39.

Obesity and metabolic disorders are also commonly linked to repro-
ductive issues such as polycystic ovary syndrome (PCOS)95 and erectile
dysfunction (ED)96. Several RCT investigated the role of liraglutide, alone or
in combination with metformin, in women with PCOS and overweight or
obesity, confirming its beneficial effect on anthropometric and metabolic
features95; however, changes in menstrual cyclicity and hyperandrogenism
were rarely assessed. Available evidence showed that both OD liraglutide
1.8mg and 3.0 mg were associated with higher levels of SHBG, lower free
androgen index and increased menstrual frequency vs. placebo95. Also, in a
small study conducted on 60 patients, Xing et al. showed that the combi-
nation of liraglutide and metformin improved total testosterone, LH and
progesterone more than metformin alone97. Interestingly, preconception
administration of liraglutide 1.2mg and metformin was associated with

Fig. 5 | Effect of incretin-based therapies on obesity-related comorbidities.
Summary of the effects of incretin-based therapies on obesity-related comorbidities
and their underlying mechanisms according to results of studies conducted in
individuals with obesity regardless of the presence of diabetes. AE adverse event,
AHI apnea-hypopnea index, BW body weight, CKD chronic kidney disease, CV
cardiovascular, DBP diastolic blood pressure, ED erectile dysfunction, eGFR esti-
mated glomerular filtration rate, GERD gastroesophageal reflux disease, HF heart
failure, hHF hospitalization for heart failure, KCCQ Kansas City Cardiomyopathy
Questionnaire, KOA knee osteoarthritis, LDL-c LDL cholesterol, MACE major

adverse cardiovascular events, MASH metabolic dysfunction-associated steatohe-
patitis, MASLD metabolic dysfunction-associated steatotic liver disease, OSA
obstructive sleep apnea, PCOS polycystic ovary syndrome, SBP systolic blood
pressure, T2D type 2 diabetes, VAT visceral adipose tissue. Underlining identifies
results from preclinical studies. Red circles, results applicable tomost incretin-based
therapies; blue circles, results applicable to liraglutide; green circles, results applic-
able to semaglutide; purple circles, results applicable to dulaglutide; yellow circles,
results applicable to tirzepatide; filled circles indicate mostly BW loss-mediated
benefits.
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increased pregnancy rate per embryo transfer and cumulative pregnancy
rate inwomenwith obesity in PCOS compared tometforminmonotherapy,
despite similar weight reduction98. The salutary effects of GLP-1RA on
endothelial function could also be exploited for ED amelioration96, as the
GLP-1 receptor was detected in endothelial cells and GLP-1RA were found
to affect endothelial function by stimulating nitric oxide production99.
Evidence on GLP-1 receptor-based drugs and ED are scant and have been
mostly accrued in animal models and people with diabetes. For instance,
liraglutide improved ED by regulating smooth muscle dysfunction and
oxidative stress in a GLP-1 receptor-dependent fashion in a rat model of
type 1 diabetes99. The largest study in humans is an exploratory analysis of
the REWIND trial, evaluating the effect of dulaglutide vs. placebo on CV
outcomes, which showed that dulaglutide was associated with a small yet
significant reduction in ED risk (HR 0.92, 95% CI 0.85–0.99, p = 0.021) in
3725 patients with T2D and class I obesity. The same salutary effects
mediatingMACE reduction by dulaglutide, such as amelioration of glucose
control, blood pressure, dyslipidemia, BW and probably endothelial func-
tion and oxidative stress, are likely involved in ED prevention and
improvement100.

Obstructive sleep apnea (OSA) syndrome is a sleep disorder strongly
associated with both the load-bearing and metabolic and inflammatory
implications of obesity, leading to increased CV risk and reduced quality of
life101. In the SCALE Sleep Apnea RCT, liraglutide 3.0mg was associated
with a significant reduction of apnea-hypopnea index (AHI) compared to
placebo (−6.1 events per hour, 95% −11 to −1.2 events per hour) at
32 weeks in patients with moderate to severe OSA not on positive airway
pressure20. The clinical benefit of liraglutide 3.0mgwasmostly mediated by
its effect on BW, as treatment assignment was not associated with change in
AHI independently of weight reduction20. As expected, according to a linear
meta-regression model, tirzepatide might decrease AHI in patients with
OSA and obesity102. The findings of the SURMOUNTOSA trial supported
this hypothesis, showing a significant improvement inAHI, hypoxic burden
and sleep quality with tirzepatide compared to placebo at 52 weeks38.

GLP-1RA might also be valuable in knee osteoarthritis (KOA) ame-
lioration, which represents the typical load-bearing complication of obesity
and a leading cause of disability and reduced health-related quality of life.
Gait abnormalities, modifications of biomechanics and systemic inflam-
mation lead to joint degeneration, pain, and loss of function103. In animal
models, intra-articular administration of liraglutide reduced the secretion of
inflammatory cytokines such as IL-6, the expression of inflammatory genes
in chondrocytes, the amount of proinflammatory M1 macrophages, and
improved pain-related behaviors104. In humans, a RCT enrolling 156
patients with a BMI ≥ 27 kg/m2 failed to demonstrate that one year of lir-
aglutide treatment could improve pain in patients with KOA compared to
placebo, despite a significant BW difference of approximately 4 kg at end of
study105. However, the prospective Shanghai Osteoarthritis Cohort study
showed that GLP-1RA users with KOA and diabetes exhibited a greater
reduction in Western Ontario and McMaster Universities Osteoarthritis
Index (WOMAC) total and pain score and a lower occurrence of knee
surgery compared to controls. The latterwasmostlymediated byweight loss
rather than glucose control106. Further evidence is awaited from the recently
completed STEP 9, aiming to assess the efficacy of semaglutide 2.4mg vs.
placebo in terms of weight loss and change in WOMAC pain score at
68 weeks in patients with obesity and KOA (NCT05064735). The double-
blind RCT STOP KNEE-OA (NCT06191848) has also been planned to
compare the efficacy of tirzepatide vs. placebo in reducing knee replacement
risk in patients with obesity and moderate-to-severe KOA.

Of note, gastrointestinal (GI) disorders such as gallstones and gastro-
esophageal reflux disease (GERD) have been identified as mostly non-
metabolic complications of obesity and are also listed among possible
adverse events (AE) of incretin-based AOM. However, GI AE are usually
mild-to-moderate, transient, partially preventable, and rarely lead to treat-
ment discontinuation107. Moreover, GERD amelioration might require
≥10% BW loss, which is hardly achievable and sustainable without
pharmacotherapy108.

Treatment adherence
According to a large RWS enrolling 26,522 individuals, new users of lir-
aglutide 3.0 mg exhibited the highest persistence rate compared to patents
onotherAOMsuchas naltrexone/bupropion, lorcaserin, andphentermine/
topiramate extended release109. However, only 41.8% stayed on treatment at
6 months109, in line with the available literature reporting disappointingly
low adherence to liraglutide for obesity management and raising concerns
about its role in the lifelong challenge of BW control and weight-related
complications110. In a smaller retrospective cohort study,Guy et al. identified
older age, higher socioeconomic status, greater initial weight loss, and die-
titians support as predictive factors of higher adherence110. In many coun-
tries, AOM supply is not granted by the public healthcare service, making
affordability an extremely relevant issue for treatment access and persis-
tence. Education level might also be critical to the awareness of long-term
obesity implications110. Moreover, response to treatment might be highly
heterogeneous; for instance, in the SCALE Obesity and Prediabetes study
liraglutide induced ameanweight loss of 8.4 kgwith a standard deviation of
7.3 kg111. Female gender, not having diabetes, greater baseline BW and
weight loss in the first 16weeks are potential predictors of better response to
treatment112. Further confirmation is required for the role of genotype and
central andGI effects of GLP-1RA112. Of note, amediation analysis of STEP
1–3 trials performed by Wharton et al. showed that less than 1% of
semaglutide-induced BW reduction was mediated by GI AE107.

Closing remarks
Incretin-based AOM are currently in the spotlight as the most efficacious
weight loss treatment to date113, exhibiting also beneficial effects on the
complications of excess adiposity such as T2D, cardiovascular disease, heart
failure, MASLD, OSA and possibly others. However, further research is
planned to improve our understanding of their effects on obesity-related
comorbidities and the underlying mechanism, whether involving direct
effects on target tissues or mediated by improvement of adiposity, glucose
levels and other CV risk factors. In addition, issues such as adherence,
prediction of response to treatment and economic barriers for access to
incretin-based AOMwill need to be addressed, possibly requiring complex
and multifaceted approaches.

Data availability
No datasets were generated or analysed during the current study.

Received: 7 March 2024; Accepted: 16 May 2024;

References
1. Chong,B. et al. Trends andpredictions ofmalnutrition andobesity in

204 countries and territories: an analysis of the Global Burden of
Disease Study 2019. EClinicalMedicine 57, 101850 (2023).

2. Tan,Q. et al. Recent Advances in Incretin-BasedPharmacotherapies
for the Treatment of Obesity and Diabetes. Front. Endocrinol. 13,
838410 (2022).

3. Martin, S. et al. Disease consequences of higher adiposity
uncoupled from its adverse metabolic effects using Mendelian
randomisation. Elife https://doi.org/10.7554/eLife.72452 (2022).

4. Evans, M. et al. Obesity-related complications, healthcare resource
use and weight loss strategies in six European countries: the
RESOURCE survey. Int. J. Obes. 47, 750–757 (2023).

5. Müller, T. D., Blüher,M., Tschöp,M.H. &DiMarchi, R. D.Anti-obesity
drug discovery: advances and challenges. Nat. Rev. Drug Discov.
21, 201–223 (2022).

6. De Luca, M. et al. Bariatric Surgery for Patients with Overweight/
Obesity. A Comprehensive Grading Methodology and Network
Metanalysis of Randomized Controlled Trials on Weight Loss
Outcomes and Adverse Events. Obes. Surg. 33, 4147–4158 (2023).

7. Adams, T. D. et al. Weight and Metabolic Outcomes 12 Years after
Gastric Bypass. N. Engl. J. Med. 377, 1143–1155 (2017).

https://doi.org/10.1038/s44324-024-00030-5 Review

npj Metabolic Health and Disease |            (2024) 2:31 10

https://doi.org/10.7554/eLife.72452
https://doi.org/10.7554/eLife.72452
www.nature.com/npjmetabhealth


8. Carlsson, L. M. S. et al. Life Expectancy after Bariatric Surgery in
the Swedish Obese Subjects Study. N. Engl. J. Med. 383,
1535–1543 (2020).

9. le Roux, C. W. et al. Tirzepatide for the treatment of obesity:
Rationale and design of the SURMOUNT clinical development
program. Obesity 31, 96–110 (2023).

10. Chakhtoura, M. et al. Pharmacotherapy of obesity: an update on the
available medications and drugs under investigation.
EClinicalMedicine 58, 101882 (2023).

11. Iannone, A. et al. Clinical outcomes associated with drugs for
obesity and overweight: A systematic review and network meta-
analysis of randomized controlled trials. Diabetes Obes. Metab.
25, 2535–2544 (2023).

12. Dąbrowska, A. M. & Dudka, J. Mirabegron, a Selective β3-
Adrenergic Receptor Agonist, as a Potential Anti-Obesity Drug. J.
Clin. Med. Res. 12, 6897 (2023).

13. Ma, H. et al. Efficacy and safety of GLP-1 receptor agonists versus
SGLT-2 inhibitors in overweight/obese patients with or without
diabetes mellitus: a systematic review and network meta-analysis.
BMJ Open 13, e061807 (2023).

14. Wang,X.,Wu,N., Sun,C., Jin,D.&Lu,H.EffectsofSGLT-2 inhibitors
on adipose tissue distribution in patients with type 2 diabetes
mellitus: a systematic review and meta-analysis of randomized
controlled trials. Diabetol. Metab. Syndr. 15, 113 (2023).

15. Wadden, T. A. et al. Liraglutide 3.0 mg and Intensive Behavioral
Therapy (IBT) for Obesity in Primary Care: The SCALE IBT
Randomized Controlled Trial. Obesity 28, 529–536 (2020).

16. Wadden, T. A. et al. Weight maintenance and additional weight loss
with liraglutide after low-calorie-diet-induced weight loss: the
SCALE Maintenance randomized study. Int. J. Obes. 37,
1443–1451 (2013).

17. Pi-Sunyer, X. et al. A Randomized, Controlled Trial of 3.0 mg of
Liraglutide in Weight Management.N. Engl. J. Med. 373, 11–22 (2015).

18. le Roux, C. W. et al. 3 years of liraglutide versus placebo for type 2
diabetes risk reduction and weight management in individuals with
prediabetes: a randomised, double-blind trial. Lancet 389,
1399–1409 (2017).

19. Kelly, A. S. et al. A Randomized, Controlled Trial of Liraglutide for
Adolescents with Obesity. N. Engl. J. Med. 382, 2117–2128 (2020).

20. Blackman, A. et al. Effect of liraglutide 3.0 mg in individuals with
obesity andmoderate or severe obstructive sleep apnea: theSCALE
Sleep Apnea randomized clinical trial. Int. J. Obes. 40,
1310–1319 (2016).

21. Garvey, W. T. et al. Efficacy and Safety of Liraglutide 3.0 mg in
IndividualsWithOverweight orObesity and Type 2Diabetes Treated
With Basal Insulin: The SCALE Insulin Randomized Controlled Trial.
Diabetes Care 43, 1085–1093 (2020).

22. Davies, M. J. et al. Efficacy of Liraglutide for Weight Loss Among
Patients With Type 2 Diabetes: The SCALE Diabetes Randomized
Clinical Trial. JAMA 314, 687–699 (2015).

23. Kushner, R. F. et al. Semaglutide 2.4 mg for the Treatment of
Obesity: Key Elements of the STEP Trials 1 to 5. Obesity 28,
1050–1061 (2020).

24. Garvey, W. T. et al. Two-year effects of semaglutide in adults with
overweight or obesity: theSTEP5 trial.Nat.Med.28, 2083–2091 (2022).

25. Rubino, D. et al. Effect of Continued Weekly Subcutaneous
Semaglutide vs PlaceboonWeight LossMaintenance in AdultsWith
Overweight orObesity: TheSTEP4RandomizedClinical Trial.JAMA
325, 1414–1425 (2021).

26. Wadden, T. A. et al. Effect of SubcutaneousSemaglutide vsPlacebo
as an Adjunct to Intensive Behavioral Therapy on Body Weight in
AdultsWithOverweight orObesity: TheSTEP3RandomizedClinical
Trial. JAMA 325, 1403–1413 (2021).

27. Wilding, J. P. H. et al. Once-Weekly Semaglutide in Adults with
Overweight or Obesity. N. Engl. J. Med. 384, 989–1002 (2021).

28. Weghuber, D. et al. Once-Weekly Semaglutide in Adolescents with
Obesity. N. Engl. J. Med. 387, 2245–2257 (2022).

29. McGowan, B. M., Houshmand-Oeregaard, A., Laursen, P. N.,
Zeuthen, N. & Baker-Knight, J. Impact of BMI and comorbidities on
efficacyof once-weekly semaglutide: Post hoc analyses of theSTEP
1 randomized trial. Obesity 31, 990–999 (2023).

30. Rubino, D. M. et al. Effect of Weekly Subcutaneous Semaglutide vs
Daily Liraglutide on Body Weight in Adults With Overweight or
Obesity Without Diabetes: The STEP 8 Randomized Clinical Trial.
JAMA 327, 138–150 (2022).

31. Davies, M. et al. Semaglutide 2·4 mg once a week in adults with
overweight or obesity, and type 2 diabetes (STEP 2): a randomised,
double-blind, double-dummy, placebo-controlled, phase 3 trial.
Lancet 397, 971–984 (2021).

32. Kadowaki, T. et al. Semaglutide once a week in adults with
overweight or obesity, with or without type 2 diabetes in an east
Asian population (STEP 6): a randomised, double-blind, double-
dummy, placebo-controlled, phase 3a trial. Lancet Diabetes
Endocrinol. 10, 193–206 (2022).

33. Caruso, I. et al. Glucometabolic outcomes of GLP-1 receptor
agonist-based therapies in patients with type 2 diabetes: a
systematic review and network meta-analysis. EClinicalMedicine
64, 102181 (2023).

34. Jastreboff, A. M. et al. Tirzepatide OnceWeekly for the Treatment of
Obesity. N. Engl. J. Med. 387, 205–216 (2022).

35. Wadden, T. A. et al. Tirzepatide after intensive lifestyle intervention in
adults with overweight or obesity: the SURMOUNT-3 phase 3 trial.
Nat. Med. 29, 2909–2918 (2023).

36. Aronne, L. J. et al. Continued Treatment With Tirzepatide for
Maintenance of Weight Reduction in Adults With Obesity: The
SURMOUNT-4 Randomized Clinical Trial. JAMA https://doi.org/10.
1001/jama.2023.24945 (2023).

37. Garvey, W. T. et al. Tirzepatide once weekly for the treatment of
obesity in people with type 2 diabetes (SURMOUNT-2): a double-
blind, randomised, multicentre, placebo-controlled, phase 3 trial.
Lancet https://doi.org/10.1016/S0140-6736(23)01200-X (2023).

38. Malhotra, A. et al. Tirzepatide for the Treatment of Obstructive Sleep
Apnea and Obesity. N. Engl. J. Med. https://doi.org/10.1056/
NEJMoa2404881 (2024).

39. Loomba, R. et al. Tirzepatide for Metabolic Dysfunction-Associated
Steatohepatitis with Liver Fibrosis. N. Engl. J. Med. https://doi.org/
10.1056/NEJMoa2401943 (2024).

40. Alkhezi, O. S. et al. Comparative effectiveness of glucagon-like
peptide-1 receptor agonists for themanagement of obesity in adults
without diabetes: A network meta-analysis of randomized clinical
trials. Obes. Rev. 24, e13543 (2023).

41. Jastreboff, A. M. et al. Triple-Hormone-Receptor Agonist
Retatrutide for Obesity - A Phase 2 Trial. N. Engl. J. Med. 389,
514–526 (2023).

42. Frias, J. P. et al. Efficacy and safety of co-administered once-weekly
cagrilintide 2·4 mg with once-weekly semaglutide 2·4 mg in type 2
diabetes: a multicentre, randomised, double-blind, active-
controlled, phase 2 trial. Lancet 402, 720–730 (2023).

43. Knop,F.K. et al.Oral semaglutide50mg takenonceperday in adults
with overweight or obesity (OASIS 1): a randomised, double-blind,
placebo-controlled, phase 3 trial. Lancet 402, 705–719 (2023).

44. Wharton, S. et al. DailyOral GLP-1Receptor AgonistOrforglipron for
Adults with Obesity. N. Engl. J. Med. 389, 877–888 (2023).

45. Nahra, R. et al. Effects of Cotadutide on Metabolic and Hepatic
Parameters in Adults With Overweight or Obesity and Type 2
Diabetes: A 54-Week Randomized Phase 2b Study. Diabetes Care
44, 1433–1442 (2021).

46. Golubic,R. et al.Dual glucagon-likepeptide-1andglucagon receptor
agonism reduces energy intake in type 2 diabetes with obesity.
Diabetes Obes. Metab. https://doi.org/10.1111/dom.15579 (2024).

https://doi.org/10.1038/s44324-024-00030-5 Review

npj Metabolic Health and Disease |            (2024) 2:31 11

https://doi.org/10.1001/jama.2023.24945
https://doi.org/10.1001/jama.2023.24945
https://doi.org/10.1001/jama.2023.24945
https://doi.org/10.1016/S0140-6736(23)01200-X
https://doi.org/10.1016/S0140-6736(23)01200-X
https://doi.org/10.1056/NEJMoa2404881
https://doi.org/10.1056/NEJMoa2404881
https://doi.org/10.1056/NEJMoa2404881
https://doi.org/10.1056/NEJMoa2401943
https://doi.org/10.1056/NEJMoa2401943
https://doi.org/10.1056/NEJMoa2401943
https://doi.org/10.1111/dom.15579
https://doi.org/10.1111/dom.15579
www.nature.com/npjmetabhealth


47. Nalisa, D. L. et al. Efficacy and safety of Mazdutide on weight loss
among diabetic and non-diabetic patients: a systematic review and
meta-analysis of randomized controlled trials. Front. Endocrinol. 15,
1309118 (2024).

48. Romero-Gómez, M. et al. A phase IIa active-comparator-controlled
study to evaluate the efficacy and safety of efinopegdutide in
patients with non-alcoholic fatty liver disease. J. Hepatol. 79,
888–897 (2023).

49. Ji, L. et al. A phase 2 randomised controlled trial of mazdutide in
Chinese overweight adults or adults with obesity.Nat. Commun. 14,
8289 (2023).

50. Ahmad, N. N., Robinson, S., Kennedy-Martin, T., Poon, J. L. & Kan,
H. Clinical outcomes associated with anti-obesity medications in
real-world practice: A systematic literature review. Obes. Rev. 22,
e13326 (2021).

51. Wharton, S. et al. Real-World Clinical Effectiveness of Liraglutide
3.0 mg for Weight Management in Canada. Obesity 27, 917–924
(2019).

52. Leventhal-Perek, S., Shani, M. & Schonmann, Y. Effectiveness and
persistence of anti-obesity medications (liraglutide 3mg, lorcaserin,
and orlistat) in a real-world primary care setting. Fam. Pract. 40,
629–637 (2023).

53. Park, J. H. et al. Effectiveness of liraglutide 3 mg for the treatment of
obesity in a real-world settingwithout intensive lifestyle intervention.
Int. J. Obes. 45, 776–786 (2021).

54. Liao, Y.-N. et al. Chinese herbal medicine is associated with higher
body weight reduction than liraglutide among the obese population:
A real-world comparative cohort study. Front. Pharmacol. 13,
978814 (2022).

55. Gorgojo-Martínez, J. J., Basagoiti-Carreño, B., Sanz-Velasco, A.,
Serrano-Moreno, C. & Almodóvar-Ruiz, F. Effectiveness and
tolerability of orlistat and liraglutide in patients with obesity in a real-
world setting: The XENSOR Study. Int. J. Clin. Pract. 73,
e13399 (2019).

56. Trenson, L. et al. Liraglutide for Weight Management in the Real
World: SignificantWeight Loss Even if theMaximal Daily Dose Is Not
Achieved. Obes. Facts 15, 83–89 (2022).

57. Alshehri, A., AlFaris, N., Al Qahtani, A. M., Shams, M. & Yahia, M.
Clinical effectiveness of Liraglutide 3.0mgand impact of weight loss
in improving obesity-related comorbid conditions in King Fahad
Medical City, Kingdom of Saudi Arabia: A real-world experience.
Clin. Obes. 13, e12594 (2023).

58. Santini, S. et al. Marked weight loss on liraglutide 3.0 mg: Real-life
experience of a Swiss cohort with obesity.Obesity 31, 74–82 (2023).

59. Schultes, B., Timper, K., Cavadini, G., Rüh, J. & Gerber, P. A.Weight
loss and treatment patterns in a real-world population of adults
receiving liraglutide 3.0mg forweightmanagement in routine clinical
practice in Switzerland (ADDRESS study). Diabetes Obes. Metab.
https://doi.org/10.1111/dom.15403 (2023).

60. Sbraccia, P., Aberle, J.,Olsen,A.H.,Rathor,N.&Major-Pedersen,A.
Investigating the potential non-authorized use of two different
formulations of liraglutide in Europe: A real-world drug utilization
study. Diabetes Obes. Metab. 25, 985–991 (2023).

61. Haase,C.L. et al.UseofLiraglutide3.0mg forWeightManagement in
aReal-WorldSetting in Switzerland.Obes. Facts14, 568–576 (2021).

62. Park, J. S., Kwon, J., Choi, H. J. & Lee, C. Clinical effectiveness of
liraglutide on weight loss in South Koreans: First real-world
retrospective dataonSaxenda inAsia.Medicine100, e23780 (2021).

63. Calderon, G. et al. Effectiveness of anti-obesity medications approved
for long-term use in a multidisciplinary weight management program: a
multi-center clinical experience. Int. J. Obes. 46, 555–563 (2022).

64. Rye, P., Modi, R., Cawsey, S. & Sharma, A.M. Efficacy of High-Dose
Liraglutide as an Adjunct for Weight Loss in Patients with Prior
Bariatric Surgery. Obes. Surg. 28, 3553–3558 (2018).

65. Alabduljabbar, K., Alsaqaaby,M., Neff, K. J., Crotty,M. & le Roux, C.
W. Weight loss response in patients with obesity treated with
injectable semaglutide in a real-world setting. Endocrine https://doi.
org/10.1007/s12020-023-03534-0 (2023).

66. Xiang, J. et al. Clinical effectiveness of semaglutide on weight loss,
body composition, andmuscle strength in Chinese adults. Eur. Rev.
Med. Pharmacol. Sci. 27, 9908–9915 (2023).

67. Ferrari, F. et al. Weight loss effect of liraglutide in real-life: the
experienceof a single Italianobesity center. J. Endocrinol. Invest.43,
1779–1785 (2020).

68. Wilmington, R., Ardavani, A., Simenacz, A., Green, C. & Idris, I.
Liraglutide 3.0 mg (Saxenda©) for Weight Loss and Remission of
Pre-Diabetes. Real-World Clinical Evaluation of Effectiveness
among Patients Awaiting Bariatric Surgery. Obes. Surg. https://doi.
org/10.1007/s11695-023-06895-7 (2023).

69. Jensen,A.B. et al. Efficacyof theGlucagon-LikePeptide-1Receptor
Agonists Liraglutide and Semaglutide for the Treatment of Weight
Regain After Bariatric surgery: a RetrospectiveObservational Study.
Obes. Surg. 33, 1017–1025 (2023).

70. Ghusn, W. et al. Weight loss and cardiovascular disease risk
outcomes of semaglutide: a one-year multicentered study. Int. J.
Obes. 48, 662–667 (2024).

71. Ruseva, A. et al. Semaglutide 2.4 mg clinical outcomes in patients
with obesity or overweight in a real-world setting: A 6-month
retrospective study in the United States (SCOPE). Obes. Sci. Pract.
10, e737 (2024).

72. Muratori, F. et al. Efficacy of liraglutide 3.0 mg treatment on weight
loss in patientswithweight regain after bariatric surgery.Eat.Weight
Disord. 27, 2775–2781 (2022).

73. Perreault, L. et al. Changes in Glucose Metabolism and Glycemic
Status With Once-Weekly Subcutaneous Semaglutide 2.4 mg
Among Participants With Prediabetes in the STEP Program.
Diabetes Care 45, 2396–2405 (2022).

74. Wilkinson, L. et al. Effect of semaglutide 2.4 mg once weekly on 10-
year type2diabetes risk in adultswithoverweightor obesity.Obesity
31, 2249–2259 (2023).

75. Hankosky, E. R. et al. Tirzepatide reduces the predicted risk of
developing type 2 diabetes in people with obesity or overweight:
Post hoc analysis of the SURMOUNT-1 trial.Diabetes Obes. Metab.
25, 3748–3756 (2023).

76. Sandforth, A. et al. Mechanisms of weight loss-induced remission in
people with prediabetes: a post-hoc analysis of the randomised,
controlled, multicentre Prediabetes Lifestyle Intervention Study
(PLIS). Lancet Diabetes Endocrinol. 11, 798–810 (2023).

77. Wilding, J.P.H. et al.Weight regainandcardiometabolic effectsafter
withdrawal of semaglutide: The STEP 1 trial extension. Diabetes
Obes. Metab. 24, 1553–1564 (2022).

78. Writing Group for the CKD Prognosis Consortium et al. Estimated
Glomerular Filtration Rate, Albuminuria, and Adverse Outcomes: An
Individual-Participant Data Meta-Analysis. JAMA 330, 1266–1277
(2023).

79. Heerspink, H. J. L. et al. Effects of Semaglutide on Albuminuria and
Kidney Function in People With Overweight or Obesity With or
Without Type 2 Diabetes: Exploratory Analysis From the STEP 1, 2,
and 3 Trials. Diabetes Care 46, 801–810 (2023).

80. Michos, E. D., Bakris, G. L., Rodbard, H.W. & Tuttle, K. R. Glucagon-
like peptide-1 receptor agonists in diabetic kidney disease: A review
of their kidney and heart protection. Am. J. Prev. Cardiol. 14,
100502 (2023).

81. Effect of weight reductions on estimated kidney function: Post-hoc
analysis of two randomized trials. J. Diabetes Complicat. 31,
1164–1168 (2017).

82. Heerspink, H. J. L. et al. Effects of tirzepatide versus insulin glargine
on kidney outcomes in type 2 diabetes in theSURPASS-4 trial: post-

https://doi.org/10.1038/s44324-024-00030-5 Review

npj Metabolic Health and Disease |            (2024) 2:31 12

https://doi.org/10.1111/dom.15403
https://doi.org/10.1111/dom.15403
https://doi.org/10.1007/s12020-023-03534-0
https://doi.org/10.1007/s12020-023-03534-0
https://doi.org/10.1007/s12020-023-03534-0
https://doi.org/10.1007/s11695-023-06895-7
https://doi.org/10.1007/s11695-023-06895-7
https://doi.org/10.1007/s11695-023-06895-7
www.nature.com/npjmetabhealth


hoc analysis of an open-label, randomised, phase 3 trial. Lancet
Diabetes Endocrinol. 10, 774–785 (2022).

83. Sattar, N. et al. Cardiovascular, mortality, and kidney outcomeswith
GLP-1 receptor agonists in patients with type 2 diabetes: a
systematic review and meta-analysis of randomised trials. The
lancet. Diabetes Endocrinol. 9, 653–662 (2021).

84. Lincoff, A. M. et al. Semaglutide and Cardiovascular Outcomes in
Obesity without Diabetes. N. Engl. J. Med. 389, 2221–2232
(2023).

85. Caruso, I. et al. Commentary: Glucose control: Not just a bystander
in GLP-1RA-mediated cardiovascular protection. Metabolism 109,
154272 (2020).

86. Lingvay, I. et al. Semaglutide for cardiovascular event reduction in
people with overweight or obesity: SELECT study baseline
characteristics. Obesity 31, 111–122 (2023).

87. Look AHEAD Research Group et al. Association of the magnitude of
weight loss and changes in physical fitness with long-term
cardiovasculardiseaseoutcomes inoverweight orobesepeoplewith
type 2 diabetes: a post-hoc analysis of the Look AHEAD randomised
clinical trial. Lancet Diabetes Endocrinol. 4, 913–921 (2016).

88. Sattar, N. et al. Twenty Years of Cardiovascular Complications and
Risk Factors in Patients With Type 2 Diabetes: A Nationwide
Swedish Cohort Study. Circulation 147, 1872–1886 (2023).

89. Kosiborod, M. N. et al. Semaglutide in Patients with Heart Failure
with Preserved Ejection Fraction and Obesity. N. Engl. J. Med. 389,
1069–1084 (2023).

90. Rinella, M. E. et al. AASLD Practice Guidance on the clinical
assessment and management of nonalcoholic fatty liver disease.
Hepatology 77, 1797–1835 (2023).

91. Liao, C., Liang, X., Zhang, X. & Li, Y. The effects of GLP-1 receptor
agonistsonvisceral fatand liverectopic fat inanadultpopulationwith
orwithout diabetes andnonalcoholic fatty liver disease: A systematic
review and meta-analysis. PLoS One 18, e0289616 (2023).

92. Lazarus, J. V. et al. Opportunities and challenges following approval
of resmetirom for MASH liver disease. Nat. Med. https://doi.org/10.
1038/s41591-024-02958-z (2024).

93. Newsome, P.N. &Ambery, P. Incretins (GLP-1 receptor agonists and
dual/triple agonists) and the liver. J. Hepatol. 79, 1557–1565 (2023).

94. Loomba, R. et al. Semaglutide 2·4 mg once weekly in patients with
non-alcoholic steatohepatitis-related cirrhosis: a randomised,
placebo-controlled phase 2 trial. Lancet Gastroenterol. Hepatol. 8,
511–522 (2023).

95. Pugliese, G. et al. Liraglutide and polycystic ovary syndrome: is it
only a matter of body weight? J. Endocrinol. Invest. 46,
1761–1774 (2023).

96. Moon, K. H., Park, S. Y. & Kim, Y. W. Obesity and Erectile
Dysfunction: From Bench to Clinical Implication.World J. Mens
Health 37, 138–147 (2019).

97. Xing, C., Zhao, H., Zhang, J. & He, B. Effect of metformin versus
metformin plus liraglutide on gonadal and metabolic profiles in
overweight patients with polycystic ovary syndrome. Front.
Endocrinol. 13, 945609 (2022).

98. Salamun, V., Jensterle, M., Janez, A. & Vrtacnik Bokal, E. Liraglutide
increases IVF pregnancy rates in obese PCOS women with poor
response to first-line reproductive treatments: a pilot randomized
study. Eur. J. Endocrinol. 179, 1–11 (2018).

99. Cignarelli, A. et al. Role of Glucose-LoweringMedications in Erectile
Dysfunction. J. Clin. Med. Res. 10, 2501 (2021).

100. Bajaj, H. S. et al. Erectile function inmenwith type 2 diabetes treated
with dulaglutide: an exploratory analysis of the REWIND placebo-
controlled randomised trial. Lancet Diabetes Endocrinol. 9,
484–490 (2021).

101. Shamsuzzaman, A. S. M., Gersh, B. J. & Somers, V. K. Obstructive
sleep apnea: implications for cardiac and vascular disease. JAMA
290, 1906–1914 (2003).

102. Malhotra, A. et al. 0567 Tirzepatide for the Treatment of OSA:
Rationale and Design of the SURMOUNT-OSA Phase 3 Trial. Sleep
46, A249–A250 (2023).

103. Bliddal, H., Leeds, A. R. &Christensen, R.Osteoarthritis, obesity and
weight loss: evidence, hypotheses and horizons - a scoping review.
Obes. Rev. 15, 578–586 (2014).

104. Meurot, C. et al. Liraglutide, a glucagon-like peptide 1 receptor
agonist, exerts analgesic, anti-inflammatory and anti-degradative
actions in osteoarthritis. Sci. Rep. 12, 1567 (2022).

105. Gudbergsen, H. et al. Liraglutide after diet-induced weight loss for
pain and weight control in knee osteoarthritis: a randomized
controlled trial. Am. J. Clin. Nutr. 113, 314–323 (2021).

106. Zhu, H. et al. Glucagon-like peptide-1 receptor agonists as a
disease-modifying therapy for knee osteoarthritis mediated by
weight loss: findings from the Shanghai Osteoarthritis Cohort. Ann.
Rheum. Dis. 82, 1218–1226 (2023).

107. Wharton, S. et al. Gastrointestinal tolerability of once-weekly
semaglutide 2.4 mg in adults with overweight or obesity, and the
relationship between gastrointestinal adverse events and weight
loss. Diabetes Obes. Metab. 24, 94–105 (2022).

108. Horn, D. B., Almandoz, J. P. & Look, M. What is clinically relevant
weight loss for your patients and howcan it be achieved?A narrative
review. Postgrad. Med. 134, 359–375 (2022).

109. Ganguly, R. et al. Persistence of newer anti-obesity medications in a
real-world setting. Diabetes Res. Clin. Pract. 143, 348–356 (2018).

110. Guy, A. et al. Adherence to liraglutide among individuals with
overweight and obesity: Patient characteristics and clinical
measures. Diabetes Obes. Metab. https://doi.org/10.1111/dom.
15436 (2024).

111. Bomberg, E. M. et al. Precision medicine in adult and pediatric
obesity: a clinical perspective. Ther. Adv. Endocrinol. Metab. 10,
2042018819863022 (2019).

112. Webster, C. M., Mittal, N., Dhurandhar, E. J. & Dhurandhar, N. V.
Potential contributors to variation in weight-loss response to
liraglutide. Obes. Rev. 24, e13568 (2023).

113. Rehfeld, J. F. TheOrigin and Understanding of the Incretin Concept.
Front. Endocrinol. 9, 387 (2018).

Acknowledgements
Weacknowledge co-funding from the Fondazione per la Ricerca Biomedica
“Saverio e IsabellaCianciola”and fromNextGenerationEU, in the context of
theNational Recovery andResiliencePlan, Investment PE8 –Project Age-It:
“Ageing Well in an Ageing Society”. This resource was co-financed by the
Next Generation EU [DM 1557 11.10.2022]. The views and opinions
expressed are only those of the authors and do not necessarily reflect those
of the European Union or the European Commission; neither the European
Union nor the European Commission can be held responsible for them.

Author contributions
I.C. and F.G. conceived the manuscript. I.C. performed literature search,
wrote the first draft of the manuscript, and created figures and tables. F.G.
revised the manuscript. A.C., G.P.S. and S.P. contributed to critical
discussion of the manuscript.

Competing interests
A.C.: AstraZeneca, Eli Lilly, Novo Nordisk, Roche Diagnostics, Sanofi
Aventis. F.G.: AstraZeneca, Boehringer-Ingelheim, Eli Lilly, Lifescan,
Medimmune, Merck Sharp & Dohme, Medtronic, Novo Nordisk, Roche
Diabetes Care, Sanofi Aventis. G.P.S.: Amgen, Amryt, Eli Lilly, Farmitalia,

https://doi.org/10.1038/s44324-024-00030-5 Review

npj Metabolic Health and Disease |            (2024) 2:31 13

https://doi.org/10.1038/s41591-024-02958-z
https://doi.org/10.1038/s41591-024-02958-z
https://doi.org/10.1038/s41591-024-02958-z
https://doi.org/10.1111/dom.15436
https://doi.org/10.1111/dom.15436
https://doi.org/10.1111/dom.15436
www.nature.com/npjmetabhealth


Novo Nordisk, Sanofi; I.C.: Eli Lilly, Novo Nordisk; S.P.: no competing
interests.

Additional information
Supplementary information The online version contains supplementary
material available at
https://doi.org/10.1038/s44324-024-00030-5.

Correspondence and requests for materials should be addressed to
Francesco Giorgino.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to thematerial. If material
is not included in thearticle’sCreativeCommons licenceandyour intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2024

https://doi.org/10.1038/s44324-024-00030-5 Review

npj Metabolic Health and Disease |            (2024) 2:31 14

https://doi.org/10.1038/s44324-024-00030-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/npjmetabhealth

	Incretin-based therapies for the treatment of obesity-related diseases
	Efficacy and effectiveness of incretin-based therapies in body weight reduction
	Randomized controlled trials (RCT)
	Real-world studies

	Incretin-based therapy for diabetes prevention in patients with obesity
	Effects of incretin-based therapy on traditional CV risk factors
	Effects of incretin-based therapy on CV complications
	Effects of incretin-based therapy on other obesity-related comorbidities
	Treatment adherence
	Closing remarks
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




