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Development of GLP-1 receptor agonists (GLP-1 RAs) for the treatment of type 2 diabetes.
Based on previous experience with the other incretin hormone, glucose-dependent
insulinotropic polypeptide (GIP), the question arose, whether a stimulation of insulin secretion
would also be observed in subjects with type 2 diabetes. Under hyperglycaemic clamp
conditions, a severely impaired insulinotropic response to GIP was confirmed, but GLP-1 elicited
insulin secretory responses almost like in healthy individuals (1). In addition, exogenous GLP-1
was able to substantially reduce, if not normalize, fasting plasma glucose concentrations in
previously hyperglycaemic T2D patients (2). The early development of GLP-1 receptor agonists
has been summarized by Drucker & Nauck 2006 (3). In 1992, first reports were published on
the potential of GLP-1 injected into the cerebrospinal fluid to dramatically reduce food intake in
rats (4). This was later confirmed by other studies (5) that laid the foundation for clinical studies
of body weight reduction with exogenous GLP-1 (6), and GLP-1 RAs used to treat T2D (7, 8)
and obesity (vide infra).

GLP-1 is characterized by a rapid proteolytic degradation and inactivation (by dipeptidyl
peptidase-4; DPP-4) and, in addition, by rapid elimination from the circulation via the kidney
(with an elimination half-time of 1-2 min) (1). To be clinically useful, candidate peptide molecules
needed to be protected from DPP-4-mediated proteolytic degradation, and needed a long
elimination half-life (7, 8). The first GLP-1 receptor agonist approved for the treatment of T2D
was based on the serendipitous identification of the GLP-1 paralog exendin-4, isolated from the
venomous saliva of a lizard living in Arizona (Heloderma suspectum). It had to be injected twice
daily because of its half-life of 2-3 h (9). Various strategies led to a longer duration of action: (a)
“Microencapsulation” (exenatide once weekly); (b) attaching free fatty acids to modified GLP-1
peptides, which bind to albumin); (c) to attach modified GLP-1 to large proteins, taking
advantage of the fact than large proteins are typically slowly eliminated from the circulation.
Most recently developed GLP-1 RAs and preparations are characterized by an elimination half-
life of 5-7 days and can be administered once weekly (7, 8). As peptides, they need to be
administered by the subcutaneous route. A notable exception among approved therapies is
semaglutide for oral administration, which leads to an acceptable bioavailability (still low at
approximately 1 %) due to an absorption enhancer (sodium N-(8-[2-hydroxybenzoyl] amino)
caprylate or “SNAC”). However, it is mandatory to take oral semaglutide after fasting overnight,
taking the pill with a small amount of water, and then to abstain from oral fluid and food intake
for another 30 minutes.



Supplementary Table 1. Literature supporting discoveries, findings, and insights displayed in Figure

1

1964-67 Elrick et al. 1964 (10); Mclntyre et al. 1965 (11); Perley & Kipnis 1967 (12)

1970-73 Brown & Dryburgh 1971 (13); Dupré et al. 1973 (14); Pederson et al. 1975
(15);Brown 1982 (16); Moody et al. 1984 (17)

1985-87 Amland et al. 1985 (18); Krarup et al. 1987 (19); Nauck et al. 1993 a (1)

1987 Holst et al. 1987 (20); Mojsov et al. 1987 (21); Kreymann et al. 1987 (22)

1992-93 Nathan et al. 1992 (23); Nauck et al. 1993 (1); Nauck et al. 1993 b (2); Zander et al.
2002 (6)

1992-98 Flint et al. 1998 (24); Verdich et al. 2001 (25); Secher et al. 2014 (26)

2003-today  Drucker & Nauck 2006 (3); Nauck et al. 2019 (7); Nauck et al. 2021 (8)

2007-today  Pi-Sunyer et al. 2007 (27); Davies et al. 2021 (28); Jastreboff et al. 2022 (29)

2016-today  Marso et al. 2016 (30); Sattar et al. 2021 (31); Badve et al. 2025 (32); Lee, Sattar et
al. 2025 (33)

2013-near Finan et al. 2013 (34); Tschop et al. 2016 (35); Sanchez-Garrido et al. 2017 (36);

future Kusminski et al. 2024 (37);

2022-24 Coskun et al. 2018 (38); Rosenstock et al. 2021 (39); Frias et al. 2021 (40);
Jastreboff et al. 2022 (29); Nauck & D’Alessio 2022 (41)

2022-27 Rosenstock et al. 2025 (42)

(projected)

2024-30 Bluher et al. 2024 (43); LeRoux et al. 2024 (44); Ji et al. 2025 (45); Davies et al.

(projected) 2025 (46); Garvey et al. 2025 (47); Dahl et al. 2025 (48); Gasiorek et al. 2025 (49);

Rosenstock et al. 2023 (50); Jastreboff et al. 2023 (51); Sanyal et al. 2024 (52)

References supplement information provided in Figure 1

GLP-1 receptor agonist treatment in T2D patients leads to reductions in HbA., body weight,
systolic blood pressure and LDL cholesterol, but also reduces fasting plasma glucose and
additional cardiovascular risk factors (53). Reductions in plasma glucose are mediated by
(glucose-dependent) stimulation of insulin secretion (1), suppression of glucagon (1), and, in the
post-prandial state, by slowing gastric emptying (54). While for short-acting GLP-1 RAs
(exenatide b.i.d. and lixisenatide), the deceleration of gastric emptying appears to persists with
longer treatment durations, for long-acting GLP-1 RAs, it wanes over time (a phenomenon
called tachyphylaxis) (55). At glucose concentrations below 66 mg/dl (3.7 mmol/l), the
stimulation of GLP-1 receptors ceases to stimulate insulin secretion (56), and this explains, why
lowering glucose with GLP-1 RAs (in the absence of treatment with sulfonylureas or insulin)
rarely leads to hypoglycaemic episodes, and certainly not to severe ones.

Incretin-based medications for the treatment of type 2 diabetes mellitus. The efficacy for
reducing plasma glucose, HbA, and body weight vary between different compounds and
preparations. Compared to the first approved GLP-1 receptor agonist, exenatide b.i.d.,
introduced 2006 (USA)/2007 (Europe), or the other short-acting GLP-1 RA, lixisenatide, effect
sizes for controlling glycaemia have approximately doubled, and for body weight reduction,
more than tripled for the most efficacious agents (e.g., semaglutide s.c) (57). In meta-analyses
of clinical trials studying head-to-head comparisons of various GLP-1 RAs and basal insulins in
people with T2DM needing injectable glucose-lowering therapy, the effect sizes for reducing
HbA/. were at least equal (exenatide b.i.d., liraglutide, albiglutide) or greater for GLP-1 RA than
for insulin, with significant differences in favour of GLP-1 RAs for exenatide once-weekly,
dulaglutide, semaglutide s.c. (Supplementary Figure 1 A) (58). In addition, GLP-1 RAs lead to



weight loss, while basal insulin treatment is associated with weight gain. Therefore, initiating
GLP-1 RA therapy vs. basal insulin therapy leads to differential effects on body weight
(Supplementary Figure 1 B). Also, a combination of GLP-1 RAs with oral glucose-lowering
medications is associated with a much lower risk for hypoglycaemia as compared to basal
insulin combined with the same oral agents (Supplementary Figure 1 C) (58).. The incidence of
severe hypoglycaemia was also found significantly reduced with incretin-based medications vs.
insulin treatment (58). Albiglutide has been approved for the therapy of T2D, yet is currently not
marketed, and efpeglenatide has undergone a phase 3 development program and a
cardiovascular outcomes study, but has not been marketed so far.
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Supplementary Figure 1. Results of head-to-head comparisons of GLP-1 receptor agonists and
the dual GIP/GLP-1 receptor agonists tirzepatide with basal insulin treatment in type 2 diabetes
mellitus. (A) Weighted differences for HbA:. (representing glycaemic control) and (B) body
weight, and (C) odds ratio for the proportions of patients reporting hypoglycaemic episodes (>
1) with incretin-based medications as compared to basal insulin. Panel (C) displays a pooled
analysis across all compounds/studies studied. Data have been recalculated and redrawn from
Nauck et al. 2023 (58). For each compound/preparation studied, weighted means and pooled
standard deviations were calculated and expressed as 95 % confidence intervals (bars).

GLP-1 receptor agonists for the treatment of obesity. The observation that GLP-1 RA treatment
leads to body weight reductions in patients with T2D (Supplementary Figure 1 B) led to the
concept that such agents might be useful for treating people with obesity, but without diabetes.
Liraglutide (for once-daily injection) led to greater body weight reduction compared to short-
acting GLP-1 RAs and was the first agent/preparation to be studied in populations characterized



by obesity and related complications. Since in patients with T2D, liraglutide 1.8 mg/day (vs. 1.2
mg/day) did not further reduce HbA:., but led to greater weight loss, indicating different dose-
response relationships for improving glycaemic control and for reducing weight, higher doses
than customarily used for the treatment of T2D were tested. This was also based on the insight,
that starting GLP-1 RA at a low initial dose, and increasing the dose at, e.g., 4-week intervals,
led to the development of tolerance regarding nausea, vomiting, and other “gastrointestinal”
adverse events, thus allowing the use of higher, more effective doses. Like liraglutide,
semaglutide (s.c.) is used at higher doses (2.4 mg/week) (28, 59-68) compared to T2D for the
treatment of obesity, although higher doses, likely to mediate greater weight reduction, are now
also explored in clinical trials in people with T2D (oral semaglutide, 25 or 50 mg/day (69); s.c.
semaglutide up to 16 mg per week (70)). Oral semaglutide (25 mg/day) has also been explored
in subjects with obesity/overweight (71).



Supplementary Table 2. Potential mechanisms, how gastro-entero-pancreatic hormones with therapeutic potential may improve metabolic control and lower body weight

Biological effect(s) contributing to improved Biological effect(s) contributing to body weight Commentary

glycaemic/metabolic control reduction
Gastro-entero- Insulin Insulin Glucagon  Gastric Weight loss/ Appetite/ Energy Details
pancreatic peptide sensitivity secretion  secretion  emptying adipose tissue  energy intake  expenditure
hormone with distribution
therapeutic potential
Glucagon-like ~ No M) NG 1 (72) 1 (73) 1l (24) ~ (74) Insulin sensitivity can be improved by body
peptide-1 (GLP-1) evidence weight reduction
Glucose-dependent 1 (75) M) (1) (76) - (77) Prevention of 1 ~ Accentuated storage of triglycerides in
insulinotropic (T2D ?) ectopic fat (rodents)(79); subcutaneous adipose tissue may prevent
polypeptide (GIP) ) deposition? humans: ? ectopic fat deposition (liver, pancreas)

(78) (80, 81)

Glucagon ~ No 1(82,83) | (]) (84) ? (}) (85) 11 (85) Glucagon may stimulate insulin secretion and,

evidence Feedback thus even lower plasma glucose

regulation

Amylin ~ No - No 1 (86) 11(86,87)  ?(87) 11 (87) ~ Insulin sensitivity can be improved by body

evidence evidence weight reduction
Peptide Tyrosine ~ ~ - - ? 11 (88) ~ Insulin sensitivity can be improved by body
Tyrosine (PYY) weight reduction; maintenance of healthy islet

structure (89)
~: Not changed; 1, 11, 111: Increased (small, intermediate, large effect); |,||, || |: decreased/slowed (small, intermediate, large effect); ?: unproven; brackets: possible effect
(small effect size, questionable)

Open questions regarding the role of GIP receptor agonism as part of the mechanism of action of the dual GIP/GLP-1 receptor agonist tirzepatide. In a mechanism-
of-action study with similar design, tirzepatide therapy improved insulin sensitivity more than did semaglutide. When relating improvements in insulin sensitivity to the
degree of weight loss, the regression lines had a steeper slope for tirzepatide than for semaglutide, indicating effects of tirzepatide on insulin sensitivity, which are
not entirely explained by reducing adiposity (90). This may be related to the promotion of triglyceride storage in subcutaneous adipose tissue (increased blood flow
to adipose tissue, induction of lipoprotein lipase, etc.) (91), which may prevent ectopic fat deposition e.g., in the liver (steatotic liver disease, strongly associated
with insulin resistance) (92) and pancreas (associated with impaired insulin secretory function) (93). In hyperglycaemic clamp experiments, first and second phase
insulin secretion were stimulated more with tirzepatide than with semaglutide, however, when T2D patients were fully exposed to tirzepatide and semaglutide (94).
This contrasts with acute infusion experiments in T2D patients, where GIP hardly stimulated insulin secretion, and a combination was not more effective than GLP-1
alone in stimulating insulin secretion and in reducing fasting plasma glucose (95). While in rodents, a role for GIP interacting with GIP receptors in the brain, leading
to reduced food intake and weight loss, has been well established (79), exogenous GIP has not been found to reduce ad libitum food intake in humans (81). In line
with these findings, greater reduction in body weight was observed with tirzepatide than with semaglutide in the absence of differences regarding appetite, satiety,
and ad libitum energy intake in subjects with T2D (96). Thus, open questions remain regarding which contribution GIP receptor agonism makes to improved
glycaemic control and body weight reduction in the treatment of T2D (97).



Supplementary Table 3 A. Characteristics of cardiovascular outcomes studies with GLP-1 receptor agonists in people with type 2 diabetes and obesity (with established atherosclerotic
cardiovascular disease or high risk as indicated by risk factors

Patients discontinuing study

Patients completing study Vital status known medication

Study population

(proportion [%])

(proportion [%])

(proportion [%])

Placebo Active

Compound/ Duration treatment  Active drug Placebo Active drug Placebo drug Placebo Active drug
Study acronym preparation [years] [n] treatment [n] treatment treatment treatment treatment treatment treatment
ELIXA (98) Lixisenatide 2.1 3034 3034 96.4 96.5 98.6 99.0 27.5 24.0
LEADER (30) Liraglutide 3.5 4672 4668 96.6 97.0 99.6 99.7 n.r. n.r
SUSTAIN-6 (99) Semaglutide s.c. 2.1 1649 1648 97.6 98.5 99.6 99.6 n.r. n.r.
EXSCEL (100) Exenatide q.w. 3.2 7396 7356 95.9 96.4 98.1 98.3 45.2 43.0
HARMONY
OUTCOMES (101)  Albiglutide 1.6 4732 4731 96.7 97.6 99.3 99.4 27.9 24.5
REWIND (102) Dulaglutide 5.4 4952 4949 96.8 97.3 99.7 99.7 6.3 9.1
PIONEER 6 (103) Oral semaglutide 1.3 1592 1591 99.6 99.7 100.0 100.0 9.7 15.3
AMPLITUDE-O
(104) Efpeglenatide 1.3 1359 2717 96.1 97.0 99.9 99.9 n.r. n.r.

Exenatide
FREEDOM CVOT (osmotic
(105) minipump) 1.3 2081 2075 96.7 96.4 99.4 99.5 134 17.6
FLOW (106) Semaglutide s.c. 3.4 1767 1766 97.6 96.7 99.5 99.2 24.8 27.2
SOUL (107) Semaglutide s.c. 4.0 4825 4825 98.5 98.2 98.8 98.6 21.7 28.5
SELECT* (108) Semaglutide s.c. 2.9 8803 8801 97.1 96.8 99.6 99.7 26.7 23.6

n.r.: not reported; *: Study in obese subjects with established ASCVD



Supplementary Table 3 B Baseline patient characteristics

Patients with

Body Duration established Patients with
Female sex mass of Blood pressure LDL cardiovascular established

Age (proportion index diabetes HbA1¢ systolic/ diastolic) ~ cholesterol  disease [n] heart failure [n]
Study acronym [years] [%]) [kg/m?] [years] [%] [mmHg] [mg/dl] (proportion [%])  (proportion [%])
ELIXA 60.349.7 30.7 30.245.7 9.348.3 7.7+1.3 130/n.r. 78.5+35.3 100.0 224
LEADER 64.3+7.2 35.7 32.5+6.3 12.848.0 8.7+1.5 136/77 89.5+35.5 81.) 14.0
SUSTAIN-6 64.6+7.4  39.3 328462 13.9+8.1 8715  136/77 82.3+456 7229 23.6
EXSCEL 61.9+94  38.0 31.8459 12%* 8.0£1.2  135/80 * 88 * 734 16.2
HARMONY 20.3
OUTCOMES 64.1+8.7 30.6 32.3t59 142488 8.7+1.5 135/77 81.7 T 100.0
REWIND 66.246.5 46.3 32.3#5.7 10.6£7.3 7.3%1.1 137/79 98.5+37.7 315 8.6
PIONEER 6 66.0£7.0 31.6 32.316.5 149485 8.2+1.6 136/76 78.0" 84.7 12.2
AMPLITUDE-O 64.5+8.2 33.0 32.746.2 15.4+8.8 8.9+1.5 135/77 79.6+37.7 89.6 18.1
FREEDOM CVOT 63 * 36.7 322 % 10.3 * 8.0 * 138/80 * nr. 76 16.1
FLOW 66,6+9.0 30.3 32.046.3 >15 7.8+1.3 139/16 n.r. 22.9 19.2
SOUL 66.1+7.6 28.9 311458 14.7 8.0¢1.2 135/77 73.5 83.8 23.1
SELECT 61.6+8.9 27.7 33.325.0 n.a. 5.840.3 131/79 78* 100.0 24.4

Mean + SD or [n] (proportion [%]); * only median reported; T only mean without SD reported; [ from post hoc analysis (Leiter et al. (109)); n.r.: not reported

GLP-1 receptor agonists in real-world studies. With respect to glucose- and body weight-lowering effects, results from clinical trials have been
confirmed in treatments real-world studies. Some studies have added insights regarding the inter-individual heterogeneity in clinical responses (110,
111) and regarding adherence to and persistence of GLP-1 RA therapy (112). Cardiovascular benefits regarding ischaemic events as well as heart-
failure outcomes have been confirmed in large real-world databases (113, 114). Likewise, renal benefits were also described in real-world studies
(115).
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Supplementary Table 4. Effects of GLP-1 receptor agonists or the dual GIP/GLP-1 receptor co-agonist tirzepatide on composite kidney outcomes indicating the potential to prevent kidney failure in people with type 2 diabetes

Treatment/ Population characteristics Individual outcome(s) as component of composite outcomes Results Literature
duration
GLP-1RAor Proportion Proportion Albuminuria-related eGFR decline Persistent Need for kidr Death from Composite Other important findings/ comments References
dual GIP/GLP-  with baseline  with micro-  outcome outcome eGFR <15  replacement kidney- outcome (hazard
1RA eGFR < 60 or macro- ml/min per  therapy related ratio; 95 %
ml/min per albuminuria 1.73m? causes confidence
1.73m? [%]  at baseline interval)
[%]
Liraglutide up 23.1 11.3 New-onset persistent Persistent doubling  no yes yes 0.78 (0.67-0.92);  Driven by effects on macroalbuminuria; Mann et al.
to 1.8 mg/day macroalbuminuria of serum creatinine p =0.003 improved eGFR trajectories (mainly in those 2017 (116)
(vs. placebo) level with baseline eGFR < 60 ml/min per 1.73
for 3.84 years m?)
Semaglutide 28.5 n.r. Persistent Persistent doubling  no yes No 0.64 (0.46-0.88);  Driven by effects on macroalbuminuria; Marso et al.
0.5and 1.0 macroalbuminuria of serum creatinine p = 0.005 trajectories for eGFR and urinary albumin- 2016 (117);
mg/week (vs. and an eGFR < 45 creatinine ratio reported separately. Shaman et
placebo) over ml/min per 1.73 m? al. 2022
2.1 years (MDRD) (118)
Dulaglutide up 22.2 35.0 Development of A sustained>30% no yes no 0.85(0.77-0.93);  Driven by effects on macroalbuminuria; Gerstein et
to 1.5 mg/ macroalbuminuria (UACR  declined in eGFR p = 0.0004 improved eGFR trajectories; Effect on al. 2019
week over 5.4 > 33.9 mg/mmol) in macroalbuminuria mainly in those with (119)
years people with lower baseline eGFR > 60 mi/min per 1.73 m?)
baseline concentrations
Dulaglutide 94.8 44.8 no eGFR at 52 weeks;  yes yes yes 0.45 (0.20-0.97)  eGFR decline as LSM (95% CI) at 52 weeks ~ Tuttle et al.
0.750r1.5 A 240 % decline in p=0.042 for was less in dulaglutide 1.5 mg and 0.75 mg 2018 (120)
mg/ week (vs. eGFR dulaglutide 1.5 treatment groups -0.7 (-2.5, 1:0) and -0.7 (-  Tuttle et al.
insulin mg versus insulin -~ 2.4, 1.1) mL/min/1.73m?, respectively, 2020 (121)
glargine) over glargine versus -3.3 mL/min/1.73m? (-5.1, -1.6) with
52 weeks insulin glargine
Efpeglenatide 31.6 n.r. Incident A sustained 240 %  yes (for 2 yes (for 2 no 0.68 (0.57-0.79);  Improved eGFR trajectories (higher by 0.9 Gerstein et
4 or 6 mg/ macroalbuminuria plus decline in eGFR for 30 days) 90 days p < 0.001 mil/min per 1.73 m? [95 CI 0.3-1.5]) and al. 2021
week over 1.81 rise in albumin-to- > 30 days reduced albuminuria (- 21% [95 % CI 14- (104)
years creatinine ratio by > 30 % 28]; results not broken down into categories
of baseline eGFR or albuminuria categories
Tirzepatide (5, 171 35.4 New-onset A =40 % declinein  yes Chronic yes 0.58 (0.43-0.80); Al tirzepatide doses were pooled; Heerspink et
10, 0r 15 macroalbuminuria; eGFR dialysis or p = 0.0008 comparator: Insulin glargine; No significant al. 2022
mg/week) over sustained UACR kidney effect for a second composite endpoint (122)
up to 104 progression (change in trans- calculated without new-onset
weeks category?) plantation macroalbuminuria.
Semaglutide 79.6 96.9 no A sustained 250 %  yes (for 2 Long-term  yes (death 0.79 (0.56-0.89; Confirmed for extended composite outcome  Perkovic et
s.c. 1 mg/week decline in eGFR for 28 days) dialysis, from kidney-  p =0.0003; (inc. CV death): 0.76 (0.66-0.88) (Improved  al. 2024
over 3.4 years > 28 days kidney related or CV eGFR trajectories (annual slope different by (106)
trans- causes) 1.16 ml/min per 1.73 m? [95 Cl| 0.86-1.47])
plantation
Semaglutide, 29.2 n.r. no A persistent = 50 yes Long-term  yes 0.86 (0.66-1.10);  Quilitatively confirmed for extended McGuire et
oral, 14 % decline in eGFR kidney re- p-value n.r. composite outcome (inc. CV death): 0.91 al. 2025
mg/day placement (0.80-1,05), p=0.19 (123)
therapy

ClI: Confidence interval; CV: Cardiovascular; eGFR: estimated glomerular filtration rate; GIP: Glucose-dependent insulinotropic polypeptide; GLP-1: Glucagon-like peptide-1; n.r.: Not reported; UACR: Urinary albumin-creatinine
ratio; : normoalbuminuria (UACR < 30 mg/g creatinine; microalbuminuria (UACR 30-300 mg/g creatinine); macroalbuminuria (UACR > 300 mg/g creatinine)
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Supplementary Figure 2. Effect of GLP-1 receptor agonists on albuminuria (A) and eGFR changes in
cardiovascular and kidney outcome trials in populations with type 2 diabetes. In the upper panel (A), the
differential (A) of reductions (vs. baseline values) in urinary albumin excretion (expressed as urinary albumin-
creatinine ratio; UACR) between active and placebo treatment is shown. Lower values indicate a greater
reduction in UACR. In the lower panel (B), the differential (A) of reductions (vs. baseline values) in estimated
glomerular filtration rates (eGFR) between active and placebo treatment is shown. Higher values indicate a
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greater preservation in eGFR over time. For all these estimates, when available, 95 % confidence intervals are

shown as bars. Original results were taken from the primary publications: LEADER (30); SUSTAIN-6 (117);

HARMONY-Outcomes (101); AWARD-7 (120, 121); REWIND (102); PIONEER-6 (103); AMPLITUDE-O (104);

FLOW (106). In LEADER, SUSTAIN-6, and PIONEER-6, CKD with an eGFR < 60 ml/min per 1.73 m? body

surface was taken as an equivalent of established cardiovascular disease. In LEADER, the decline in eGFR was

slower with liraglutide than with placebo treatment (estimated trial group ratio 1.02 (95% CI 1.00;1.03, p =

0.01); In HARMONY Outcomes, eGFR showed a significant difference at an earlier time point (8 months): 1.11

(95 % confidence interval 0.39;1.84). In ELIXA (98), UACR increased over time, less so with active treatment
(lixisenatide). EXSCEL (100) , SELECT (108), and SOUL(123) did not report these outcomes.
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Supplementary Figure 3. Body weight reduction with the selective GLP-1 receptor agonists liraglutide (A) and
semaglutide (B), and with the dual GIP/GLP-1 receptor agonist tirzepatide (C), in populations with
overweight/obesity, with and without type 2 diabetes. Body weight reduction is expressed relative to baseline
body weight (% reduction) and displayed for various doses (see colour code) and placebo treatment (grey).
Bars indicate the standard error of the mean. On top of each panel, the mean baseline body-mass-index (BMI),
the proportion of each cohort with type 2 diabetes (T2DM), and the study duration is presented for all studies.
Whenever possible, results based on the treatment policy estimand are depicted in the present figure. Asterisks
indicate a significant difference (p < 0.05) from results of placebo treatment in the same study. Significances of
differences to results from treatment with active comparators are indicated by p-values associated with
brackets connecting the bars of interest. Panel (D) shows a comparison of weighted mean values and pooled
standard errors of the mean of all studies with liraglutide (3 mg/day), semaglutide (2.4 mg/week) and tirzepatide
(15 mg/week) by analysis of variance. Data depicted in this figure have been taken from the original
publications (liraglutide: SCALE obesity and prediabetes (27, 124); SCALE Maintenance (125); SCALE
diabetes (126); SCALE IBT (127); SCALE Insulin (128); SCALE Sleep Apnea (129); semaglutide: STEP 1 (73);
STEP 2 (28); STEP 3 (68); STEP 4 (66); STEP 5 (61); STEP 6 (62); STEP 7 (65); STEP 8 (67); STEP 10 (64);
ESSENCE (130); tirzepatide: SURMOUNT-1 (29, 131); SURMOUNT-2 (132); SURMOUNT-3 (133);
SURMOUNT 4 (134); SURMOUNT-CN (135); SURMOUNT OSA (136); SUMMIT (137)).
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Supplementary Table 5. Therapeutic effects of GLP-1 receptor agonists or the dual GIP/GLP-1 receptor co-agonist tirzepatide on clinically relevant endpoints representing specific obesity-associated conditions in people with
overweight/obesity

Obesity- Therapeutic Population studied (Co-) primary endpoint(s) Results Other important findings (secondary Commentary References
associated agent or exploratory endpoints)
condition

Prediabetes

e Liraglutide 3

mg/day

e Semaglutide

2.4 mg/week

o Tirzepatide 5,

10, or 15
mg/week

o Obese subjects with pre-
diabetes (IFG, IGT, or
HbA1c > 5.7t0 < 6.5 %)

Obese subjects with FPG
5.5-5.9 mmol/l or HbA1¢
6.0-6.4 %

Obese subjects with
prediabetes (based on =
2 measures of FPG,
OGTT 2 h PG, HbA«c)

e Time to T2DM over 160 weeks

e Patients reverting to
normoglycaemia over 52
weeks

e Time to T2DM over 176 weeks

e Reduction by 79 % (HR 0.21
(95 % CI1 0.14-0.34)

e Increase (81 vs. 14 %, OR
19.8 (95 % CI18.7-45.2

Reduction by 93 %, HR 0.07
(95 % C10.00-0.10)

® Reversion to normoglycaemia (OR

2.6 [3.0 -4.4])

Progression to T2DM 1 vs. 3 %

Progression to T2DM 2.4 vs. 13.7

%, HR 0.12 (95 % CI 0.10-0.20)

o Effect partially maintained
after 12 weeks off
treatment

Effects partially maintained
after 28 weeks off
treatment

Effects partially maintained
after 17 weeks off
treatment

e LeRoux et al.
2017 (124)

¢ McGowan et
al. 2024 (64)

o Jastreboff et
al. 2024 (138)

e Semaglutide o Obese subjects with e Time to MACE over 3.3 years e Reduction by 20 % (HR 0.80 e Reduction in death from any cause e Secondary endpoints were e Lincoff et al.
Atherosclerotic 2.4 mg/week ASCVD at baseline (85.4 [95 % CI1 0.72-0.90] e Reduction in coronary nominally significant (upper 2023 (108)
. % with previous AMI or revascularization bound or 95% CI < 1.00),
cardiovascular S .
disease stroke) . Reducthn in nephropathy but gannot pe anS|dered
composite endpoint confirmed significant
(hierarchical testing)
o Patients with obesity and e (a) Change in Kansas City e (a) Increase (16.6 vs. 8.7 e Improved 6- e A combined o Similar effects on o Kosiborod et
heart failure with Clinical Cardiomyopathy points [A 7.8, 95 % ClI min walk analysis of the cardiovascular endpoints, al. 2023 (139)
preserved ejection Questionnaire Summary Score interval 4.8-10.9, p < 0.001]); distance two studies (in but less weight reduction in
fraction (HFpEF) without and (b) in body weight over 52 (b) reduction by 13.3 vs. 2.6 patients T2DM patients vs. non-
T2DM weeks % (A 10.7 [95 % CI 11.9- without and diabetic obese subjects
9.4]) with T2DM)
o Patients with obesity and e (a) Increase (13.7 vs. 6.4 e Improved 6- gerz(:?l?cstti;ar;[eir? o Kosiborod et
heart failure with points [A 7.3, 95 % ClI min walk first heart al. 2024(140)
« Semaglutide preserved ejection interval 4.1-10.4, p < 0.001); distance failure events e Butler et al.
2.4 mg/week fraction (HFpEF) with (b) reduction by 9.8 vs. 3.4 (1vs. 5% HR 2024 (60)
Heart failure T2DM % (A 6.4 [95 % Cl 7.6-5.2]) 0.27 '[95 % Cl
with preserved 0.12-0.56])
ferfccttlfr? « Patients with obesity and a) Time to CV death or e a) Reduction in events (9.9 e Improved 6-min walk distance e Packer et al.
(HFpEF) heart failure with worsening heart failure event vs. 156.3 %; HR 0.62 [95 % 2024 (137)

o Tirzepatide, up

to 15 mg/week
(highest
tolerated dose)

preserved ejection
fraction (HFpEF) without
T2DM

o Patients with obesity and
heart failure with
preserved ejection
fraction (HFpEF) without
T2DM

over 104 weeks; (b) change in
Kansas City Clinical
Cardiomyopathy Questionnaire
Summary Score at week 52

a) Time to CV death or
worsening heart failure event
over 104 weeks; (b) change in
Kansas City Clinical
Cardiomyopathy Questionnaire
Summary Score at week 52

Cl1 0.41-0.95; p = 0.0267; (b)
Increase (19.5vs. 12.7
points [A 6.9, 95 % CI
interval 3.3-10.6, p < 0.001

a) Reduction in events (9.9
vs. 15.3 %; HR 0.62 [95 %
C1 0.41-0.95; p = 0.026]; (b)
Increase (19.5vs. 12.7
points [A 6.9, 95 % CI
interval 3.3-10.6, p < 0.001

Improved 6-min walk distance

e Packer et al.
2024 (137)

Table continued on next page
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e Liraglutide
1.8 mg/day

e Semaglutide

e Subjects with biopsy-
proven NASH (fibrosis
stage F1-F4)

Overweigh/obese

Resolution of NASH with no
worsening of fibrosis

Resolution of NASH with no

e Increase (39 vs. 9 %, RR 4.3

(95% CI1.0-17.7, p= 0.019

e 59vs. 17 %, OR 6.9 (95 %

Fewer subjects with worsening of
fibrosis stage (9 vs. 36 %, RR 0.2
(95 % C10.1-1.0)

Improvement by = 1 stage of

Liraglutide dose lower than
now recommended for the
treatment of obesity

Small study, no clear dose-

e Armstrong et
al. 2015 (141)

o Newsome et

0.1,0.2, or subjects with biopsy- worsening of fibrosis Cl 2.6-17.6) fibrosis with no worsening of NASH response relationship, daily al. 2021 (142)
Metabolic- 0.4 mg/day proven NASH (fibrosis (n.s.) injections of s.c.
dysfunction- stage F1-F3) semaglutide
associated e Semaglutide o Patients with biopsy- o Resolution of steatohepatitis e 63 vs. 34 % (A29 (95% ClI e Body weight reduction -10.5 vs. - e Both co-primary endpoints e Sanyal et al.
steatotic liver 2.4 mg/week defined MASH and without worsening of liver 21-36) % 2.0% (A -85(95%Cl-9.6—7.4 show significant effects. 2025 (143)
disease fibrosis stage 2 or 3 fibrosis and %) The first study showing (ESSENCE)
(MASLD*) ¢ Reduction in liver fibrosis e 37vs.22 % (A14 (95 % Cl significant reduction in
without worsening of 8-21) % fibrosis after 240 weeks
steatohepatitis
e Tirzepatide 5, e Subjects with biopsy- e Resolution of MASLD with no e 44,56, and 62 % with 5, 10, e Increased proportion reaching an o Consistent effects on e Loomba et al.
10, or 15 proven MASLD (fibrosis worsening of fibrosis and 15 mg/week, vs. 10 % improvement in fibrosis by > 1 reduction in fibrosis stage 2024 (144)
mg/week stage F2 or F3) with placebo (all p < 0.0001) stage without worsening of MASH
e Liraglutide 3 » Non-diabetic subjects e Change in AHI from baseline e Reduction in AHI events (by e Reduction in body weight and e Change in AHI related to e Blackman et
mg/day (vs. with moderate (AHI 15- (vs. placebo) after 32 weeks 6.1 events/h [95 % Cl 1.2- related parameters (e.g. waist degree of body weight al. 2016 (129)
placebo) as 29.9 events/hour) or 11.0]; p = 0.015 circumference) reduction
an adjunct to severe (AHI > 30
calorie events/h) obstructive
restriction (by sleep apnoea,
Obstructive 500 unwilling/unable to use
sleep apnoea kCal/day) Cpnt|nuous positive
syndrome airway pressure
o Tirzepatide o Adults with moderate-to- e Change in AHI from baseline e (a) - 20 events/h (95 % ClI - e Reduction of AHI events into the o Relationship of AHI e Malhotra et al.
100r 15 severe obstructive (vs. placebo) after 52 weeks 29.3-21.1); range, where continuous positive improvements to degree of 2024 (145)
mg/week apnoea not receiving (a; e (b) -23.8 events/h 95 % CI - airway pressure therapy may no body weight reduction not
(maximum trial 1) or receiving 29.6 - 17.9) longer be necessary in 42.2 (a) and reported
tolerated positive airway pressure 50.2 (b) % of participants
dose) therapy (b; trial 2)
Knee e Semaglutide e Obese adults with a e Change in (a) body weight and e (a) Reduction by 10.5 % (95 e Reduction in pain medications o Relationship of e Blidda
osteoarthritis 2.4 mg/week clinical and radiologic (b) change in Western Ontario % Cl 8.6-12.3); (b) (acetaminophen, non-steroidal anti- symptomatic improvement letal.
diagnosis of moderate and McMaster Universities Reduction by 14.1 points (95 inflammatory drugs; opioids) to degree of weight 2024
knee osteoarthritis with Osteoarthritis (WOMAC) Index % Cl 8.3-20; p < 0.001) reduction achieved not (146)

at least moderate pain

after 68 weeks

reported

AHI: Apnoea/hypopnoea index; Cl: Confidence interval; FPG: Fasting plasma glucose; HR: Hazard ratio; IFG: Impaired fasting glucose; IGT: Impaired glucose tolerance; HFpEF: Heart failure with preserved ejection fraction; HFrEF: Heart
failure with reduced ejection fraction; MASH: Metabolic dysfunction-associated steatohepatitis; MASLD: Metabolic dysfunction-associated steatotic liver disease; NASH: Non-alcoholic steato-hepatitis; OGTT: Oral glucose tolerance test;
OR: Odds ratio; RR: Relative risk; T2DM: Type 2 diabetes mellitus;
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Supplementary Figure 4. Clinical results of treating obesity-associated heart failure with
preserved ejection fraction (HFpEF) with GLP-1 receptor agonists (semaglutide) and the dual
GIP/GLP-1 receptor agonist tirzepatide compared to placebo treatment. For comparison,
results obtained with SGLT-2 inhibitors (empagliflozin, dapagliflozin) are also shown.
Improvements in the Kansas City Cardiomyopathy Score Clinical Summary Score (KCCQ-CCS;
panels A-E), body weight reduction [% of baseline body weight] (F-J), incidence and reductions
in heart failure events (hospitalization or urgent emergency room visits) (K-O), improvements in
the 6-min walk-distance [m] (P-T), and reductions in N-terminal pro brain natriuretic peptide
(NT-proBNP) concentrations vs. baseline values [%] U-Y). Data are from the original publication
of clinical trials (semaglutide 2.4 mg/week mm: HFpEF obesity (60, 147); HFpEF
obesity/diabetes (60, 140); tirzepatide 15 mg/week mm: SUMMIT (137); empagliflozin 10
mg/day : EMPEROR-Preserved (148); dapagliflozin 10 mg/day - DELIVER (149);
information on effects of empagliflozin treatment on 6-min walk distance has been taken from
the EMPIRIAL-Preserved trial (150); for dapagliflozin, results regarding body weight reduction,
6-min walk distance and NT-proBNP have been taken from the PRESERVED-HF trial (151). In
the latter clinical studies, the duration of treatment was 12 weeks. Where available, baseline
values for KCCQ-CSS, body weight, proportion with hospitalization because of heart failure in
the previous year, 6-min walk distance, and NT-proBNP concentrations are presented for better
comparability. Results for statistical comparisons are presented in the original format (e.g.,
differences or ratios with 95 % confidence intervals) and, therefore, are not using a uniform
format.
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Supplementary Table 6. Summary of pre-clinical (proof-of-principle) studies and clinical trials of GLP-1 receptor agonists in healthy brain function, neurodegenerative disease, and substance abuse disorders

Specific Pre-clinical proof-of-principle study/review Clinical trial(s)
Indication disease/ Animal model Results/ commentary/ references Population studied/ intervention (study drug/ ~ Results/ commentary/ references Ongoing studies
condition studied/review comparator/ duration) (ClinicalTrials.gov)
Healthy Mice, hippocampal  Learning, memory improved; prevention of Patients with T2DM; liraglutide (12 weeks) Cognitive decline reduced (153) n.a.
General physiology GLP-1 R kainate-induced hippocampal vs. standard of care
brain overexpression; apoptosis(152)
function treatment with
GLP-1 analogue
Alzheimer’s Senescence- Decline in memory function prevented, Patients with Alzheimers’s disease; liraglutide  Prevention of decline in brain glucose o NCT05891496
dementia accelerated prone preservation of hippocampal CA1 pyramidal (26 weeks) metabolism. No effect on accumulation (semaglutide); phase 3
8 (SAMP8) mice, neuron numbers (154) of AR or cognitive measures (155) o NCT 04777396
treatment with (semaglutide: EVOKE);
liraglutide phase 3
e NCT04777409
(semaglutide: EVOKE
plus); phase 3
Neuro- Parkinson’s Rat models of Less “circling” after apomorphine challenge; Patients with (early) Parkinson’s disease o NCT04232969
degenerative  disease Parkinson’s higher striatal dopamine concentrations and e Exenatide b.i.d., maintenance dose 10 pg o Improved motor function (157) (exenatide once-
disease disease (6- nigral tyrosine hydroxylase staining (156) (12 months; “proof-of-principle”) weekly); phase 2
hydroxydopamine- o Exenatide once-weekly 2 mg per week (60 e Improved motor function (158)
or weeks)
lipopolysaccharide- o Lixisenatide 20 pg (12 months; phase 2) o Improved motor function (159)
induced) e Exenatide 2 mg per week (96 weeks; * No evidence of disease modification
phase 3) (160)
e NLYO1 (brain-penetrant, pegylated, long- o No significant improvement(161)
lasting exenatide (36 weeks; phase 3)
Nicotin Mice (wild type and  Exenatide treatment were associated with o Adult dependent smokers wanting to quit; * No effect on abstinence (163) n.a.
(smoking) GLP-1R"), decreased, GLP-1 R k.o. with increased dulaglutide (12 weeks)
dependence treatment with nicotine intake (162) o Pre-diabetic or overweight smokers; o Abstinence increased by 70 % (164)
exenatide (GLP-1 exenatide once-weekly (6 weeks; “early-
RA) or sitagliptin phase pilot study”)
(DPP-4 inhibitor)
Alcohol abuse Rodents Reduction in alcohol intake, promotion (by e Subjects with alcohol use disorder; o No overall effect on heavy drinking o NCT05895643
alcohol) of hyperlocomotion, dopamine exenatide once-weekly days except for subgroup with BMI > (semaglutide:
Substance release (nucleus accumbens) and reward 30 kg/m2 (166) _ SEMALCO); phase 2
abuse suppressed (165) e People undergoing a smoking cessation e Reduction in alcohol consumption (by
disorders program; dulaglutide 29 %) (167)

o People with T2DM and/or obesity treated
with GLP-1 RAs vs. other medications

e Lower rate of alcohol intoxication
(168)

Opioid use
disorder

e Mice (male)

e Rats

e Rats

e Exendin-4: No effect on morphine-
induced conditioned place preference,
withdrawal, or hyperlocomotion (169)

e Exendin-4: Reduction in oxycodone self-
administration (170).

e Liraglutide: Reduction in heroin self-
administration (171)

Patients with T2DM and opioid use disorder
(observational study based on electronic
health records) treated with semaglutide vs.
other approved GLP-1 RAs or other classes
of glucose-lowering medications

Reduction in the risk for opioid overdose
by 42-68 % vs. other glucose-lowering
medication classes (172) (even vs.
other GLP-1 RAs (- 44 %).

e NCT06548490
(semaglutide); phase 2

Table continued on next page
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Table continued from previous page
Cocain use Mice Exendin-4 (i.p.) reduced acute and chronic Patients with cocaine use disorder; No change in cocaine infusions, self- o NCT06252623
disorder cocaine self-administration and reduced exenatide, 5 ug s.c. reported euphoria, or the subjective (exenatide once-
cocaine-induced striatal dopamine levels effect of cocaine (174) weekly); phase 1

and c-fos expression (173)

GLP-1 R: Glucagon-like peptide-1 receptor; GLP-1 RAs: GLP-1 receptor agonists; DPP-4: Dipeptidyl peptidase-4;
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Safety and Tolerability of Incretin-Based Medications. All approved GLP-1 RAs share typical
adverse events associated with their use in patients with type 2 diabetes and in people with
obesity. In a significant proportion of people exposed to GLP-1 RAs, nausea, vomiting,
diarrhoea and other “gastrointestinal” symptoms occur early after initiating treatment, or when
the dose is increased. Usually, these episodes are few, of short duration, and cease over time.
This time course may mainly apply to the most prevalent adverse events (nausea and vomiting).
Less is known regarding the less prominent side effects diarrhoea and constipation. However,
they may be too severe to be tolerated or persist for too long, so that patients discontinue
treatment. In clinical trials, the proportion discontinuing active treatment with GLP-1 RAs
because of adverse events typically has been 5-10 %, with an odds ratio (vs. placebo
treatment) of 2-5 and dose-dependence.

The co-stimulation of GIP receptors has, both in animal experiments (in shrews, a species able
to vomit) (175) and in clinical studies in human subjects (176), been able to reduce
“gastrointestinal” adverse events, which are mediated by an interaction of the respective
incretin-based compound with the central nervous system (177), and not necessarily related to
the gastrointestinal tract (motility, etc.).

Dose-escalation regimens starting with low doses, increasing doses in several steps, and
allowing time to adapt at each dose level, have been successful to limit these side effects.
Clinical observations suggest that slow titration in susceptible patients may prevent
unnecessary discontinuations. Transient symptomatic treatment with antiemetics appear may
alleviate symptoms after commencing GLP-1 RA treatment.

Based on case reports and adverse event reporting to pharmacovigilance databases (178), it
had been speculated that GLP-1 RAs may cause acute pancreatitis based on: (a) abdominal
pain; (b) elevations in serum amylase or lipase, and (c) imaging tests. Pancreatic enzyme
activities in serum are commonly elevated to a mild degree in people treated with GLP-1 RAs.
Carefully adjudicating suspected events of acute pancreatitis (e.g., severity, location, and
characteristics of abdominal pain); imaging procedures) in the CVOTs, summarized in meta-
analyses have not observed an elevated risk for acute pancreatitis (179).

An important concern is risk for medullary thyroid carcinomas in individuals with a personal or
family history of multiple endocrine neoplasia [MEN] 2). While healthy human C-cells do not
express GLP-1 receptors (180) and do not respond by secreting calcitonin or by proliferating,
like in some rodent species (181). However, hyperplastic C-cells, C-cell adenomas, and
medullary thyroid carcinomas express GLP-1 and GIP receptors, which mediate growth
responses in rodents. Therefore, patients at risk for medullary thyroid carcinoma have been
excluded from clinical trials with GLP-1 RA and therapy with medications activating GLP-1
receptors is generally contraindicated.

Due to their ability to precipitate rapid reductions in plasma glucose and HbA, initiation of GLP-
1 RA therapy may be associated with a risk to worsen pre-existing advanced retinopathy (99,
182), a phenomenon described as “initial worsening”, because in type 1 diabetes this is
followed by improvements in the retinopathy status later on (after > 2 years of treatment).
Therefore, T2D patients should be monitored for their retinopathy status and appropriately
treated by ophtalmologists before therapy with highly effective incretin mimetic medications is
started.

GLP-1 RAs raise heart rate, usually by 2-5 beats per minute, mainly be interacting with GLP-
1 receptors in the sinus node (183).
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Recently, an analysis based on spontaneous reports to the European Medicines Agency
suggested an increased risk for “suicidal ideation” in liraglutide-, dulaglutide-, and semaglutide-
treated people (184). In studies employing a more systematic, population-based approach, this
was not confirmed for Spanish (185) and US (186) cohorts.

Limitations to the prescription of and adherence to GLP-1 RAs. The main subpopulations within
type 2 diabetes with substantial expected benefits are those in need of highly effective glucose-
lowering therapy, which can otherwise only be provided by insulin therapy, and those with
prevalent atherosclerotic cardiovascular disease, as mainly studied in cardiovascular outcomes
trials. While insulin therapy is used in approximately 20-35 % of all patients with type 2 diabetes
(187, 188), GLP-1 RAs are used in a lower proportion, which, however, keeps rising in recent
years (189). Guidelines recommend GLP-1 RAs for the majority of type 2-diabetic patients
needing injectable therapy (190), because recently developed compounds/preparations reduce
HbA1. more than does basal insulin treatment, with added benefits of reducing body weight
(rather than increasing it) and avoiding a risk for hypoglycaemic episodes (58).

Atherosclerotic cardiovascular disease is present in approximately 35 % of the total type 2
diabetes population (191, 192). In such patients, 8-10 % received GLP-1 RAs in the year 2022
(and much less frequently earlier), with similar figures relating to the prescription of SGLT-2 Is (a
therapy expected to be of similar benefit) (193). The underuse of cardiorenal-protective
glucose-lowering drugs like GLP-1 RAs or SGLT-2 Is has been interpreted as “clinical inertia”,
which deprives patients with a treatable condition of a clearly recommended treatment (194).

Along similar lines, patients starting treatment with GLP-1 RAs often discontinue this
treatment within the first year (195), more frequently, if the indication was obesity (50 %) rather
than type 2 diabetes (36 %) (195). There is no robust knowledge, why GLP-1 RAs are
prescribed less frequently that suggested by guideline recommendations, and why their use is
discontinued rather early, even though they are designed for long-term treatment (with benefits
waning after discontinuation). Among the potential reasons may be adverse events limiting the
tolerability, the relatively high costs, and lack of reimbursement by health insurance plans, which
particularly is true for GLP-1 RAs prescribed for weight loss in obese subjects without type 2
diabetes (196).
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