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Obesity is a significant risk factor for health issues like type 2 diabetes and cardiovascular disease. It often proves resistant to tradi-
tional lifestyle interventions, prompting a need for more precise therapeutic strategies. This has led to a focus on signaling pathways
and neuroendocrine mechanisms to develop targeted obesity treatments. Recent developments in obesity management have been
revolutionized by introducing novel glucagon-like peptide-1 (GLP-1) based drugs, such as semaglutide and tirzepatide. These drugs
are part of an emerging class of nutrient-stimulated hormone-based therapeutics, acting as incretin mimetics to target G-protein—cou-
pled receptors like GLP-1, glucose-dependent insulinotropic polypeptide (GIP), and glucagon. These receptors are vital in regulating
body fat and energy balance. The development of multiagonists, including GLP-1-glucagon and GIP-GLP-1—glucagon receptor ag-
onists, especially with the potential for glucagon receptor activation, marks a significant advancement in the field. This review cov-
ers the development and clinical efficacy of various GLP-1-based therapeutics, exploring the challenges and future directions in obe-
sity management.
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Obesity

INTRODUCTION

Obesity, currently defined as a body mass index (BMI) of 30
kg/m?* or greater, affects 800 million people worldwide [1]. In
the United States, approximately 42% of adults have obesity [2],
and obesity-related costs are estimated at $173 billion annually
[3]. Obesity causes organ dysfunction via several pathophysio-
logical mechanisms, ranging from the physical impact of in-
creased adipose tissue mass, the presence of ectopic fat within
tissues and organs, metabolic effects, inflammatory mecha-

nisms, and psychological consequences [4,5].

Obesity is associated with many disorders such as type 2 dia-
betes (T2D), cardiovascular (CV) disease, fatty liver, osteoar-
thritis, and obstructive sleep apnea, etc. [6,7]. Obesity arises
from an imbalance between energy intake and expenditure, and
this relationship can be summarized as the energy balance-feed-
back model, which provides the basis for drug treatment. Anti-
obesity medications have specific mode of action such as reduc-
ing dietary intake, modifying energy metabolism, and increas-
ing energy expenditure or both [8,9].
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GLP-1 Based Weight Loss Drugs E n M .

Development of antiobesity medication has not been easy, be-
cause of unexpected adverse events. Reports of heart valve dis-
ease associated with fenfluramine, texfenfluramine, and phen-
termine raised concerns about drug treatment of obesity since
2000 [10,11]. These products were withdrawn by the U.S. Food
and Drug Administration (FDA) in 2011. Additionally, an ob-
stacle to drug treatment for obesity is that the drug is perceived
as ineffective because the patient gains weight again when the
drug is stopped.

Obesity is a chronic disease caused by various causes [12,13].
Therefore, a complete cure is rare, and therefore treatment
should be aimed at palliation. When treating diseases such as
high blood pressure or hyperlipidemia with drugs, we do not
expect a cure, but we expect relief and are concerned about re-
currence when drug treatment for these diseases is discontinued.
Obesity treatment needs to be thought of the same way.

It is obvious that healthy lifestyle should be the mainstay of
the treatment. Antiobesity medications can be used as an ad-
junct when lifestyle modification is not enough to reduce body
weight or maintain the reduced body weight.

STANDARDS FOR EVALUATING THE
EFFICACY OF OBESITY TREATMENT
DRUGS

Various drugs that cause weight loss are being developed, but
many drugs are often eliminated at the stage of obtaining final
approval. Many countries in Europe and the United States have
introduced strict policy for obesity drug approval mainly be-
cause of safety reasons.

Currently, the following drugs are approved for long-term
treatment of obesity worldwide: Orlistat (Xenical, Xenical,
Roche, Basel, Switzerland), 1999; Bupropion/Naltrexone (Con-
trave, Orexigen Therapeutics Inc., La Jolla, CA, USA), 2018;
Liraglutide 3.0 mg (Saxenda, Novo Nordisk, Bagsvaerd, Den-
mark), 2018; Phentermine/Topiramate (Qsymia, Vivus, Moun-
tain View, CA, USA), 2019; Semaglutide 2.4 mg (Wegovy,
Novo Nordisk), 2021; Tirzepatide (Zepbound, Eli Lilly, India-
napolis, IN, USA), 2023.

Among these, glucagon-like peptide-1 receptor agonists
(GLP-1RAs) and GLP-1 and glucose-dependent insulinotropic
polypeptide (GIP) coagonists draw much attention because
these agents showed potent weight lowering efficacy. This ap-
proach, originally proposed by Professor Ernest Starling in the
early 1900s, initially focused on gut hormones but was over-
shadowed by discoveries in insulin and leptin [14]. However,
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the introduction of GLP-1, a key incretin hormone, has revolu-
tionized the treatment of obesity and T2D. More recently, the
concept of nutrient-stimulated hormone-based therapeutics, in-
volving novel combinations like GLP-1 with other gut hor-
mones such as GIP and glucagon, highlights the growing im-
portance and effectiveness of GLP-1 based therapies in manag-
ing these chronic conditions. In this manuscript, we discuss
GLP-1 based antiobesity medication focusing on its mecha-
nism, clinical trial results, and potential adverse events.

CURRENTLY AVAILABLE GLP-1RA BASED
THERAPIES FOR OBESITY

The mechanisms of action and structural formulations of GLP-
IRA-based therapies for obesity are detailed in Figs. 1, 2. Addi-
tionally, Table 1 comprehensively outlines their long-term im-
pact on weight reduction and safety profiles [15-20].

GLP-1RA

In 1964, it was discovered that when glucose was administered
orally, more insulin was secreted than when it was injected in-
travenously, confirming the existence of incretin, a gastrointes-
tinal factor that promotes insulin secretion [21]. There are sev-
eral incretins including GLP-1 and GIP. Compared to GIP,
which has normal secretion but poor response in patients with
T2D, GLP-1, which has low secretion but preserved response,
is an important target in the development of antidiabetic drugs.
However, the half-life of GLP-1 is too short at 1 to 2 minutes,
making it difficult to use as a drug [21].

Since the mid-2000s, the structure of dipeptidyl peptidase-4
(DPP-4, CD26), an enzyme that decomposes GLP-1, has been
discovered. Based on this finding, two incretin-based medica-
tions were developed: (1) DPP-4 inhibitors that increase the
concentration of GLP-1 by inhibiting it [22], and (2) GLP-
1RAs, which act directly on the GLP-1 receptor [23]. In contrast
with DPP-4 inhibitors, GLP-1RAs have attracted attention be-
cause a weight loss effect appears when the dose of this drug is
increased [23].

Mechanism of action and physiological action

GLP-1 is secreted by L cells in the ileum upon meal stimulation
[24]. The most important effect of GLP-1 is to increase insulin
secretion after a meal, and this effect is dependent on glucose
concentration, so despite promoting insulin secretion, the occur-
rence of hypoglycemia is rare [25].
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Fig. 1. Effects of glucagon-like peptide-1 (GLP-1), glucose-dependent insulinotropic polypeptide (GIP), and glucagon on various vital or-
gans and tissues. Modified from Lim et al. [37], with permission from Elsevier. ANP, atrial natriuretic peptide; BMD, bone mineral density.
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Fig. 2. Structures of formulations of glucagon-like peptide-1 receptor agonists (GLP-1RAs) and glucose-dependent insulinotropic polypep-
tide/GLP-1RA. Modified from Tschop et al. [36]. GIP, glucose-dependent insulinotropic polypeptide.

On the other hand, GLP-1 suppresses glucagon secretion  occurs, glucagon secretion increases.
from pancreatic a-cells [26]. This action is linked to the concen- GLP-1 also suppresses appetite and gastric emptying [23].
tration of glucose in the blood, so glucagon secretion is sup-  Therefore, administration of this drug causes gastrointestinal
pressed in hyperglycemia conditions, but when hypoglycemia  side effects such as nausea or weight loss. In some animal ex-
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GLP-1/GCGRA

24.6%

68.8%/54.7%

4.8 mg, qw 14.9%

387

NCT04667377 (46 weeks)

Phase 2

Survodutide (BI 456906) [20]

GIP/GLP-1/GCGRA

16.0%

45.0%

93%/83%

17.5%

12 mg, qw

338

NCT04881760 (48 weeks)

Phase 2

Retatrutide (LY3437943) [19]

GLP-1, glucagon-like peptide-1; GLP-1RA, glucagon-like peptide-1 receptor agonist; SCALE, Satiety and Clinical Adiposity-Liraglutide; qd, once a day; STEP1, Semaglutide Treatment Ef-

fect in People with obesity 1; qw, once weekly; GIP, glucose-dependent insulinotropic polypeptide; GCGRA, glucagon receptor agonist.
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periments, it has been reported that GLP-1 may be effective in
improving inflammation [27,28], postprandial hyperlipidemia
[29,30], endothelial cell dysfunction [31], and oxidative stress
[32], as well as protecting B-cells [33,34].

Pharmacokinetics and drug metabolism

GLP-1RA was developed to be resistant to the degradation of
DPP-4. Several different types of GLP-1RAs are currently
available. Exenatide, a twice-daily formulation (exenatide twice
daily), was developed based on exendin-4, which is derived
from the saliva of the American poisonous lizard (Gila monster)
and shows 53% homology to human GLP-1 [35]. Human GLP-
1 based GLP-1RA includes liraglutide, albiglutide, dulaglutide,
efpeglenatide, and semaglutide.

They can be classified by their duration of action: short-acting
GLP-1RAs and long-acting GLP-1RAs. Their main characteris-
tics are shown in Fig. 2 [36]. Short-acting GLP-1RAs generally
lower postprandial blood glucose by delaying gastric emptying
time, while long-acting GLP-1RAs reduce fasting glucagon or
increase fasting insulin concentration [37]. Commonly, long-
acting ones show a more powerful glucose lowering effect as it
lowers not only postprandial glucose levels but also fasting glu-
cose levels [23].

Weight loss effects of GLP-1RAs

Liraglutide

Liraglutide (3.0 mg, Saxenda), a GLP-1RA that activates the
GLP-1 receptor, was approved by the FDA in December 2014
for adult obesity treatment [38] and has recently shown efficacy
in adolescents aged 12 to 18 years. Liraglutide shares 97% simi-
larity with GLP-1 and is characterized by its prolonged action in
the body [39]. Administered via subcutaneous injection, it
crosses the blood-brain barrier to act on various regions of the
hypothalamus, including the arcuate nucleus. It directly stimu-
lates pro-opiomelanocortin/cocaine-and-amphetamine-regulat-
ed transcript (POMC/CART) neurons and indirectly inhibits
neuropeptide-Y/agouti-related protein (NPY/AgRP) neurons
through GABA neurotransmission, reducing appetite and pro-
moting weight loss [40].

Liraglutide 3.0 mg’s efficacy in obesity was assessed in the
Satiety and Clinical Adiposity-Liraglutide (SCALE) Obesity
and Prediabetes and SCALE-diabetes trials [15,41]. In these tri-
als, significant weight loss was demonstrated with liraglutide
3.0 mg therapy, compared to placebo (8.0% in SCALE obesity
and prediabetes, 6.0% in SCALE-diabetes). The SCALE-main-
tenance study investigated weight loss maintenance with lira-
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glutide 3.0 mg. In this study, 422 participants who lost over 5%
of initial body weight on a low-calorie diet were randomized to
liraglutide 3.0 mg or placebo for 56 weeks. Liraglutide 3.0 mg
resulted in an additional 6.2% weight loss from the initial aver-
age of 6.0% [42]. The drug’s efficacy in obese adolescents was
also notable, with significant reductions in BMI and higher pro-
portions achieving over 5% and 10% weight loss compared to
placebo [38].

A real-world study with 769 Korean people with obesity, body
weight and BMI decreased significantly after initiation of lira-
glutide 3.0 mg treatment: —2.94 kg and —1.08 kg/m? at 2 months;
—4.23 kg and —1.55 kg/m’ at 4 months; and —5.14 kg and —1.89
kg/m’ at 6 months [43].

The CV safety of a lower dose of liraglutide (1.8 mg, Victoza,
Novo Nordisk) in people with T2D was established in the Lira-
glutide Effect and Action in Diabetes: Evaluation of CV Out-
come Results (LEADER) study, showing a 13% reduction in
major CV events over an average of 3.8 years [44].

The primary side effects of liraglutide are gastrointestinal, in-
cluding nausea, diarrhea, constipation, and vomiting, mitigated
by gradual dose escalation. There are concerns about acute pan-
creatitis, thus it’s recommended to discontinue liraglutide upon
symptom onset and avoid use in individuals with a history of
pancreatitis. Due to potential risks of medullary thyroid carci-
noma and multiple endocrine neoplasia, it’s not recommended
for individuals with a personal or family history of these condi-
tions [45]. Liraglutide improves blood pressure and lipid pro-
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files but increased heart rate by an average of 2 beats per minute
in the SCALE-diabetes study [41]. Women of childbearing age
should undergo pregnancy testing before use and use contracep-
tion during treatment. Its safety in individuals over 75 years of
age is not established. Similar to adults, serious side effects in
pediatric studies were not significant.

Semaglutide

Semaglutide shares 94% structural homology with GLP-1 and
is administered as a weekly subcutaneous injection [46]. The
initial dosing starts at 0.25 mg per week and is gradually in-
creased at 4-week intervals to 0.5, 1.0, 1.7 mg, and finally to a
maximum dose of 2.4 mg per week. In June 2021, semaglutide
(2.4 mg, Wegovy) received U.S. FDA approval as a treatment
for obesity or overweight in adults.

The Semaglutide Treatment Effect in People with obesity
(STEP) program, a phase III randomized clinical trial (RCT),
was conducted in patients with T2D, obesity, and various meta-
bolic disorders. In the STEPI1 involved 1,961 participants with
obesity or overweight, 68-week treatment of semaglutide 2.4
mg demonstrated an average weight reduction of 14.9% [16]. In
the semaglutide group, 86% achieved at least a 5% weight loss,
and 69% lost over 10% of their baseline weight [16]. In the
STEP2 focusing on 1,210 patients with obesity or overweight
and T2D, average weight loss with semaglutide 2.4 mg therapy
was 6.2% compared to the placebo [47]. The STEP3 trial in-
volved 611 patients with obesity or overweight, semaglutide 2.4

=20%
'VFA reduction from baseline at week 68

=30% >40% =50%

B Semaglutide 2.4 mg (n=86) M Semaglutide 1.7 mg (n=45) M Placebo (n=43)

Fig. 3. Comparison of bodyweight (A) and abdominal visceral fat (B) from baseline to week 68 for semaglutide 2.4 mg, semaglutide 1.7
mg, and placebo in Janpanese and Korean people with obesity. Adapted from Kadowaki et al. [49], with permission from Elsevier. VFA,

visceral fat area.
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mg treatment demonstrated an average weight loss of 10.3%,
with 86.6% of participants achieving over 5% weight reduction
(vs. 47.6% in the control group) [48].

Recently, STEP6 phase I1la RCT assessed the effect of sema-
glutide 2.4 and 1.7 mg in an east Asian population (Fig. 3) [49].
In this study, mean bodyweight was reduced between baseline
and week 68 in the semaglutide 2.4 mg (13.2%) and semaglu-
tide 1.7 mg (9.6%) groups when compared with the placebo
group. Additionally, abdominal visceral fat area, measured by
computed tomography scan, was also significantly reduced in
the semaglutide groups compared with the placebo group. Car-
diometabolic risk factors, such as C-reactive protein, lipids, and
blood pressure, were also reduced with semaglutide treatment
compared with placebo [49].

In these STEP trials, most participants experienced mild to
moderate symptoms, with the incidence of severe side effects
being 9.8% in the semaglutide treatment group and 6.4% in the
placebo group. Severe adverse reactions included serious gas-
trointestinal disorders, hepatobiliary disorders, gallbladder dis-
orders, and mild acute pancreatitis. Additionally, an increase in
the average heart rate of 1 to 4 beats per minute was observed in
the semaglutide treatment group [16].

In addition to discussing the weight loss efficacy of semaglu-
tide, the recently published results of CV outcome trials will be
addressed later in this paper.

Efpeglenatide

Efpeglenatide is a long-acting GLP-1RA, which was developed
for the management of hyperglycemia in patients with T2D
[50]. Efpeglenatide is composed of a modified exendin mole-
cule attached to a fragment of human immunoglobulin 4 using a
special technology called long-acting peptide/protein [49].

Efpeglenatide is a drug in which an exendin-4 analog is linked
to a human immunoglobulin G4 fragment through a polyethyl-
ene glycol (PEG linker), allowing for Fc receptor of neonate
(FcRn)-mediated recycling and reduced excretion through the
kidneys [50]. Based on this mechanism, the half-life was ob-
served up to 166 hours, and based on this, a once a week dosage
was developed.

In a phase II trial, adults with a BMI of =30 or =27 kg/m?
with comorbidities were randomized to receive efpeglenatide at
doses of 4 mg weekly, 6 mg weekly, 6 mg biweekly, or 8 mg bi-
weekly, or a placebo, all combined with a hypocaloric diet [17].
The main goal was to assess the change in body weight over 20
weeks.

The study found that all efpeglenatide dosages notably de-
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creased body weight, showing reductions between —6.3 and
—7.2 kg compared to the placebo. Participants receiving ef-
peglenatide more frequently achieved weight loss of =5% or =
10%. Additionally, efpeglenatide significantly improved blood
sugar levels and lipid profiles. The rate of discontinuation due
to adverse events varied from 5% to 19%, predominantly due to
gastrointestinal side effects [17].

Moreover, efpeglenatide therapy reduced the risk of CV dis-
ease by about 27% compared to the placebo in the Effect of Ef-
peglenatide on Cardiovascular Outcomes (AMPLITUDE-O)
study [51]. Recently, phase III clinical trials for obesity with ef-
peglenatide are ongoing.

Multifaceted benefits of GLP-1RAs beyond weight loss
GLP-1RAs have various metabolic benefits including glucose
lowering, CV benefits, renal benefits, and improvement in fatty
liver (Fig. 1) [37,52].

Glucose lowering effect
GLP-1RAs improve hyperglycemia by enhancing insulin secre-
tion through increases in B-cell cytoplasmic cyclic adenosine
monophosphate [53], which activates protein kinase A (PKA)
and, thus, increases in intracellular calcium and triggers insulin
exocytosis in a glucose-dependent manner [54]. While GIP has
lost most of its insulinotropic activity in patients with T2D,
GLP-1 has retained enough of its insulinotropic activity to stim-
ulate insulin secretory responses even in patients with T2D [55].
In addition, GLP-1RAs have the potential to preserve or im-
prove pancreatic 3-cell function [33,34]. In high-fat diet-in-
duced diabetes mice, administration of liraglutide activated
pancreatic and duodenal homeobox-1 (Pdx-1), an essential reg-
ulator of proliferation and function of pancreatic -cells [56]. In
a recent study, administration of exendin-4, a long-acting GLP-
IRA, stimulated B-cell proliferation in juvenile human islets by
inducing gene expressions of calcineurin/nuclear factor of acti-
vated T cells (NFAT) signaling, a proliferating factor such as
NFATCI, and a cell cycle regulator such as cyclin Al [57].

GLP-1RAs significantly reduced endoplasmic reticulum (ER)
stress-associated B-cell death and recovered rat insulinoma cell
line (INS-1) cells from ER stress-mediated translational repres-
sion in a PKA-dependent manner [34]. Moreover, ccontinuous
infusion of GLP-1 upregulated islet Pdx-1 gene expression and
induced B-cell proliferation and neogenesis in rats [58]. Similar-
ly, treatment of GLP-1RAs induced proliferation and neogene-
sis of pancreatic -cell in animal models [59].

GLP-1RA therapy inhibits glucagon secretion, at least tran-
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siently delays gastric emptying, and reduces appetite and food
intake [60,61]. Treatment with 3 mg liraglutide for 20 weeks re-
duced appetite and energy intake, resulting in a significant
weight loss (7.2 kg) in a large, RCT in people with obesity [15].

The effect of lowering fasting glucose level and glycated he-
moglobin is generally greater with long-acting agents, and the
effect of lowering postprandial glucose level is more evident
with short-acting agents. This is due to the gastric emptying de-
laying effect of short-acting agents, and the gastric emptying
delaying effect of long-acting agents gradually decreases due to
tachyphylaxis, thereby reducing the effect of postprandial gly-
cemic control. Compared to short-acting exenatide, long-acting
ones such as dulaglutide, liraglutide, and exenatide once-weekly
reduced hemoglobin Alc (HbAlc) by 0.51%, 0.45%, and
0.38% respectively [62]. Similarly, compared with lixisenatide,
dulaglutide, liraglutide, exenatide once-weekly, and albiglutide
decreased HbA lc by 0.66%, 0.60%, 0.53%, and 0.39%, respec-
tively [63].

In several RCTs, GLP-1RAs, when used alone or in combina-
tion with other hypoglycemic agents including metformin, sul-
fonylurea, DPP-4 inhibitor, thiazolidinedione, and sodium-glu-
cose cotransporter 2 inhibitor, showed superior or non-inferior
blood glucose lowering ability compared to insulin treatment
[64,65].

CV system protection effect

GLP-1RAs improve risk factors for CV disease, including
weight loss, blood glucose control, blood pressure reduction,
and lipid improvement. It also has a direct effect on the heart
and endothelial cells, preventing the progression of atheroscle-
rosis through mechanisms such as increasing nitric oxide and
decreasing endothelin-1, reactive oxygen species, and inflam-
matory cytokines. It is known that the CV protection effect of
GLP-1RAs have been proven through eight large-scale clinical
studies, including Evaluation of LIXisenatide in Acute coronary
syndrome (ELIXA) [66], LEADER [44], Semaglutide Unabat-
ed Sustainability in Treatment of Type 2 Diabetes (SUSTAIN)-6
[67], Exenatide Study of Cardiovascular Event Lowering (EX-
SCEL) [68], Albiglutide and cardiovascular outcomes in pa-
tients with type 2 diabetes and cardiovascular disease (Harmony
Outcomes) [69], Researching Cardiovascular Events with a
Weekly INcretin in Diabetes (REWIND) [70], Peptide Innova-
tion for Early Diabetes Treatment (PIONEER) 6 [67,71], and
AMPLITUDE-O [51]. Among these, liraglutide in the LEAD-
ER study, semaglutide in the SUSTAIN-6, albiglutide in the
Harmony Outcomes, dulaglutide in the REWIND, and ef-
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peglenatide in the AMPLITUDE-O exhibited significant benefi-
cial effects on 3-point major adverse cardiac events (3P-MACE:
death from CV disease, non-fatal myocardial infarction, and
non-fatal stroke), the primary end point of each study, compared
to the placebo group, respectively.

In the ELIXA [66], EXSCEL [68], and PIONEER 6 [67,71]
studies, treatments of exenatide twice-daily, exenatide once-
weekly, and oral semaglutide groups were non-inferior to place-
bo in terms of CV disease safety, respectively. In a meta-analy-
sis of major RCTs, GLP-1RAs reduced composite major CV
events by 14% (hazard ratio [HR], 0.86; 95% confidence inter-
val [CI], 0.80 to 0.93), myocardial infarction by 13% (HR, 0.87;
95% CI, 0.77 to 0.98), stroke by 18% (HR, 0.82; 95% CI, 0.73
to 0.92), and death from CV disease by 13% (HR, 0.87; 95%
CL 0.81 to 0.94) [52].

Recently, semaglutide treatment demonstrated a 1.5% lower
risk in absolute risk in the 3P-MACE compared to placebo
(6.5% vs. 8.0%, P<0.05) in nondiabetic people with obesity in
the Semaglutide Effects on Heart Disease and Stroke in Patients
With Overweight or Obesity (SELECT) trial [72]. This result
suggests that semaglutide has cardioprotective effect indepen-
dent of any substantial glucose lowering properties.

Given the relatively smaller reduction in body weight (9.4%)
in the SELECT trial compared to previous RCTs: 14.9% in
STEP1 (BMI 37.8+6.7 kg/m?) [16] and 13.2% STEP6 (BMI
31.9 kg/m?) [49], pleiotropic effects of semaglutide may con-
tribute to the overall CV risk reduction [25,37]. These include
not only effects of weight loss, but also improvements in endo-
thelial function, reductions in low-grade inflammation (evi-
denced by a significant decrease in high-sensitivity C-reactive
protein levels), and potential plaque stabilization [73].

GLP-1RAs also reduce hepatic steatosis, circulating triacylg-
lycerol, and low-density lipoprotein cholesterol concentrations
and effectively reduce blood pressure [25]. A combination of ef-
fects on CV risk factors and direct effect on the process of ath-
erosclerosis are supported by preclinical studies where GLP-
1RA showed anti-atherosclerotic and anti-inflammatory effects
and improved endothelial function [73].

Kidney protection effect

In some of the large-scale clinical studies evaluating the safety
of GLP-1RAs against CV disease, the effect on kidneys was
evaluated as a secondary endpoint. LEADER (liraglutide) [44],
SUSTAIN-6 (semaglutide) [67], and REWIND (dulaglutide)
[70] study showed beneficial renal outcomes, mainly reducing
the occurrence of proteinuria. A meta-analysis [74] including the

Copyright © 2024 Korean Endocrine Society



GLP-1 Based Weight Loss Drugs E n M

ELIXA [66], LEADER [44], SUSTAIN-6 [67], EXSCEL [68],
REWIND [70], and AMPLITUDE-O [51] studies found that
GLP-1RAs were associated with better renal outcomes: a 30%
or 40% or more decrease in glomerular filtration rate, need for
renal replacement therapy, end-stage renal failure, or death from
kidney disease by 21%.

GLP-1RAs increase natriuresis by inhibiting sodium reab-
sorption by acting on the Na/H exchanger in the proximal tu-
bule of the kidney [75]. Accordingly, hyperfiltration decreases
according to tubular glomerular feedback due to increased Na in
the distal tubule. In addition, reduction of inflammatory factors,
reduction of angiotensin II, and improvement of blood sugar
and blood pressure by GLP-1RAs have been suggested as
mechanisms of kidney protection effect. Most GLP-1RAs do
not require drug dose adjustment according to renal function,
but lixisenatide and exenatide are not recommended for use in
chronic kidney disease (CKD) or end-stage renal disease with a
glomerular filtration rate <30 mL/min/1.73 m>.

In contrast, a pooled analysis of clinical trials reporting sepa-
rate CV events rates in patients with T2D and CKD did not find
GLP1-RA to be associated with a reduction in composite CV
event rates [76]. More data are needed in this group.

Nonalcoholic fatty liver disease
GLP-1RAs are attractive candidates for the treatment of nonal-
coholic fatty liver disease (NAFLD) and nonalcoholic steato-
hepatitis (NASH) because they can reduce body weight and im-
prove insulin secretion [77]. In a meta-analysis with six studies
(three liraglutide studies, three exenatide studies), treatment of
GLP-1RAs produced significant improvements in liver histolo-
gy such as lobular inflammation, hepatocellular ballooning, and
fibrosis [78]. In another phase II trial with 52 people with clini-
cal evidence of NASH, liraglutide 1.8 mg treatment led to histo-
logical improvement of NASH [79]. Additionally, the risk of
progression to fibrosis was reduced by 80%. Furthermore, sema-
glutide treatment resulted in a significantly higher percentage of
patients with NASH resolution than placebo in the phase II trial
involving patients with NASH [80]. However, there was no sig-
nificant improvement in fibrosis stage by semaglutide therapy.
Thus, liraglutide and semaglutide have proven its effective-
ness in treating fatty liver disease in patients with biopsy-proven
NASH, although the study number was small [81]. Emerging
evidence suggests that treatment with the dual GLP-1 and GIP
receptor agonist, tirzepatide, might prove even more potent than
a GLP-1RA alone, to ameliorate NAFLD.
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Safety and tolerability

The most common side effects of GLP-1RAs are gastrointesti-
nal side effects, including nausea, vomiting, and diarrhea.
Among these, nausea mostly disappears after a few weeks of
administration, and can be minimized by starting with a low
dose and gradually increasing the dose. While nausea and vom-
iting are more common with short-acting agents, side effects
such as itching or nodules at the injection site are more common
with long-acting agents and usually disappear in 3 to 4 weeks.
Although the risk of hypoglycemia is very low due to its glu-
cose-dependent mechanism of action, the risk of hypoglycemia
may increase when used in combination with medications that
can cause hypoglycemia.

Animal model studies have suggested that GLP-1RAs may
cause pancreatitis and exocrine dysplasia, but in the large RCTs
and a meta-analysis, GLP-1RAs did not increase the risk of
pancreatitis or pancreatic cancer [82,83]. Currently, the U.S.
FDA and European Medicines Agency (EMA) have concluded
that there is no direct evidence for the association of the use
with GLP-1RAs with pancreatitis or pancreatic cancer.

In rodent animal models, GLP-1RAs increased thyroid para-
cellular cell (C-cell) proliferation and the incidence of tumors.
This is possibly due to the fact that rodent C cells express more
GLP-1Rs than humans. In a long-term evaluation of the LEAD-
ER trial with 9,340 patients with T2D over a 3.5- to 5-year peri-
od, there was no evidence of C-cell malignancies occurred in
the liraglutide group [84]. Although there is no data in humans,
GLP-1RAs should not be used in patients with a past or family
history of medullary thyroid cancer or in patients with multiple
endocrine neoplasia type 2.

Dual peptides for the treatment of obesity

GIP/GLP-1 receptor co-agonists: tirzepatide

Tirzepatide, a novel dual GIP and GLP-1RA, offers significant
insights into its mechanism of action, therapeutic benefits, and
clinical applications for the management of T2D and obesity in
general practice. Structurally, it is a 39-amino acid modified
peptide, attached to a C20 fatty diacid moiety, which facilitates
albumin binding. This modification extends its half-life, making
it suitable for a once-weekly subcutaneous injection formulation
[85,86].

Historically, the role of GIP in obesity treatment was over-
looked due to its potential to cause weight gain. However, weight
reduction effect of tirzepatide have renewed interest in the GIP
role within dual agonists for GLP-1 and GIP receptors. Recent
hypotheses suggest that GIP induces appetite suppression
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through independent receptors in the brain, mitigates gastrointes-
tinal side effects of GLP-1 action, and prevents desensitization
of GLP-1 receptors, thereby acting as a biased GLP-1RA [87].

The starting dose of tirzepatide is 2.5 mg once a week, and af-
ter 4 weeks, the dose is increased to the therapeutic dose of 5
mg and administered subcutaneously in patients with T2D. If
additional glycemic control is needed, the dose can be increased
by 2.5 mg every 4 weeks, and the maximum dose of this drug is
15 mg once a week.

Across the SURPASS phase 3 programme versus placebo and
active comparators, including semaglutide, tirzepatide has
shown superior dose-dependent reductions in HbAlc levels up
to 2.5% and body weight up to 13%, compared with all com-
parators [88-91]. Thus, tirzepatide has demonstrated significant
efficacy in lowering HbA1c levels and body weight in individu-
als with T2D, often surpassing the results seen with other anti-
diabetic agents. Its weight-reducing effects are particularly no-
table, offering a promising option for patients with concomitant
obesity, a common comorbidity in T2D.

In the SURMOUNT-1 study, a phase 3 clinical trial in obese
patients, randomized participants in a 1:1:1:1 ratio to tirzepatide
(5, 10, 15 mg) or placebo over 72 weeks, significant weight re-
ductions were observed at 72 weeks: —15.0% for 5 mg, —19.5%
for 10 mg, —20.9% for 15 mg, compared to —3.1% for placebo
[18]. Of note, more than 50% of participants in the tirzepatide
10 and 15 mg groups experienced weight reductions of over
20%. The most common side effects were gastrointestinal,
mostly mild to moderate, and tended to improve after initial
dose escalation. Treatment discontinuation due to side effects
occurred in 4.3%, 7.1%, 6.2%, and 2.6% of participants in the 5,
10, 15 mg, and placebo groups, respectively [18].

In the SURMOUNT-2 study, which involved 938 adults with
obesity or overweight and T2D, tirzepatide showed significant
weight loss effects of 13.4% and 15.7% for the 10 and 15 mg
doses, respectively, with over 80% of participants experiencing
at least a 5% weight loss [92]. Moreover, tirzepatide led to sig-
nificant improvements in HbAlc and other CV metabolic risk
factors [92].

In the SURMOUNT-3 and SURMOUNT-4 studies, partici-
pants experienced significant weight losses with tirzepatide
treatment, marking a mean weight loss of 26.6% and 26.0%
over 84 and 88 weeks respectively [93,94].

In summary, tirzepatide is an innovative therapeutic agent
with a dual mechanism of action that provides a potent tool for
managing T2D and obesity. Its introduction into clinical prac-
tice offers a new horizon for improving metabolic outcomes in
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patients, with a favorable impact on CV risk factors.

Amylin/GLP-1 receptor co-agonists: CagriSema
(cagrilintide+semaglutide)

Cagrilintide+semaglutide (CagriSema) is a combination of 2.4
mg of long-acting GLP-1RA semaglutide and amylin analog
cagrilintide administered once a week. Amylin is a peptide hor-
mone composed of 37 amino acids and secreted by pancreatic
[-cells following a meal [95]. It exerts various physiological ef-
fects by acting on the area postrema in the brainstem. Amylin’s
physiological roles include inhibition of glucagon secretion, re-
duction in food intake, delay in gastric emptying, activation of
brown adipose tissue via the sympathetic nervous system, and
increased energy expenditure, ultimately leading to decreased
blood glucose levels and weight loss [95]. Conversely, antago-
nizing amylin receptors leads to an increase in adipose tissue
[95].

Pramlintide, a synthetic amylin analog modified with three
proline substitutions, is approved for treating type 1 diabetes
and T2D in the United States. It effectively reduces weight in
diabetic and nondiabetic obese individuals [96]. The drug’s effi-
cacy is further enhanced when combined with agents like me-
treleptin, phentermine, and sibutramine. However, its short ac-
tion duration necessitates frequent injections [97].

To overcome the short half-life and frequent subcutaneous
administration of pramlintide, new amylin receptor agonists like
cagrilintide have been developed. Cagrilintide, with six amino
acid substitutions in human amylin and a dual carboxylic fatty
acid chain similar to semaglutide attached to the first amino
acid, lysine, exhibits an extended half-life, allowing for a once-
weekly subcutaneous administration regimen [97,98].

A phase II trial focusing on individuals with overweight or
obesity, coupled with hypertension or dyslipidemia but without
T2D, found that cagrilintide (2.4 mg) alongside diet and exer-
cise, led to a 10% body weight reduction compared to 3% with
placebo over 26 weeks [99]. Additionally, in a phase I study,
treatment of cagrilintide (up to 4.5 mg) combined with sema-
glutide (2.4 mg) resulted in greater body weight reduction than
semaglutide (17% vs. 10%) over 20 weeks [100]. This evidence
suggests that using these treatments together, leveraging their
complementary actions, could enhance their effectiveness [101].

In a recently published phase II study conducted on 92 T2D
patients with a BMI =27 kg/m?, a 2.18% decrease in HbAlc
and a 15.6% reduction in body weight were confirmed in the
group administered CagriSema once a week [102]. This weight
reduction was significantly greater than 5.1% by semaglutide
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and 8.1% by cagrilintide alone therapy. CagriSema is the next in
a series of gut hormone analogs with the potential to herald a
new era in treating obesity and preventing diabesity.

Glucagon/GLP-1 receptor co-agonists: survodutide

The mechanisms of most currently used obesity treatments pre-
dominantly focus on appetite suppression. However, a more ef-
fective approach for weight loss and maintenance would in-
volve strategies that both suppress appetite and promote energy
expenditure. Although substances that increase energy expendi-
ture have existed, their clinical use has been limited due to safe-
ty concerns.

Recent attention in the field of glucagon research has high-
lighted its potential for inducing weight loss in obese patients
through mechanisms like lipolysis, thermogenesis, and en-
hanced energy metabolism [103]. Glucagon is emerging as a
hormone with dual facets in metabolic diseases, characterized
by its contrasting physiological responses of inducing hypergly-
cemia and promoting weight loss through increased energy me-
tabolism [104]. Consequently, therapeutic strategies that either
inhibit or activate glucagon are being actively researched in
clinical settings [104].

As demonstrated by oxyntomodulin, a weak endogenous ago-
nist for GLP-1 receptor and glucagon receptor, a strategy that
simultaneously stimulates both GLP-1 and glucagon receptors
can reduce food intake while increasing energy expenditure,
synergistically enhancing weight loss [105-107]. Activating
both receptors can mitigate the undesirable effects of glucagon
and improve obesity and metabolic complications [106].

Recent advances in peptide engineering have moved beyond
the combination of multiple agents, as seen with compounds
like tirzepatide, which act on several receptors simultaneously
with a single peptide, emulating the effects of combination ther-
apy. BI 456906 (survodutide), developed as a dual agonist for
GLP-1 and glucagon receptors for the treatment of obesity and
NASH, is structurally modified from glucagon [109]. In hu-
mans, this drug exhibits full activation of GLP-1 receptor while
only partial activation of glucagon receptor [109]. As a potent
acylated peptide, BI 456906 incorporates a C18 fatty acid to
prolong its half-life and maintains stability against DPP-4 pro-
teolytic degradation through C-terminal amidation and substitu-
tion at the second amino acid [109].

Survodutide (BI 456906) was evaluated in two phase I studies
involving healthy volunteers and individuals with overweight/
obesity. The studies showed that survodutide therapy led to a
maximum placebo-corrected body weight loss of 13.8% by
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week 16, demonstrating its potential for significant weight loss
[110]. However, increased doses were associated with more ad-
verse events, primarily gastrointestinal and cardiac or vascular
in nature. A phase II study result showed that administering a
high dose of survodutide, up to 1.8 mg twice weekly, resulted in
over 50% of T2D participants achieving more than 5% body
weight reduction, and over 25% experiencing a weight loss ex-
ceeding 10% [111]. Phase III studies are ongoing to further in-
vestigate the efficacy and safety of survodutide in obesity man-
agement.

Triple peptides for the treatment of obesity
GIP/GLP-1/glucagon receptor triple co-agonists: retatrutide
Retatrutide, a single peptide linked to a fatty diacid moiety, acts
as a triple-agonist targeting three receptors: GIP, GLP-1, and
glucagon. Compared to endogenous receptor ligands, retatrutide
exhibits a stronger affinity for the GIP receptor than for the glu-
cagon and GLP-1 receptors [112]. Its action on these three re-
ceptors suggests a complementary mechanism where glucagon-
induced gluconeogenesis is inhibited by GLP-1/GIP, and gluca-
gon’s enhancement of energy expenditure is augmented by the
appetite-suppressing effects of GLP-1/GIP, thereby promoting
weight loss [112]. The pharmacokinetics of retatrutide are dose-
proportional, with a half-life of approximately 6 days, making
weekly dosing feasible [113].

In a phase II trial, participants with obesity were randomly as-
signed to various doses of retatrutide from 14, 8, or 12 mgora
placebo for 48 weeks [19]. After 48 weeks, the 4 mg retatrutide
group led to weight reductions of more than 5%, 10%, and 15%
in 92%, 75%, and 60% of participants, respectively; for the 8
mg dose, these figures were 100%, 91%, and 75%; for the 12
mg dose, 100%, 93%, and 83% [19].

Another phase II study assessed the safety and efficacy of
varying doses of retatrutide, included participants with a BMI of
25 to 50 kg/m* and an HbAlc of 7.0% to 10.5% [114]. After 36
weeks, the 0.5 mg retatrutide group showed a 3.19% body weight
reduction, the 4 mg group showed a 10.37% decrease, the 8 and
12 mg groups demonstrated decreases of 16.81% and 16.94% re-
spectively, which were significantly greater than those observed
with placebo (3.00%) and 1.5 mg dulaglutide (2.02%) [114].
Gastrointestinal side effects were mostly mild to moderate, with
the highest incidence in the 8 mg fast escalation group [114].

The most common side effects in the retatrutide group were
gastrointestinal symptoms, which were dose-dependent and
mostly mild to moderate in severity. Notably, a dose-dependent
increase in heart rate, peaking at 24 weeks, subsequently de-
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creased [19]. This increase in heart rate is hypothesized to result
from glucagon’s activation of the sympathetic nervous system.

CONCLUSIONS

Obesity is a disease that can be treated with targeted pharmaco-
therapy in addition to lifestyle modification and behavioral in-
terventions. Previous antiobesity medications showed modest
efficacy with limited long-term safety data and limited benefits
beyond weight loss. Liraglutide 1.8 mg and semaglutide 2.4 mg
are established GLP1-RAs for obesity treatment. Moreover,
drugs with greater efficacy are being developed by combining
two or three of GLP-1 and GIP or glucagon or amylin. Tirzepa-
tide, a GLP-1 and GIP receptor coagonist, was also approved
for treating T2D and obesity. The integration of GLP-1 based
treatments with other gut hormone actions offers a promising
future in managing obesity and its associated diseases more ef-
fectively. Drugs adopting this strategy produced body weight
reduction more than 20%. Furthermore, multiagonists activating
multiple gut hormone receptors could potentially replace surgi-
cal interventions, offering similar metabolic outcomes.
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