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Obesity is the fifth leading risk factor for global deaths with numbers continuing to increase worldwide. In the last 20 years, the emer-
gence of pharmacological treatments for obesity based on gastrointestinal hormones has transformed the therapeutic landscape. The
successful development of glucagon-like peptide-1 (GLP-1) receptor agonists, followed by the synergistic combined effect of glu-
cose-dependent insulinotropic polypeptide (GIP)/GLP-1 receptor agonists achieved remarkable weight loss and glycemic control in
those with the diseases of obesity and type 2 diabetes. The multiple cardiometabolic benefits include improving glycemic control,
lipid profiles, blood pressure, inflammation, and hepatic steatosis. The 2023 phase 2 double-blind, randomized controlled trial evalu-
ating a GLP-1/GIP/glucagon receptor triagonist (retatrutide) in patients with the disease of obesity reported 24.2% weight loss at 48
weeks with 12 mg retatrutide. This review evaluates the current available evidence for GLP-1 receptor agonists, dual GLP-1/GIP re-
ceptor co-agonists with a focus on GLP-1/GIP/glucagon receptor triagonists and discusses the potential future benefits and research
directions.
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INTRODUCTION

Obesity is a chronic, neurometabolic disease, which has now
reached pandemic dimensions with continuing increasing num-
bers of affected individuals worldwide. The number of people
with a body mass index (BMI) =30 kg/m? was 603.7 million in
2015 with the figure expected to exceed one billion by 2030 [1].
It is the fifth leading cause of deaths globally with 2.8 million
adults dying each year with complications of obesity. Further-
more, obesity accounts for 44% of the diabetes burden, 23% of

the ischemic heart disease burden and up to 41% of cancer bur-
den globally [2].

For the last 50 years, bariatric surgery has been the most ef-
fective treatment for obesity resulting in approximately 25%
weight loss, whilst also improving the control of type 2 diabetes
mellitus (T2DM) and reducing cardiovascular and cancer
deaths. The mechanisms of bariatric surgery are complex and
still not fully understood. During the weight loss phase changes
in food selection, reduction in appetite, and changes in gastroin-
testinal hormone levels are known to play a significant role [3].
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Three of the gastrointestinal hormones, which are changed after
bariatric surgery: glucagon, glucose-dependent insulinotropic
polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) will be
discussed in more detail. The weight loss outcomes are consid-
erably heterogenous after bariatric surgery. Although bariatric
surgery is much safer than in the past, many patients do not
want surgery because of concerns regarding post-operative mor-
bidity [4]. Therefore, it is unsurprising that the discovery and
development of gastrointestinal hormone co-agonists as a phar-
macological therapy has transformed the treatment of obesity.
This drug class is the most efficacious compared to the limited
number of other available obesity medications (for a recent re-
view on these see, Chakhtoura et al. [5]).

The first GLP-1 injectable receptor agonist exenatide was ap-
proved by the U.S. Food and Drug Administration (FDA) in
2005 as a glucose-lowering treatment in T2DM [6]. Subse-
quently, oral formulations and once weekly injections were de-
veloped in the 2010s and liraglutide was the first GLP-1 recep-
tor agonist approved for the treatment of obesity in 2014. The
Satiety and Clinical Adiposity Liraglutide Evidence (SCALE)
Obesity and Prediabetes randomized, double-blind, placebo-
controlled trial of 3.0 mg of once daily liraglutide achieved a
mean 8.4 kg weight loss in patients with obesity without T2DM
[7].

In 2009, the first glucagon and GLP-1 receptor co-agonist
was reported, which combined action profiles of two gastroin-
testinal hormones within a single molecule achieving a syner-
gistic glucose-lowering and weight loss benefit. The technology
rapidly progressed with several types of co-agonists forging
ahead in clinical trials including GIP/GLP-1 receptor dual ago-
nists with one of the most notable being tirzepatide [8,9]. The
Study of Tirzepatide (LY3298176) in Participants With Obesity
(SURMOUNT-1) trial found that tirzepatide at 15 mg per week
taken over 72 weeks reduced body weight by 20.9% in those
with obesity but without diabetes [9]. The remarkable weight
loss and glucose-lowering results achieved by the dual peptides
paved the way for triple GIP/GLP-1/glucagon receptor triago-
nists with the hope that the new combinatorial approaches pro-
vide further synergistic metabolic effects. This review sum-
marises the most up-to-date developments in triple peptides for
the treatment of obesity and diabetes. Due to the breadth of this
subject matter, we have limited this review focussing on triago-
nists, whereby some other promising gut hormone compounds,
such as cagrilintide, reviewed elsewhere [10], are not discussed.
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GLUCAGON

Glucagon is a peptide hormone processed from a precursor pro-
glucagon by prohormone convertase 2. It is mostly produced in
the pancreatic a-cells in response to fasting or hypoglycemia,
but some production occurs in the small intestine [11]. Most
glucagon receptors are found on hepatocytes, but they are also
present in the central nervous system, kidney, gastrointestinal
tract, and the pancreas [12]. There are several mechanisms by
which glucagon prevents hypoglycemia, such as induction of
hepatic gluconeogenesis and glycogenolysis, and the inhibition
of hepatic glycogenesis. The sustained action of glucagon
causes hyperglycemia and glucose mediated inhibition of gluca-
gon secretion is impaired in patients with T2DM.

Furthermore, glucagon stimulates lipolysis by activating hor-
mone-sensitive lipase in the adipocytes and inhibiting lipogene-
sis. It also increases ketogenesis in the liver and stimulates the
formation of ketone bodies by constantly supplying nonesteri-
fied fatty acids to the liver [13]. Hepatic functions such as in-
creasing mitochondrial turnover, improve mitochondrial func-
tion and reduce oxidative stress [14,15].

Glucagon promotes satiety and increases energy expenditure
in humans. Interestingly, it also stimulates insulin secretion
from B-cells, but with much lower potency than GLP-1 with the
mechanism potentially due to the weak binding of glucagon at
GLP-1 receptor site [11].

Therefore, despite its hyperglycemic effects, glucagon triggers
lipid catabolism, energy expenditure and reduces food intake.
Fig. 1 summarises these metabolic effects in humans [8,16].
Those characteristics support the use of glucagon in combination
with other gastrointestinal hormones that have opposite glucose-
lowering effects for the treatment of obesity and T2DM [16].

GLUCOSE-DEPENDENT INSULINOTROPIC
POLYPEPTIDE

GIP is a 42 amino-acid protein secreted from K cells in the mu-
cosa of the proximal duodenum and jejunum in response to eat-
ing and has a marked postprandial increase in secretion [17].
GIP may have a role in a-/B-cell crosstalk. There is evidence
that GIP stimulates glycogen secretion even if the glucose is in
the hyperglycemic range [18]. It acts on G-protein coupled re-
ceptors mostly expressed in pancreatic B-cells, but is also found
in adipose tissue, stomach, and bone [19]. Further GIP receptors
are in the central nervous system including the hypothalamus,
hippocampus, cerebral cortex, and olfactory bulb [20].
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¢ Decrease body weight
¢ Decrease food intake

* Increase gluconeogenesis
* Increase lipolysis

* Decrease lipogenesis

* Decrease cholesterol levels

Fig. 1. Action of glucagon in humans.

In the B-cells, GIP increases insulin release in a glucose-de-
pendent manner. It has protective features on the B-cells surviv-
al, and this has a synergistic effect with GLP-1 in healthy hu-
mans, but this mechanism is impaired in those with T2DM
[21,22]. GIP and GLP-1 have opposite effects on glucagon re-
lease with GIP stimulating glucagon release through an increase
of intracellular cyclic adenosine monophosphate levels. This
enhancing effect on glucagon secretion makes lone GIP agonists
unsuitable for the treatment of T2DM [23].

GIP has further effects beyond insulin secretion by stimulat-
ing lipogenesis in adipose tissue and reducing lipolysis [24].
The activation of the GIP receptor in the arcuate, dorsomedial
and paraventricular nuclei of the hypothalamus decreased food
intake in obese mice. The brain GIP receptor signalling path-
ways play a key role in the regulation of energy balance [25].
Whether GIP antagonism or agonism is the appropriate target
for brain receptors is a subject to debate. Despite the above pre-
clinical evidence, there is no significant effect on appetite, ener-
gy intake or energy expenditure following a GIP acute infusion
over a short period. However, Mathiesen et al. [26] have specu-
lated long-term GIP receptor agonism results in significant GIP
receptor downregulation and effectively leads to GIP receptor
antagonism with the effect of reduced food intake. Adriaenssens
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¢ Increase energy expenditure
¢ Increase lipolysis

* Decrease gastric emptying rate

et al. [27] demonstrated that GIP receptor neurons differ in their
connectivity, transcriptomic profile, peripheral accessibility, and
appetite-controlling mechanisms with vast heterogeneity of the
central GIP receptor signalling axis and further studies are need-
ed to clarify the effects of GIP pharmacology on feeding behav-
ior. Fig. 2 illustrates these effects in humans [8,16].

GLUCAGON-LIKE PEPTIDE-1

GLP-1 is a peptide hormone secreted by intestinal enteroendo-
crine L-cells, specific neurons of the solitary tract in the brain-
stem and some o-cells in the pancreas [28]. It is released in re-
sponse to eating and activates a GLP-1 receptor, which is a class
B, G protein-coupled receptor [29]. Its main roles are the stimu-
lation of insulin release [30], suppression of glucagon secretion
[31], delay of gastric emptying and reduction in food intake
[32]. GLP-1 inhibits food intake and promotes satiety in healthy
individuals and those with obesity and diabetes [33]. Its main
hormonal actions are illustrated in Fig. 3.

The main challenge during the initial development of GLP-1
receptor agonists was the very short half-life in the circulation
of 2 minutes [34]. The enzyme dipeptidyl peptidase-4 (DPP-4)
rapidly inactivates GLP-1 by removing two N-terminal amino
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e Appetitle (lack of compelling evidence) ¢ Increase insulin secretion
* Increase glucagon secretion

* Increase glucose uptake (likely indirect effect) o Increase glucose uptake
* Decrease glucose production (likely indirect effect) e Increase fatty acid uptake
* Increase lipogenesis

Fig. 2. Action of glucose-dependent insulinotropic polypeptide (GIP) in humans.

GLP-1

* Increase satiety ¢ Increase insulin secretion ¢ Increase glucose uptake
¢ Decrease body weight ¢ Decrease glucagon secretion  Increase lipolysis (indirect)
* Decrease glucose levels

cardiopri i * D glucose production (indirect) ¢ Decrease gastric emptying rate

* D steatosis (i ) * Decrease postprandial glucose

Fig. 3. Action of glucagon-like peptide-1 (GLP-1) in humans.
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acids and an intact N-terminal is needed to bind to the GLP-1
receptor [35]. The strategies involved producing formulations
of DPP-4-resistant GLP-1 receptor activators.

The first GLP-1 receptor agonist, exenatide was approved by
the FDA for the treatment of T2DM in 2005. It is a recombinant
form of the peptide exendin-4, which is a GLP-1 receptor ago-
nist with a 53% similarity to the gastrointestinal hormone GLP-
1 and it is resistant to DPP-4 inactivation with a 140-minute
half-life after subcutaneous administration allowing therapy by
a twice daily administration [36]. Liraglutide was the first GLP-
1 receptor analogue approved for the management of obesity,
thus starting the new era of gastrointestinal peptide agonist phar-
macotherapy for the treatment of both diabetes and obesity. Re-
cent comprehensive reviews of the many GLP-1 agonists that
have come to the market in the last 20 years have been published
elsewhere [8,37]. There have been several head-to-head clinical
trials comparing the efficacy of different GLP-1 receptor ago-
nists broadly demonstrating the superiority of semaglutide to
comparators [37]. Since then, the Semaglutide Effects on Heart
Disease and Stroke in Patients With Overweight or Obesity (SE-
LECT) cardiovascular outcomes trial has shown that semaglu-
tide 2.4 mg once weekly was associated with a significant 20%
relative risk reduction in major cardiovascular adverse events
compared with placebo [38]. In October 2023, A Research Study
to See How Semaglutide Works Compared to Placebo in People
with Type 2 Diabetes and Chronic Kidney Disease (FLOW) trial
assessing the effect of semaglutide versus placebo on the pro-
gression of renal impairment in people with T2DM and chronic
kidney disease was stopped prematurely due to results of an in-
terim analysis showing significant efficacy of semaglutide with
full results due to be released in the first half of 2024 [39]. Over-
all, GLP-1 agonists are safe with the most common side effects
of nausea, vomiting, diarrhoea and constipation being only mild
to moderate in severity in most people.

DUAL GLUCAGON/GLUCAGON-LIKE
PEPTIDE-1 RECEPTOR CO-AGONISTS

As discussed earlier, glucagon is known to promote hyperglyce-
mia and it seems counterintuitive to use it as treatment in those
with diabetes. Despite this effect, it increases satiety, works fa-
vourably on energy expenditure and has lipolytic actions. When
used in combination with GLP-1, which has glucose-lowering
action, it has been shown to be an effective treatment for T2DM
and obesity. Oxyntomodulin, produced by the L-cells in the dis-
tal small intestine, binds to both glucagon receptor and GLP-1
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receptor and is structurally very similar to glucagon. Oxynto-
modulin increases energy expenditure and decreases energy in-
take in animals and humans [40]. The first glucagon/GLP-1 re-
ceptor co-agonist was discovered and validated in preclinical
models in 2009. The data showed that with weekly administra-
tion, it normalized glucose tolerance and led to weight loss by
the reduction of food intake and increased energy expenditure
in obese mice [41]. Further study confirmed the findings and
showed the effects were superior compared to GLP-1 receptor
agonist [42].

Following this, there have been two clinical phase 2 trials
(SAR425899 and MEDI0382 also known as cotadutide) pub-
lished evaluating GLP-1/glucagon receptor co-agonists. Their
weight loss and antihyperglycemic benefits have been con-
firmed [43,44]. In a placebo-controlled, double-blind phase I
study of ascending doses of cotadutide, there were dose-depen-
dent improvements in glycemic control and increased satiety
[45]. There were two further phase Ila studies evaluating co-
tadutide with the first one showing that it reduced glucose levels
in those with obesity and T2DM with the mechanism being
greater insulin secretion and delayed gastric emptying [46]. The
other phase Ila study also confirmed improved glycemic control
in those with obesity and T2DM, but also reported decreased
body weight and improvement of blood lipids compared to pla-
cebo [44]. Cotadutide is safe with the most common side effects
being mild to moderate nausea and vomiting, but with no great-
er severity or frequency than found in GLP-1 agonists [44].

Cotadutide, but not liraglutide improved hepatic parameters
and metabolic dysfunction-associated steatohepatitis (MASH)
with similar weight loss with 200 pg cotadutide compared to 1.8
mg liraglutide and greater with 300 pg cotadutide versus 1.8 mg
liraglutide [47]. Phase II and III clinical trials are currently un-
derway to evaluate its treatment potential and safety in MASH.
Despite initially promising results, SAR425899 has been dis-
continued after phase 2 trials showed treatment related gastroin-
testinal disorders (NCT03437720).

Survodutide (BI 456906) is another glucagon/GLP-1 receptor
dual agonist with a recent phase II randomized, double-blind
study showing reduced glycosylated hemoglobin (HbAlc) lev-
els and bodyweight after 16 weeks’ treatment in participants
with T2DM. The mean reduction in HbAlc was similar with
low-dose survodutide and semaglutide. There was a survodutide
dose-dependent decrease in bodyweight up to —8.7% with the
high-dose survodutide producing greater bodyweight reduction
compared to semaglutide [48].

Furthermore, the data from a phase II study in participants
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with obesity and MASH presented at the American Diabetes
Association showed those on survodutide achieved 18.7% mean
weight loss after 46 weeks compared to the placebo group.
There was no plateau in weight loss at 46 weeks with the poten-
tial of further weight loss over a longer time period. Forty per-
centage of the individuals on the two highest doses of survodu-
tide had a mean weight loss of 20%. As with previous dual ago-
nists, the main side effects were gastrointestinal and occurred
mostly during the initial dose escalation. Therefore, a more
gradual dose escalation will likely decrease the severity and fre-
quency of those specific side effects [49]. There are multiple
ongoing phase III studies to investigate survodutide for treat-
ment of obesity, diabetes, cardiovascular disease, and chronic
kidney disease.

DUAL GLUCOSE-DEPENDENT
INSULINOTROPIC POLYPEPTIDE/
GLUCAGON-LIKE PEPTIDE-1 RECEPTOR
CO-AGONISTS

As part of the ongoing effort to use synergistic effects of gastro-
intestinal hormones in the treatment of diabetes and obesity, the
first GIP/GLP-1 receptor co-agonist was reported in 2013. The
preclinical animal model data suggested that the glucose-lower-
ing, lipid-lowering and insulin secreting effects were greater than
those in GLP-1 receptor agonists [50]. As further GIP-GLP-1 re-
ceptor co-agonists were developed those findings were confirmed
[51]. In 2018, a 39 amino-acid peptide tirzepatide (LY3298176)
was developed, which is similar in size to both GLP-1 and GIP
with exenatide-derived C-terminal tail and thus has a prolonged
half-life. It acts on GIP receptor five times over GLP-1 receptor
[50]. A double-blind, randomized phase 2 study comparing vari-
ous doses (1, 5, 10, 15 mg) of once weekly tirzepatide, dulaglu-
tide (1.5 mg) and placebo, in patients with T2DM, showed tirz-
epatide was superior on weight loss and glucose-lowering com-
pared to both dulaglutide and placebo [52]. The glucose-lowering
efficacy measured by the decrease in HbA 1¢ was dose-dependent
in the tirzepatide group and did not plateau [52].

Tirzepatide (LY3298176) in Participants With Type 2 Diabe-
tes Not Controlled With Diet and Exercise Alone (SURPASS)
studies have shown that tirzepatide reduced HbA 1c¢ and fasting
glucose levels more than the titrated insulin degludec, insulin
glargine or 1 mg once a week semaglutide independently of the
baseline levels of HbAlc. However, about 11% of those with
T2DM did not respond even to the highest dose of tirzepatide
[53-55]. Furthermore, there has been an indication of tirzepatide
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reducing liver fat, and improving nephrotic outcomes as evi-
denced by the lower urine albumin: creatinine ratio and the
slower decline of estimated glomerular filtration rate in people
with T2DM [56].

SURPASS J-combo study comparing people with T2DM in a
Japanese population with a high HbAlc on oral antihyperglyce-
mic monotherapy on 5, 10, or 15 mg of once weekly tirzepatide
for 52 weeks showed an improvement of glycemic and lipid
control, weight loss and reduction in blood pressure [57]. Fol-
lowing the success and approval of tirzepatide (Mounjaro, Eli
Lilly, Indianapolis, IN, USA) in 2022 by FDA for treatment of
T2DM, the SURMOUNT programme investigated its use as an
anti-obesity medication in those without diabetes. The SUR-
MOUNT-1 phase 3 double-blind, randomized, controlled trial
in adults with obesity without diabetes received once weekly
tirzepatide (5, 10, or 15 mg) versus placebo for 72 weeks [9].
The results showed high heterogeneity of weight loss from the
baseline weight between individuals even at the highest dose of
tirzepatide —38.4 to 9.0 kg and mean —22.1 kg. About 2% who
were on 15 mg of tirzepatide had no weight loss or even gained
weight and were deemed non-responders, which might be relat-
ed to individual hypothalamic feedback pathway [9]. The side
effects of GIP/GLP-1 receptor agonists are most commonly
gastrointestinal with nausea, vomiting, diarrhoea, constipation,
but similar in severity and frequency to GLP-1 agonists [9].
Tirzepatide has now been approved for chronic weight manage-
ment by the FDA in 2023 following the clinical trials data.

TRIPLE GLUCAGON-LIKE PEPTIDE-1/
GLUCOSE-DEPENDENT INSULINOTROPIC
POLYPEPTIDE/GLUCAGON RECEPTOR
TRIAGONISTS

In 2015, following the success of dual GIP/GLP-1 receptor co-
agonists, the first triple GLP-1/GIP/glucagon receptor triagonist
was developed with the rationale that the synergistic effect of
the three gastrointestinal hormones will achieve further efficacy
compared to the dual gastrointestinal hormone approach [58].
The study confirmed that the newly developed GLP-1/GIP/glu-
cagon receptor triagonist was superior to previous dual receptor
co-agonists with greater efficacy in decrease in body weight, re-
duction in lipid levels and a decrease in insulin secretion [58].
Another study in rodents showed similar results, whilst also
highlighted the reversal of steatohepatitis in female mice [59].
Knerr et al. reported greater weight loss in obese mice with the
GLP-1/GIP/glucagon receptor triagonist compared to GLP-1
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receptor agonists, GIP/GLP-1 receptor co-agonists and GLP-1/
glucagon receptor agonists including semaglutide and tirzepa-
tide [60].

The research progressed rapidly with studies performed in pri-
mates and healthy humans. In 2022, SAR441255 (GLP-1/GIP/
glucagon receptor triagonist) was administered to obese, diabetic
primates and healthy lean to overweight humans without diabe-
tes. After 7 weeks, there was 12% reduction compared to base-
line body weight in primates without causing hyperglycemia in
either group [60]. Following those promising results, a phase 1
study tested ascending doses (3, 9, 20, 40, 80, and 150 pg) of
SAR441255 against placebo reported a decrease in both fasting
and post prandial blood glucose in the SAR441255 group. The
side effects were most commonly gastrointestinal disturbances
such as nausea and vomiting and occurred in a similar frequency
to those reported with dual receptor co-agonists [61]. Sanofi
have since discontinued further work SAR441255 without stat-
ing the reason [16].

Another GLP-1/GIP/glucagon receptor triagonist known as re-
tatrutide (previously LY3437943) was developed by Eli Lilly in
2022 leading to weight loss, reduced fat mass, decreased blood
glucose and insulin levels in obese mice, which was attributed to
increased energy expenditure and lipid oxidation [62]. The same
group (Coskun et al. [62]) carried out a phase 1 study with 47
healthy participants without diabetes participants receiving single
ascending dose of retatrutide (0.1, 0.3, 1, 3, 4.5, or 6 mg) versus
placebo; body weight decreased in a dose-dependent manner and
there was a dose-dependent reduction in appetite [62]. The side
effects were most commonly gastrointestinal, with 16.7% on the
lowest dose up to 100% on the highest dose with no serious ad-
verse events [62].

The next, phase 1b clinical trial in adults with T2DM com-
pared once weekly retatrutide (0.5, 1.5, 3, 3 mg starting dose in-
creased to 6, 3 mg starting dose increased to 12 mg) versus pla-
cebo versus dulaglutide 1.5 mg over 12 weeks [63]. As the half-
life of retatrutide is 6 days, once weekly administration was suf-
ficient with as expected gastrointestinal disturbance being the
most common side effect and occurring in 63% of those on reta-
trutide, 60% on dulaglutide, and 54% of the placebo cohort [63].
There was a reduction in plasma glucose and HbAlc levels at
the three highest doses of retatrutide and a dose-dependent re-
duction in body weight [63].

Recently, a phase II multicentre, double-blind, randomized
controlled trial including 338 adults with obesity were adminis-
tered retatrutide (1, 2 mg starting dose increased to 4, 2 mg start-
ing dose increased to 8, 2 mg starting dose increased to 12 mg)
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compared to placebo over 48 weeks [64]. At the highest dose of
12 mg retatrutide, the average weight loss after 48 weeks was
24.2% with reduction up to 30% from the baseline weight in
25% of participants. Furthermore, the trajectory of the weight
loss curves suggested that at 48 weeks the plateau of weight was
not yet reached and all the participants in the 8 and 12 mg had a
weight reduction of 5% or more, which is currently the mini-
mum threshold for efficacy [64]. The weight reductions were ac-
companied by cardiometabolic profile improvements: decrease
in waist circumference, lower systolic and diastolic blood pres-
sure, improved glycemic control including fasting glucose and
HbA1c and lower lipid levels. The side effect and safety profile
were like those observed with GLP-1 receptor agonists and GIP/
GLP-1 receptor co-agonists with mild to moderate gastrointesti-
nal events occurring mostly during dose escalations [64].

To date this is the greatest weight loss reported through a phar-
macological agent, but similar results have been observed in
some people who underwent bariatric surgery [65]. The mecha-
nism of action is attributed to the GIP/GLP-1 receptor co-ago-
nism being enhanced by glucagon receptor activation and aug-
mentation of energy intake, substrate utilisation and energy ex-
penditure [60]. Although, most participants lost weight, there
was heterogenicity, that has been well-documented in obesity
studies [66] and those with higher BMI above 35 experienced
greater mean percentage weight loss [64]. This may have been
because those with lower BMI’s may have had normalisation of
their obesity and thus further weight loss was not physiological-
ly possible. This may be similar to patients with diabetes with
lower HbA 1¢ having less change than those with higher HbAlc
with anti-diabetes medications which don’t cause hypoglycemia.

Finan et al. [58] and Jall et al. [59] showed the excellent effi-
cacy of GLP-1/GIP/glucagon receptor triagonists in reversing
fatty liver disease in mice. The effectiveness was superior to
both monoagonists and dual agonists. The phase II obesity
study of retatrutide also included a MASH substudy to assess its
effects on the amount of liver fat. Ninety-eight patients with
obesity and MASH underwent liver magnetic resonance imag-
ing and had blood biomarkers of liver injury and fibrosis mea-
sured. After 48 weeks treatment with two highest doses of reta-
trutide, 90% of participants had normalisation of liver fat [67].
This raises the possibility of GLP-1/GIP/glucagon receptor tri-
agonist becoming a new treatment for the reversal of liver fibro-
sis in MASH.

Another GLP-1/GIP/glucagon receptor triagonist (HM15211)
is undergoing preclinical studies for its efficacy in the treatment
of T2DM, MASH, and Parkinson’s disease. The current data has
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shown good safety profile and lowering of hepatosteatosis. In
mice models, there was a reduction in hyperglycemia, weight
loss and increased energy expenditure compared to liraglutide
[68,69].

A GLP-1/glucagon/gastric receptor agonist has been studied
in diabetic and obese mice. Gastrin is a neuroendocrine peptide,
which acts on the cholecystokinin-2 (CCK2) receptor and is ex-
pressed in the pancreas with the rationale being that as it is in-
volved in pancreas development, it might increase B-cell mass
and glycemic control [70]. The results of this rodent study
showed superior glycemic control effects compared to cotadu-
tide and liraglutide with greater weight loss compared to liraglu-
tide, but similar to the cotadutide [70].

CONCLUSIONS

Undoubtedly, the approval of the first GLP-1 receptor agonist in
2005 has revolutionised the pharmacological treatment of obe-
sity and T2DM. Prior to that, the treatment of obesity has been
predominantly limited to lifestyle interventions and bariatric
surgery. The further synergistic combination approach with oth-
er gastrointestinal hormones and creation of dual GIP/GLP-1
receptor agonists, such as tirzepatide and GLP-1/GIP/glucagon
receptor triagonist, retatrutide, has shown unprecedented phar-
macologically achieved weight loss with further cardiometabol-
ic benefits in both obesity and T2DM. The results of the phase 3
clinical trial of retatrutide are eagerly awaited, as it is expected
that over a longer time period its efficacy in weight loss will be
even greater.

Another future direction of utilising GLP-1/GIP/glucagon re-
ceptor triagonists is for MASH therapy with the rationale that as
GLP-1 receptor agonists halt fibrosis progression, the new ther-
apies might be able to enable fibrosis regression [11]. There is
also further ongoing research to understand the mechanisms of
GIP agonism versus antagonism to decide on the optimal weight
loss and antihyperglycemic approach.

The above clinical studies will have implications on the
guideline development including the treatment of T2DM and
obesity in young people and balancing the cost with the efficacy
of the emerging therapies. Since 2023, there has been a world-
wide shortage of GLP-1 receptor agonists, which is expected to
continue until late 2024 [71]. Many people with T2DM are left
without their essential medications and antidiabetic regimes had
to be altered [71]. One of the future challenges is ensuring that
the manufactures can keep up with the ongoing demand for the
available technology. Predicting therapeutic responses and side

Copyright © 2024 Korean Endocrine Society

effects of these therapies remains a major challenge [72,73].
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