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ABSTRACT ARTICLE HISTORY
Introduction: To date, the 21* Century has witnessed key developments in the management of  Received 2 February 2023
diabesity (a conflation of obesity and Type 2 Diabetes Mellitus [T2D]), including Glucagon Like Accepted 17 April 2023
Peptide 1 (GLP1) receptor agonist therapies, and recently the ‘designer’ GLP1 Poly-agonist Peptides
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The gut-brain axis forms complex multi-directional interlinks that include autonomic nervous signaling, diabetes

components of the gut microbiota (including metabolic by-products and gram-negative cell wall
components [e.g. endotoxinaemia]), and incretin hormones that are secreted from the gut in response
to the ingestion of nutrients. The development of dual-incretin agonist therapies includes combinations
of the GLP1 peptide with Glucose-dependent Insulinotropic Polypeptide (GIP), Glucagon (Gcg),
Cholecystokinin (CCK), Peptide YY (PYY), and Glucagon-Like Peptide 2 (GLP2). Triple incretin agonist
therapies are also under development.

Expert opinion: At the dawn of a new era in the therapeutic management of diabesity, the designer
GLP1PP class holds great promise, with each novel combination building on a preexisting palimpsest of
clinical data and insights. Future innovations of the GLP1PP class will likely enable medically induced
weight loss and glycemic control in diabesity to rival or even out-perform those resulting from bariatric
surgery.

1. Intr ion . . . .
troductio interactions between environmental and genetic factors,

Within the milieu of 21°* Century chronic disease, obesity including for example the copy number of the amylase gene,
holds a prime position. Obesity now affects >650 million peo- AMYT [8-10]. The high prevalence of obesity and T2D, their
ple globally, and represents a leading cause of morbidity, frequent co-existence, and the heightened cumulative meta-
mortality, and health-economic expenditure, with rates having  bolic risk conferred independently by each condition, has
tripled since 1975 [1]. Of all the >50 obesity-related conditions, highlighted the need for novel therapies that improve both
Type 2 Diabetes Mellitus (T2D) is worthy of special attention, body weight and glycemic control concurrently [11-13]. In this
particularly regarding ethnic specificities [2,3]. Globally, T2D context, it is often useful to consider the aims of management
now affects 462 million individuals, and itself contributes of obesity and T2D as a conflation into a single clinical entity,
independently to substantial morbidity (including renal dis- i.e. ‘diabesity.’

ease, neuropathy, and retinopathy) and premature mortality During much of the 20" Century, our therapeutic arma-
from cardiovascular disease [4,5]. A common misconception is mentarium for pharmacological management of T2D was rela-
that obesity alone causes T2D. However, it is also important to  tively restricted, with Metformin and Sulphonylureas as the
outline the genetic component in the pathogenesis of T2D, main oral antidiabetic drugs, and the option of additional
with an estimated heritability of 40% —70% [6,7]. However, insulin-based therapies. Conversely, the first two decades of
despite its related underlying genetic architecture/predisposi- the 21°* Century have borne witness to the generation of
tion, the clinical/phenotypic expression of T2D is often mani- a multitude of new pharmaco-therapeutic choices for T2D,
fested in the context of weight gain and obesity. with important innovations in insulin-based therapies, includ-
Consequently, obesity often co-exists with T2D, with strong ing new drug classes such as the Sodium Glucose-Like
epidemiological and pathophysiological links that are Transporter 2 (SGLT2) therapies and the Glucagon-Like
mediated primarily through obesity-related insulin resistance. ~Peptide 1 (GLP1) agonists [11]. Of note, these novel classes
Obesity development itself is also multi-factorial with complex of antidiabetic drugs have also been shown to exhibit
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Article highlights

e The first two decades of the 21st Century have borne witness to the
generation of a multitude of pharmaco-therapeutic choices for T2D.

o The recent rise of ‘designer’ GLP1 Poly-agonist Peptides (GLP1PPs)
has emerged as a novel therapeutic strategy for the effective man-
agement of diabesity.

o Incretin hormones act via G-coupled protein receptors (GCPR) to
increase intracellular cyclic adenosine monophosphate (cAMP),
thereby stimulating glucose-dependent insulin secretion from islet 8-
cells.

¢ Beyond GIP and GLP1, there are numerous other gut-derived intest-
inal hormones that have a variety of physiological effects that include
the mediation of hypothalamic control of appetite and metabolism.
Amongst these are Glucagon (Gcg), Cholecystokinin (CCK), Peptide YY
(PYY), and Glucagon-Like Peptide 2 (GLP2).

e Phase 3 trials demonstrate the superior glycemic and weight-loss
efficacy of Tirzepatide compared with placebo, with >20% body
weight loss in the majority (57%) of participants in a 72-week trial
(on highest dose) with minimal adverse effects.

¢ Beyond body weight loss and improved glycemic control, the GLP1:
Gcg dual agonists have also been assessed for their efficacy in
patients with Non-Alcoholic Fatty Liver Disease (NAFLD) and Non-
Alcoholic Steatohepatitis (NASH).

o The administration of a novel GLP1:CCK dual agonist in a mouse
model resulted in reduced feeding behavior and body weight.

e In a preliminary human-based study, participants tolerated single
doses of SAR441255 (a GLP1:GIP:Gcg triple agonist) with mild adverse
effects. In diabetic cynomolgus monkeys, SAR441255 associated with
a 12.6% reduction in body weight, although the glycemic benefit of
SAR441255 was inferior to that of a GLP1:GIP dual agonist therapy
(HbA1c reduction of 1.37% vs 1.85%, respectively).

unexpected and serendipitous cardio-renal benefits [14-16]. In
recent years, the tsunami of clinical data and novel insight on
the impact of these novel therapies has catalyzed a shift in our
approach to the treatment of diabesity as a clinical entity
worthy of special focus. Thus, in the context of diabesity
management, the GLP1 class of therapies has received an
inordinate amount of attention, perhaps due to the superior
efficacy of certain GLP1 therapies on both glycemia and
weight loss, and the potential for cardiovascular benefits
[16,17]. Importantly, GLP1 is a natural incretin hormone, and
many of the current GLP1 therapies available have a high
degree of homology with native human GLP1.

From an endocrine perspective, the gut is a highly complex
and interconnected organ system, for which our understand-
ing is still in its infancy [18]. Indeed, GLP1 is just one of
a plethora of gut-derived intestinal hormones, which form
a physiological system of wondrous complexity. These intest-
inal hormones are released from the gut in response to nutri-
ents and other post-prandial stimuli and have physiological
effects on the digestion and processing of nutrients, pancrea-
tic function, and the central hypothalamic control of appetite
and metabolism. Each gut-derived intestinal hormone has its
own specific receptor and functioning, and some even pro-
mote the growth and development of the gastrointestinal
tract itself [19]. On this background, the recent rise of
‘designer’ GLP1 Poly-agonist Peptides (GLP1PPs) has ensued
as a novel therapeutic strategy for the effective management
of diabesity. Individual intestinal hormones have pleiotropic
and wide-ranging appetitive, metabolicc, and growth-
promoting effects. Furthermore, there is a plethora of

favorable cardiometabolic data for the GLP1 class, and poten-
tial for pharmaco-complementarity between GLP1 and the
other intestinal hormones. Accordingly, there is a clear ratio-
nale for the therapeutic development and innovation of
designer GLP1PPs [15]. The potential for combinatorial thera-
peutics, implicating the hugely complex human gut-derived
incretin and intestinal hormones, is almost infinite in scope
and is likely to predominate in the coming decades of innova-
tion in diabesity management.

On the eve of the widespread clinical availability of the
designer GLP1PP-based therapies and at the birth of this
innovative and hugely exciting therapeutic field with all its
potential, now is a timely opportunity to provide a concise
review. Although beyond the scope of this review, the early
pioneering, animal-based studies on the metabolic effects of
GLP1 combined with other incretin and intestinal hormones
has been reviewed elsewhere [20,21]. Following a brief discus-
sion of the central regulation of appetite and metabolism
mediated through gut-derived incretin and intestinal hor-
mones (the ‘gut-brain axis’), we provide an overview of the
clinical data for designer GLP1PP therapies in development
and, in the case of Tirzepatide, recently approved for clinical
use. Moreover, we discuss the likely positioning of such novel
therapies in the future treatment algorithms of diabesity man-
agement and consider the possible future developments in
this new and emerging field.

2. The gut-brain axis and intestinal hormones

The ‘gut-brain axis’ (GBA) is complex and bi-directional, with
its signaling mechanisms implicating the autonomous nervous
system (primarily parasympathetic signals via the vagus
nerve). Furthermore, the gut microbiota likely play an impor-
tant role in the functioning of the GBA, either indirectly
through effects on intestinal hormone release, autonomic
functioning, or microbiota-derived metabolic products, or
directly through central effects of the microbiota themselves
(or microbiota components such as ‘endotoxins’) [22,23].
Indeed, changes to the gut microbiota, such as those occur-
ring through antibiotic use, can affect gut-derived intestinal
hormone release and may even be implicated in the develop-
ment of depression and anxiety [24]. In addition to neuronal
inputs and the effects of the gut microbiota, the central
hypothalamic regulation of appetite and metabolism is
mediated closely through the actions of some intestinal hor-
mones that are released from the gastrointestinal tract [25].
Gut-derived incretin hormones are members of the gluca-
gon superfamily that are released in response to nutrient
stimulation, and drive glucose-dependent insulin release
from the islet f-cells in the post-prandial period [5].
Currently, we only know of two incretin hormones: Glucose-
dependent Insulinotropic Polypeptide (GIP, the first incretin
hormone to be discovered in 1978) and Glucagon-Like
Peptide-1 (GLP1, discovered in 1983). Although both are
released from the ileum, GIP is synthesized by K cells [26],
and GLP1 by L cells. Notably, GLP1 is also released from the
colon and neurones within the brainstem [27]. Both GIP and
GLP1 share some physiological effects that include insulino-
tropism and stimulation of the proliferation (and reduced



apoptosis) of islet B-cells. However, each has specific effects
that for GIP include increased bone formation and fat accu-
mulation, and for GLP1 include inhibition of the release of
glucagon from the islet a-cells, central appetite suppression
[28,29], increased cardiac output, and cardio-protection [19]. In
addition to effects on glycemic control and appetite suppres-
sion, GLP1 also influences gastrointestinal motor function,
specifically through delaying gastric emptying. This is impor-
tant given the effect of gastric emptying as a major determi-
nant of postprandial blood glucose (accounting for around
35% of the variance in peak glucose levels in both T2D and
healthy individuals) [30]. It is known that T2D often associates
with accelerated gastric emptying, regardless of prevailing
glycemic control and co-existing complications [31,32].
Therefore, it is likely that at least some of the metabolic
benefits of the GLP1 agonist therapies stem from their effects
on delaying gastric emptying, and the impact this has on
improved postprandial glycemic control and indirect effects
on appetite suppression (with a sensation of feeling fuller for
a longer period following a meal).

Incretin hormones are released in response to nutrient
ingestion (primarily the macronutrients glucose and fat) [33].
The insulinotropic effect of incretin hormones has been
known for nearly six decades through comparisons of serum
insulin responses to glucose administered either orally or
intravenously (with the former eliciting a more pronounced
insulinotropic effect) [34]. Incretin hormones (such as GLP1
receptor agonists) act via G-coupled protein receptors (GCPR)
to increase intracellular cyclic adenosine monophosphate
(cAMP), with effects that include the stimulation of glucose-
dependent insulin secretion from islet B-cells [35,36]. In addi-
tion, GLP1 receptor agonists also promote increased beta-cell
mass, as evidenced by data from a recent meta-analysis of 360
randomized controlled trials, using Homeostasis Model
Assessment of beta-cell function (HOMA-B) and fasting c-pep-
tide levels [37]. Possible mechanisms that mediate the effects
of GLP1 receptor agonists on beta cell mass include reduced
oxidative inflammation and apoptosis, or improved survival of
human islet cells through the stimulation of beta-cell prolif-
eration [38,39].

Natural gut-derived incretin hormones (GIP and GLP1) are
small peptides that are rapidly broken down and excreted via
the renal system [27]. This rapid breakdown of natural incretin
hormones has stymied the therapeutic development of incre-
tin agonist drugs. The first GLP1 agonist, Exenatide, was
approved in 2006 for the management of T2D. Since then,
numerous other GLP1 agonist therapies have been developed
and approved for use in T2D and, latterly, for obesity manage-
ment [40].

3. Current designer GLP1PP dual agonist therapies

Beyond GIP and GLP1, there are numerous other gut-derived
intestinal hormones that have a variety of physiological effects
that include the mediation of the central hypothalamic control
of appetite and metabolism. Amongst these are Glucagon
(Gcg), Cholecystokinin (CCK), Peptide YY (PYY), and Glucagon-
Like Peptide 2 (GLP2). In recent years, GLP1 has been synthe-
tically bound to these other intestinal hormones in a 1:1 ratio
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(sometimes termed a ‘twincretin’), with the therapeutic inten-
tion to pharmacologically target the physiological pathways of
each intestinal hormone (GLP1 and its therapeutic partner)
synergistically. Due to the inherent limitations of dose escala-
tion of GLP-1 mono-agonists, an overarching aim of the design
of many GLP1PP molecules has been to enhance the overall
metabolic and appetitive efficacy of GLP1 monotherapy.
Through binding to their respective receptors, the unimolecu-
lar peptides combined with GLP1 in the various designer
GLP1PPs act effectively as an add-on monotherapy. Although
the rationale for designer GLP1PP therapy development has
centered on their metabolic benefits (including for diabesity
management), the clinical utility of the GLP1PP agents extends
well beyond metabolic control. In this section, we provide an
overview of the clinical and pre-clinical data for the main
designer GLP1PPs currently in development.

3.1. GLP1:GIP

The co-administration of GLP1 with GIP results in a more
pronounced insulinotropic effect than that with either hor-
mone administered alone [41]. These preliminary data pro-
vided the rationale and clinical justification for the
development of the first designer GLP1PP drug,
Tirzepatide, as a GLP1:GIP dual agonist. Tirzepatide was
recently approved by the FDA for the management of
T2D. Phase 3 trials of 2,539 participants demonstrated the
superior glycemic and weight-loss efficacy of Tirzepatide
compared with placebo, with its highest dose providing
>20% body weight loss in the majority (57%) of participants
in a 72-week trial, with minimal adverse effects [42]. The
glycemic efficacy of Tirzepatide likely stems from the
enhanced insulinotropic effects of the dual agonists, GLP1
and GIP. This combination likely results in strengthened
agonism at each receptor through an imbalanced and
biased dual mechanism of action, with enhanced insulin
secretion during the post-prandial phase [43]. Effectively,
the presence of the GLP1 moiety within the GLP1:GIP dual
agonist may enhance the effects of the GIP moiety at its
receptor and vice versa. Such enhancement in GLP1 and
GIP effects through dual agonism is relevant for T2D (in
which resistance to the effects of GLP1 and GIP at their
respective receptors pertains) and may explain the superior
glycemic efficacy of Tirzepatide [44]. Furthermore, improve-
ments in glycemic control that stem from the effects of the
GLP1:GIP dual agonist may further improve the sensitivity
to GLP1 and GIP at their respective receptors [45]. However,
it should be made clear that these hypotheses regarding
possible mechanisms of action of GLP1:GIP dual agonists
remain speculative, contentious and incompletely under-
stood. Furthermore, the mechanisms that underlie the
metabolic efficacy of Tirzepatide remain unknown. In one
study, it was shown that selective stimulation of GIP secre-
tion in the context of augmented plasma-intact GIP and
intact GLP1 (through the use of a Dipeptidyl Peptidase-4
[DPP4] Inhibitor drug) failed to yield significant glucose
lowering effects in T2D [46]. This argues against a simple
additive effect of GLP1 and GIP actions on glycemic control.
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Exploration of the underlying mechanisms of action of the
GLP1:GIP dual agonists should be a focus for future
research and will likely inform future potential innovative
therapeutic avenues.

3.2. GLP1:Gcg

Our notion of the physiological role of Gcg has centered
around its glucogenic effects (including gluconeogenesis
and glycogenolysis), that essentially counteract the physiolo-
gical effects of insulin through its release from the islet a-
cells during times of fasting to maintain euglycemia [47].
However, although Gcg has been known for over six decades
to play a role in the regulation of energy expenditure, the
underlying mechanisms have remained elusive and the com-
plete spectrum of Gcg effects/physiology remains enigmatic
[48,49]. For example, in addition to its release from the islet
a-cells, Geg is also released from the gut as a by-product of
pre-pro-glucagon [48,50]. The established effect of Gcg on
the enhancement of metabolic rate, combined with the cen-
tral hypothalamic appetite-suppressant effects of GLP1, pro-
vides a rational for combining GLP1 with Gcg as a designer
GLP1PP.

There are two GLP1:Gcg dual agonist molecules that are
currently under clinical investigation: Mazdutide (Innovent
Biologics) and Cotadutide (AstraZeneca). Mazdutide is cur-
rently undergoing a phase Il clinical trial following recently
published Phase Ib trial data that showed a 11.7% reduction in
body weight in overweight and obese patients over a 12-week
period for the 9 mg dose [51]. Regarding Cotadutide, a phase Il
trial based on 834 adults with T2D demonstrated weight loss
and glycemic outcomes at 54-weeks comparable to those with
Liraglutide [52]. A further study on the metabolic effects of
Cotadutide in participants of Asian origin (a population with
an increased susceptibility to T2D) over a 48-day period
showed significant reductions in blood glucose (including
within the postprandial phase) and body weight [53].
Unfortunately, the GLP1:Gcg dual agonist molecules appear
to associate with greater gastrointestinal intolerability com-
pared with that for GLP1-based monotherapies.

Beyond body weight loss and improved glycemic control,
the GLP1:Gcg dual agonists have also been assessed for their
efficacy in patients with Non-Alcoholic Fatty Liver Disease
(NAFLD) and Non-Alcoholic Steatohepatitis (NASH). A phase
2b study on the metabolic and hepatic effects of Cotadutide
revealed a significant reduction in both serum transaminase
levels (at the 300 pg dose) and triglyceride concentration
compared with those measures in the Liraglutide and pla-
cebo groups [53]. Furthermore, Cotadutide therapy was asso-
ciated with a significant improvement in the fatty liver index
(—8.18 at the 300 pg dose compared with —6.22 and —1.62 in
the Liraglutide and placebo groups, respectively). The authors
speculated that the improvement in fatty liver index and
serum transaminase level in the Cotadutide group may
reflect the physiological effects of Gcg through improved
hepatic lipoprotein processing. Furthermore, the effect of
GLP1 on lipoprotein processing within the intestine may
complement the hepatic lipoprotein effects of Gcg [54],

thereby improving fatty liver index and serum transaminase
levels.

3.3. GLP1:CCK

CCK, synthesized and secreted by | cells of the duodenum, has
physiological roles within both the gastrointestinal system (to
mediate gastric emptying) and the hypothalamic appetite
center (to suppress appetite and promote satiety) [55].
Notably, CCK agonists alone have not shown a significant
impact on food intake or body weight in animal models.
However, the co-administration of CCK with a GLP1 agonist
in diet-induced obese rats resulted in a greater loss of body
weight than that which occurred with a GLP1 agonist mono-
therapy [56]. Furthermore, the administration of a novel GLP1:
CCK dual agonist in a mouse model resulted in reduced feed-
ing behavior and body weight [57]. There is currently a lack of
human-based studies regarding GLP1:CCK dual agonists,
although the rodent-based studies outlined here provide
proof of concept, and a rationale for exploring the metabolic
utility of such therapies in human-based trials on diabesity.

3.4. GLP1:PYY

PYY is released from the colon and L cells within the distal
ileum. PYY crosses the blood-brain barrier and binds to
Neuroreceptor Y2 receptors within the hypothalamic appetite
center, where it exerts a potent anorectic effect [58]. Obesity is
associated with lower levels of PYY within the serum, thereby
promoting the hypothalamic Neuroreceptor Y2 receptors as
a potential target for novel drug therapies to tackle obesity.
Moreover, the combination of GLP1 with PYY in a single mole-
cule was inspired by the weight-loss success of Roux-en-Y
gastric bypass surgery for obesity, likely mediated at least in
part through changes in serum levels of GLP1 and PYY [59].
The development of novel GLP1:PYY dual agonists may there-
fore represent an opportunity to medically replicate the
weight-losing effects of Roux-en-Y gastric bypass surgery.
Despite the theoretical weight-losing benefits of novel
GLP1:PYY dual agonists, to date these therapies have only
been explored in rodent-based models. One example is
‘GEP44’” which in rat and shrew models resulted in significant
weight loss and improved blood glucose control [60].
Interestingly however, the effects of GEP44 may not be con-
fined to appetite suppression, as evidenced by data from
a separate rodent-based study in which GEP44 was asso-
ciated with reduced opioid-seeking behavior (without sup-
pression of food intake) [61]. Furthermore, PYY may also
have a role in mediating behavior related to drug abuse
through mechanisms that are incompletely understood. An
in vivo study on the appetitive effects of a GLP1:PYY dual
agonist (‘analogue 19’) in lean mice revealed a significant
reduction in food intake compared with food intake in
response to GLP1 or PYY administered separately as mono-
therapies [62]. As with the GLP1:Gcg dual agonist studies
outlined above, GLP1:PYY dual agonists have also been
explored in rodent-based models of NASH, including
a study on ‘Peptide 6q’ in a 'Diet-Induced Obesity (DIO)-
NASH' mouse model. Compared with Liraglutide, Peptide



6q resulted in significant reductions in serum levels of AST
and ALT (key markers of liver function) and liver fat content.
These data reveal that in addition to improvements in body
weight and glycemic control, Peptide 6q also manifests anti-
steatotic properties, at least in rodent models [63]. These
rodent-based data provide proof of concept for the potential
clinical utility of GLP:PYY dual agonist therapies to justify
further exploration in human-based studies.

3.5. GLP1:GLP2

Teduglutide (a GLP2 analogue) is currently licensed in the UK
for use in short bowel syndrome. This makes GLP1:GLP2 dual
peptides unique compared to their counterparts as their indi-
vidual components are already licensed for use individu-
ally [64].

GLP2 is co-secreted with GLP1 from the L cells of the distal
ileum in response to nutrients. However, although released
from the gut in response to food, technically GLP2 is not an
incretin hormone as it does not elicit an incretin effect. Rather,
GLP2 enhances intestinal growth and function, improves bone
growth, and has a role in neuroprotection [65]. Dapiglutide is
a GLP1:GLP2 dual agonist (administered subcutaneously), asso-
ciated with a dose-dependent loss of body weight (mean
weight loss of 4.5% with the highest dose) in a reported study
on healthy participants (n=40) over a four-week period [66].
Dapiglutide was well tolerated with a similar side-effect profile
(including nausea and vomiting) to that of GLP1 agonists. In
addition to its weight-loss effects, several studies demonstrate
the Gl benefits of Dapiglutide, with protective effects within the
small intestine, including increased intestinal surface area via
the promotion of growth of the intestinal crypts [67,68].
Furthermore, Dapiglutide may also have a role in improving
the gut barrier function and promoting intestinal motility and
functional adaptation to intestinal resection [67-69].
Accordingly, Dapiglutide is clinically indicated for the treatment
of Short Bowel Syndrome (SBS) following intestinal resection
and associated with malabsorption and/or intestinal failure.

Continuous infusion of a GLP1:GLP2 dual agonist therapy in
patients with SBS resulted in favorable clinical outcomes com-
pared with the administration of either peptide alone. Only
infusions containing both GLP1 and GLP2 resulted in overall
improved hydration status, increased total body weight (due
to increased absolute wet weight) and reduced post prandial
glucose [70]. Recently, a rodent-based study demonstrated
beneficial effects of Dapiglutide on the promotion of the
intestinal barrier function, including improved tight junctions
within the jejunum and reduced volume depletion via epithe-
lial sodium channel (ENaC) activation within the colon [67].
A further rodent-based study of SBS revealed favorable effects
of Dapiglutide on intestinal growth, body weight, food intake,
volume status and stool water content. Reflective of these
benefits, there was an attainment of 92% vs 85% of their initial
weight at day 14 in the Dapiglutide-treated and control mice,
respectively [68].

Finally, beyond the weight-losing and intestinal growth-
promoting effects of Dapiglutide, GLP1:GLP2 dual agonists
may also provide hepatic benefits, with a recently reported
rodent-based model of NASH showing GLP1:GLP2 dual
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agonist-induced improvements in liver disease parameters,
including hepatic fibrosis, insulin sensitivity and liver fat
index [66].

3.6. GLP1:FGF21

Fibroblast Growth Factor 21 (FGF21) is a peptide molecule that
is secreted mainly from the liver. The inherent instability and
short half-life of the FGF21 peptide makes it difficult to
research. The main physiological function of FGF21 is the
control of blood glucose and lipid profile. In mice, a GLP1:
FGF21 dual agonist has demonstrated beneficial effects on
both body weight and hepatic inflammatory markers [71].
However, these are preliminary data and the GLP1:FGF21
dual agonist has yet to be assessed in human-based studies.

4. Current designer GLP1PP triple agonist therapies

There is no logical reason to restrict combinations of intestinal
peptides to dual agonists. Based on the outlined pharmacolo-
gical and physiological effects of the individual gut-derived
intestinal hormones that are well-known, and their potential
for complementarity when combined in a single molecule, it is
entirely logical to explore combinations of intestinal hormones
in higher orders than mere duplets. Indeed, the design and
clinical assessment of triple incretin agonists is already
underway.

GLP1:GIP:Gcg (‘SAR441255’) represents one of the first triple
incretin agonist therapies to be developed. In a preliminary
human-based study (n=48), participants tolerated single
doses of SAR441255 and adverse effects (including nausea)
were mild. In diabetic cynomolgus monkeys, SAR441255 asso-
ciated with a 12.6% reduction in body weight, although the
glycemic benefit of SAR441255 was inferior to that of a GLP1:
GIP dual agonist therapy (HbA1c reduction of 1.37% vs 1.85%,
respectively). Through in vivo analysis of receptor occupation
within this animal model, there was high GLP1 and Gcg
receptor binding within target organs, including liver, pan-
creas, and kidneys [72]. However, the binding capacity of GIP
within  GLP1:GIP:Gcg triple agonist therapies remains
unknown. In addition to weight loss and improved glycemia,
the GLP1:GIP:Gcg triple agonist therapies may also have neu-
rological benefits. These include improved visual recognition
and spatial memory in a mouse model of mild Traumatic Brain
Injury (TBI), and improved working and reference memory (via
testing in a radial maze) in a mouse model of Alzheimer's
disease [73,74]. GLP1:CCK:Gcg is a further GLP1PP triple ago-
nist therapy in development. In a diabetic-induced mouse
model, there was improvement in glucose control with this
triple agonist therapy compared with Liraglutide (a GLP1
mono-agonist) and Cotadutide (a GLP1:Gcg dual agonist).
Furthermore, in the short-term there was considerable growth
of islet cells and regain of pancreatic tissue in response to the
administration of GLP1:CCK:Gcg [75].

5. Future directions

It is important to consider how the outlined field of designer
GLP1PP therapies is likely to evolve, and how this will impact
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on future treatment algorithms for diabesity. To date, innova-
tions within the GLP1PP field have focused primarily on dual
agonist therapies, combining GLP1 with another intestinal
hormone. This is understandable given our clinical experience
of the GLP1 class in the management of T2D and obesity, and
the superior efficacy of GLP1 therapies for weight loss, glyce-
mic control and in some cases cardiovascular effects. However,
as our clinical experience of the other intestinal hormones
expands, it seems likely that future generations of designer
incretin molecules will also focus more on non-GLP1 molecular
combinations. Given the serendipitous nature of this new and
emerging field, it seems likely that multiple novel combina-
tions of incretin and intestinal hormones will continue to be
developed for exploration of their comparative efficacy and
tolerability. Furthermore, given the plethora of gut-derived
intestinal hormones (including some that are yet to be identi-
fied), and the apparent amenability of the incretin and intest-
inal peptides to be combined in vitro in a ‘designer’ fashion for
therapeutic benefits, it seems inevitable that future develop-
ments will also include incretin and intestinal combinations
that are quadruple, quintuple and beyond.

The history of pharmacotherapies for obesity is chequered,
with numerous examples of therapies that have been with-
drawn due to safety concerns. A key advantage of many GLP1
therapies and the GLP1PP class pertains to their modeling on
human peptides, often with a high degree of homology. From
a safety perspective, it is often preferable to focus on natural
human peptides as therapies rather than molecules that are
alien to the human body (including less potential for antibody
formation and immune attack, for example). Whilst gastroin-
testinal intolerability, including nausea, remain troublesome
side-effects of the GLP1 class for some patients, future
GLP1PP developments may tackle this (e.g. through possible
‘dilutional’ effects of combining GLP1 with other peptides).
From a glycemic and weight loss efficacy perspective, the
GLP1PP therapies (including, for example, Tirzepatide) appear
superior to the GLP1 monotherapy class. The current position-
ing of GLP1 therapies for T2D management, although tradi-
tionally post-oral glycemic therapies and pre-insulin-based
therapies, has transitioned in recent times toward earlier
usage based on their cardiovascular benefits. Indeed, there
are many factors that influence the positioning of therapies
in treatment algorithms, including duration of clinical experi-
ence, efficacy and safety concerns, mode of administration,
and of course, cost.

Currently, the GLP1PP therapies are injectable, although
future developments may facilitate alternate administrations,
including via the oral route. Although cost is difficult to pre-
dict, it seems reasonable to assume that the GLP1PP therapies
will be at least as expensive as the GLP1 class, and likely more
so. Given the impact of cardiovascular outcome data on the
positioning of existing therapies for T2D, as evidenced by that
outlined above for the GLP1 class (and the Sodium Glucose-
Like Transporter 2 [SGLT2] inhibitor class), it is reasonable to
predict that data originating from future cardiovascular and
cardio-renal outcome studies for the GLP1PP therapies (in the
context of management of both T2D and obesity) will have
a strong influence on their future positioning. In a scenario in
which GLP1PP therapies prove superior to existing GLP1

monotherapies for cardiovascular, glycemic, and weight-loss
outcomes, such GLP1PP therapies may then replace and
supersede GLP1 monotherapies within future T2D treatment
algorithms. Given that innovative designer GLP1PP therapies
are likely to dominate the field of diabesity for many years and
decades to come, we should be prepared for dynamism within
future treatment algorithms for diabesity, demanding a more
flexible and adaptable approach to the design and implemen-
tation of such future treatment algorithms to optimize
management.

Finally, we should consider the superior weight-losing
properties of the GLP1PP class of therapies, with early evi-
dence from the clinical trials for Tirzepatide. Bariatric surgery
(including gastric bypass) enables sustained loss of body
weight and improved glycemic control, at least in part,
through reprogramming of gut-derived incretin hormones,
including for example the early release of GLP1 from distal
ileal L-cells in response to a faster transit of nutrients through
the stomach following a meal, and therefore earlier satiety
effects and improved glycemic stability and control [10].
Whilst the precise mechanism(s) of weight loss and glycemic
improvement following bariatric surgery remains incompletely
understood (and may be procedure-specific), our current
understanding is that ultimately, weight loss following baria-
tric surgery is mediated primarily through ‘medical’ (rather
than structural) effects (‘'medical’ is used here as an umbrella
term to encompass physiological effects and is likely to impli-
cate an important role for the gut-derived incretins and intest-
inal hormones). It follows, therefore, that the beneficial
appetitive and metabolic effects that stem from bariatric sur-
gery should be, at least in part, replicable through the admin-
istration of incretins and intestinal hormones with precise
dosages, timings, ordering, and durations. The rise of the
designer GLP1PP class provides an excellent and timely oppor-
tunity to explore in greater detail than ever, the ‘holy grail’ of
weight loss: the ‘sweet spot’ combination and timing of incre-
tin peptide administration that provides optimal weight loss
(and maintenance) akin, and even potentially superior to tra-
ditional bariatric surgical procedures.

6. Conclusions

Diabesity contributes to much morbidity and mortality glob-
ally [76,77]. Our current management strategies are limited by
difficulties associated with the longer-term adoption of life-
style (including dietary) modification, and the restricted
resource and relative invasiveness of bariatric surgery [78].
Currently, our best option for durable and effective glycemic
control and weight loss in diabesity rests with bariatric sur-
gery, with a reduction in HbA1c of 1.8-3.5% (compared with
0.4-1.5% for pharmacotherapies) in a recent review of the
literature [79]. Although not fully understood, the glycemic
and weight-loss benefits of bariatric surgery likely stem from
changes in the release of incretin hormones from increased
rapidity of nutrient transit through the gut, although other
mechanisms that implicate possible changes in the gut micro-
biota may also pertain [80].

The birth of the GLP1PP designer therapies requires us to
sea-change our traditional perspectives on diabesity



management. The current clinical data on the first available
GLP1PP therapy, Tirzepatide, with its 20.9% mean weight loss
at the higher dose, thrusts the GLP1PP class toward the hal-
lowed realms of bariatric surgery [42]. As a non-invasive and
non-procedure limited therapeutic option, Tirzepatide has the
potential to be considered as a viable clinical alternative for at
least some patients who would otherwise proceed to bariatric
surgery.

Despite their apparent superior glycemic and weight-loss
efficacy, our enthusiasm for the GLP1PP class of therapies
should be tempered by a current lack of longer-term data,
particularly regarding their safety. Furthermore, important
unanswered questions remain. These include possible bio-
chemical and/or therapeutic limitations of multiple conju-
gated peptide hormones, and whether we should assume
that efficacy correlates with the number of conjugated pep-
tides. The generation of the quadruple agonists ZLY18 and
RLA8, that each consists of Free Fatty Acid 1 (FFA1),
Peroxisome Proliferator-activated Receptor a (PPARa), PPARy
and PPARS, and which appears to manifest metabolic efficacy
in NAFLD, provides proof of concept for the development and
potential clinical utility of quadruple agonist therapies [81].
Furthermore, there remains the intriguing possibility of com-
bining gut-derived incretin hormones, such as GLP1, with
other non-incretin peptide hormones, such as Amylin (impli-
cated in energy regulation and released with insulin by the
islet beta-cells, and often deficient in T2D) [82]. Pramlintide, an
amylin analogue, is an adjunct therapy for both Type 1
Diabetes Mellitus (T1D) and T2D to improve glycemic control
[83]. The administration of both GLP1 and amylin concurrently
in monkeys was shown to act in an additive manner to sup-
press appetite and reduce food intake, demonstrating their
potential as a combined co-agonist [84].

Other future avenues include novel combinations of gut-
related incretin and intestinal hormones, such as a triple
GLP1PP agonist with the combination of GLP1, oxyntomo-
dulin, and PYY. In human-based studies of both pre-diabetes
and T2D, the co-administration of these individual peptides
results in effective weight loss and improved glucose control
[85]. Furthermore, there is increased secretion of GLP1, oxy-
ntomodulin, and PYY following Roux-en-Y Gastric Bypass
(RYGB), a response that may mediate some of the glycemic
and weight-loss effects of this procedure [59]. Enhanced
secretion of GLP1 following RYGB likely stems from faster
transit of nutrients into the distal ileum. In support of this
hypothesis, a human-based study explored the metabolic
effects of glucose infusions administered through a trans-
nasal catheter and positioned into the proximal and distal
small intestine. It was shown that both the incretin effect
and gastrointestinal-mediated glucose disposal were more
pronounced for distal compared with proximal small intest-
inal glucose infusions [86]. Finally, GLPT may manifest other
therapeutic benefits beyond those of improved metabolic
control. These include possible hitherto unexplored neurolo-
gical benefits (as suggested from some rodent-based stu-
dies), with potential applications in the future management
of stroke, peripheral neuropathy, amyotrophic lateral sclero-
sis, and Huntington’s disease [87-89]. Further research
should focus on the potential extra-metabolic (including
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neurological and gastrointestinal) effects of GLP1 and other
intestinal hormones, both as monotherapies and in
combination.

To conclude, the gut endocrine system is complex. We are
in our infancy regarding understanding the complete physiol-
ogy of gut-derived incretin and intestinal hormones and their
potential therapeutic utility. There are almost limitless oppor-
tunities to combine gut-related incretin and intestinal hor-
mones in GLP1PP multi-agonist therapies. An important area
for further research would be to assess the potential cardio-
vascular and renal benefits of GLP1PP therapies, to facilitate
our mechanistic understanding of this class, and to explore
potential benefits beyond glycemic control and weight loss.
Although much uncertainty exists regarding the longer-term
efficacy, safety, tolerability, and cardiometabolic benefits of
the designer GLP1PP class, we can be certain that the next
few years and decades will bear witness to a new dawn in the
management of diabesity, and one in which the novel
designer GLP1PP class of therapies predominates.

7. Expert opinion

Our chaotic and stressful modern-day environment interacts in
myriad complex ways with our genetic architecture, mediated
through epigenetic effects that modify the expression profiles
of genes. It is from this environmental and genetic entangle-
ment that weight gain ensues, resulting in the clinical mani-
festations of obesity. Obesity, with its associated insulin
resistance, acts as a forerunner for a multiplicity of obesity-
related conditions, of which T2D looms prominently. The fre-
quent co-existence of obesity and T2D, and the shared epide-
miology and pathophysiology (including environmental and
genetic factors) underlying each condition, merits therapeutic
targeting of ‘diabesity’ as a conflation of T2D and obesity.

Our therapeutic armamentarium for diabesity has been
transformed in recent years with the emergence of designer
molecules that combine natural, human-based incretin hor-
mones (including GLP1) in polypeptide combinations. The
recent FDA approval of Tirzepatide, as the first dual GLP1:GIP
incretin agonist therapy available for clinical usage, represents
an important landmark in this new era of designer GLP1PP
therapies. Many other GLP1PPs are currently in development,
and most combine GLP1 with an additional intestinal peptide
(including Gcg, CCK, and PYY) as dual agonists. Recent devel-
opments also include triple agonist therapies, and we even
have proof of concept from a rodent-based model for the
development of a quadruple agonist therapy. Despite the
current lack of data on cardiovascular and renal-based out-
comes for the GLP1PP therapies, the clinical efficacy of
Tirzepatide regarding both glycemic and weight-loss effects
appear favorable compared with GLP1 monotherapies. It is
important to recognize that no head-to-head studies of
Tirzepatide versus GLP1 monotherapies have yet been exe-
cuted, and it is difficult to make direct comparisons between
therapies from separate trials each with their own design,
endpoints, population, and selection criteria. However, despite
these caveats, we should be buoyed by the propitious clinical
data for Tirzepatide, which bodes well for the future develop-
ment of the GLP1PP class of therapies.
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The numerous potential combinations of incretin and intest-
inal hormones, together with the inherent complexity of the gut
endocrine system (with pleiotropic and sometimes unexpected
effects), indicate that the new era of designer GLP1PPs will likely
dominate the therapeutic landscape of diabesity in the coming
years. In preparation for the inevitable influx of new therapies for
diabesity, it is important that we adopt a more responsive,
adaptable, and flexible approach to our future therapy guide-
lines, to optimize the management of our patients with diabesity
according to the latest clinical evidence, and to ensure dynamism
as a core feature of future treatment algorithms for diabesity.
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