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What is known about this subject?

 GLP-1 receptor agonists exert multi-organ metabolic benefits to treat type-2 diabetes and 

obesity.

 Despite this, intolerable GI-side effects restrict this class of therapy from use in some 

patients. 

What this paper adds

 This paper reviews the preclinical and clinical data regarding adjunct therapies for GLP-1

 The improved efficacy and safety profile of adjunct therapies, in particular dual-acting 

GLP-1, GIP and triple-acting GLP-1, GIP, glucagon receptor agonists, promises to further 

improve type-2 diabetes treatment. 
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Abstract

Clinically approved for the treatment of diabetes and obesity, glucagon-like peptide-1 (GLP-1) 

receptor agonists display prominent glucose- and weight-lowering effects as well as positive 

cardio- and neuro-protective actions. Despite these benefits, bariatric surgery remains superior in 

producing robust and sustained weight loss alongside improvements in metabolic control with A
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possible diabetes remission. The current review considers the potential for adjunct therapies to 

augment the therapeutic actions of GLP-1 receptor agonists. In this regard, several gut-derived 

hormones also modulated by bariatric surgery, display additive properties when combined with 

GLP-1 receptor agonists in both preclinical and clinical studies. In addition, glucocorticoids and 

oestrogen have shown promise in augmenting the biological actions of GLP-1 in animal models. 

Additionally, GLP-1 efficacy can also be enhanced by use of compounds that prolong GLP-1 

receptor coupling to potentiate downstream receptor signalling. Taken together, therapies that 

activate GLP-1 receptor signalling, in combination with various other cell signalling pathways, 

show potential for treating type-2 diabetes and obesity with superiority over GLP-1 receptor 

agonist therapy alone. 

Keywords: CCK, gastrin, GLP-1, Glucagon, GIP, PYY, xenin, diabetes, obesity

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Introduction 

Type-2 diabetes remains one of the world’s major healthcare concerns, affecting an 

estimated 462 million individuals, approximately 6.3% of the global population, and is the ninth 

leading cause of mortality worldwide (1). With the incidence of type-2 diabetes projected to 

increase, safe and effective treatments are required to minimise the health and economic burden of 

the disease. In light of this, significant research has been undertaken to develop pharmaceutical 

agents, alongside surgical techniques, to combat diabetes and promote weight loss respectively. As 

a result of these efforts, incredible insight has been gained into the overall importance of 

gastrointestinal (GIT)-derived hormones for metabolic control and energy homeostasis. In 

particular, the GIT hormone, glucagon-like peptide-1 (GLP-1), is known to augment glucose-

stimulated insulin secretion, decrease glucagon secretion, improve beta-cell proliferation, and 

survival as well as preserving cell identity, delay gastric emptying and reduce appetite (Table 1). 

Collectively these biological actions resulted in the independent approval of stable GLP-1 receptor 

agonists for both type-2 diabetes and obesity (2,3). Moreover, these drugs have been shown to 

exert benefits across diverse organ systems, improving anti-inflammatory, bone, brain, 

cardiovascular, pancreatic, renal and reproductive functions (3). Clinical uptake of GLP-1 receptor 

agonists was initially restricted by costs and requirement for injections, however with patents set 

to expire giving rise to generic alternatives, as well advances in drug formulation allowing for oral 

delivery of GLP-1 receptor agonist, this versatile drug class should become accessible to many 

more patients (3). 

Despite the success in treating diabetes, the clinical benefits of GLP-1 receptor agonists 

have yet to match the therapeutic advantages observed preclinically (4) or with bariatric surgery 

(5). This is partly attributed to dose-dependent GIT side-effects limiting the clinical application of 

these drugs, observations which were not fully apparent in preclinical studies. One method to 

improve the therapeutic applicability of GLP-1 receptor agonists is to combine them with 

molecules that target complementary pathways, to allow for reduced drug doses and therefore 

side-effects, but maintain or enhance metabolic benefits (6). In this regard, the pancreas and GIT 

secrete a number of hormones known to exert similar actions to GLP-1. In particular, 

cholecystokinin (CCK), gastrin, glucagon, glucose-dependent insulinotropic peptide (GIP), 

peptide tyrosine tyrosine (PYY) and xenin all display satiating qualities whilst also improving 

pancreatic beta-cell function or survival, making them attractive candidates for complementing A
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and amplifying the actions of GLP-1 (7). Likewise, other hormones such as amylin and leptin, as 

well as growth factors like FGF21, may also exert similar additive benefits when combined with 

GLP-1 therapy. Furthermore, the steroid hormones oestrogen and glucocorticoid can be 

conjugated to GLP-1 to help reduce unwanted side effects whilst still maintaining positive effects 

on metabolism (8,9). Finally, GLP-1 efficacy can be potentiated through rational design of GLP-1 

receptor agonists or agents that prolong GLP-1 receptor coupling and activation of related 

signalling pathways (10). This review aims to summarise the current preclinical and clinical data 

regarding GLP-1 adjunct peptide therapies for type-2 diabetes and obesity (Table 1). 

1. Glucagon 

Classically, glucagon is known as the hormone that opposes the glucose-lowering actions of 

insulin. As such, glucagon was initially overlooked as a therapy for diabetes and consideration was 

even given to possible use of glucagon antagonists. However, glucagon is known to increase 

energy expenditure and reduce appetite leading to reductions in body weight, via activation of 

glucagon and GLP-1 receptors within the CNS, liver and adipose tissue (11) (Table 1). By 

utilising glucagon in combination with GLP-1 therapy, it is hoped that glucagon mediated weight 

loss can be achieved, with GLP-1 able to counteract any potential hyperglycaemic actions of 

glucagon. Indeed, such metabolic benefits are typified by the endogenously produced hormone 

oxyntomodulin that co-activates GLP-1 and glucagon receptors, and similar to GLP-1 is also 

encoded by the proglucagon gene (12). In this regard, a number of GLP-1/glucagon dual-acting 

peptides have been developed and assessed in preclinical models. In diet-induced obese mice, 

AstraZeneca’s dual agonist cotadutide increased energy expenditure and satiety resulting in up to 

30% greater weight loss than liraglutide, a long-acting GLP-1 receptor agonist clinically approved 

for type-2 diabetes and obesity (13). Likewise, when tested in cynomolgus monkeys, once-daily 

cotadutide treatment resulted in 11% weight loss (13). This robust inhibition of food intake and 

associated weight loss is consistently reproduced by other GLP-1/glucagon dual-acting peptides in 

similar diet induced obese mouse and monkey models (14). Notably, 5% body weight loss is 

considered clinically relevant and to result in meaningful improvements to health, lowering risk of 

cardiovascular disease and improving metabolic function in liver, fat and muscle tissue (15). In 

addition, glucagon has also been shown to augment the combined benefits of dual GLP-1 and GIP 

receptor activation (16). Thus, a triple-acting GLP-1/GIP/glucagon hybrid peptide yielded A
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significantly more weight loss compared to GLP-1 receptor activation alone or a GLP-1/glucagon 

dual-agonist (17). Glucagon receptor knock out mice were used to confirm that glucagon receptor 

activity was essential for these weight lowering actions (17). The clinical efficacy of these triple-

acting agents remains to be explored, but it is hoped the addition of glucagon signalling will result 

in greater weight loss than GLP-1 monotherapy alone (18). 

Despite promising preclinical data highlighting the benefits of combined GLP-1 and 

glucagon receptor activation, clinical effectiveness was less striking. First in human trials with 

SAR425899, a GLP-1/glucagon dual agonist developed by Sanofi, presented with favourable 

improvements in fasting plasma glucose, glycated haemoglobin and weight loss in overweight 

individuals (19). However, further evaluation revealed that SAR425899 only activates GLP-1 

receptors with no clear activation of the glucagon receptor in humans (19). In this regard, the 

authors speculated that the low 0.12 mg dose of SAR425899 employed for human studies may 

have been insufficient to provide receptor activation data (20). Likewise, although initial clinical 

findings with JNJ-64565111, a modified oxyntomodulin peptide that activates glucagon and GLP-

1 receptors, yielded acceptable tolerability and weight loss, a phase 2 study revealed weight loss 

was associated with increased incidence of nausea and vomiting (21). Similarly, MEDI0382, a 

balanced glucagon, GLP-1 dual agonist was found to significantly improve glucose disposal and 

weight loss compared to placebo but was also associated with more GIT-related side effects (22). 

Preliminary clinical findings with MEDI0382 (300 mg/day) demonstrated ~4.2 kg weight loss at 

52 weeks compared to 3.2 kg weight loss achieved with once daily liraglutide, suggesting that 

GLP-1/glucagon dual-acting therapies may not actually exhibit any clinically meaningful 

superiority over currently approved GLP-1 monotherapies 

[https://clinicaltrials.gov/ct2/show/results/NCT03235050?view=results]. 

2. GIP 

Glucose-dependent insulinotropic peptide (GIP) is a 42 amino-acid peptide secreted from 

intestinal K-cells upon nutrient absorption (12). Once released, this hormone acts on pancreatic 

beta-cell GIP receptors to enhance glucose-stimulated insulin secretion, similar to GLP-1 (Table 

1). Likewise, activation of hypothalamic neuronal GIP receptors may reduce food intake (23), with 

GIP receptor expressing neurons distinct from GLP-1, increasing potential for co-agonist therapy A
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benefits (24). Interestingly, blocking GIP receptor action using peptide-based receptor antagonists 

or active immunisation against GIP has also been shown to result in weight loss (25,26), 

suggesting plasticity in these GIP-mediated pathways linked to energy regulation. In this regard, 

the concept of GIP antagonism for anti-diabetic therapy has been pursued preclinically (27). 

However, GIP receptor antagonism was initially shown not to augment GLP-1-induced benefits on 

body weight control (28), an observation which may have been linked to dose-related issues. Thus, 

more recent work clearly demonstrates additive benefits of GIP receptor blockade and GLP-1 

receptor activation on body weight loss in obese mice and monkeys (29). On the other hand, 

combined activation of GIP and GLP-1 receptors also has established preclinical benefits (30,31). 

Based on the positive findings of combined receptor activation, dual-acting unimolecular 

GIP/GLP-1 peptides have subsequently been developed. 

Tirzepatide is the most well recognised GLP-1/GIP dual agonist, termed the “twincretin” 

and importantly shows clinical promise (32). The structure of tirzepatide is largely based on the 

GIP amino acid sequence, and it is equally as potent at the GIP receptor as native GIP but 13-fold 

less potent at the GLP-1 receptor relative to native GLP-1 (32). Notably, in diet-induced obese 

mice, tirzepatide outperformed the leading GLP-1 receptor agonist, semaglutide, in terms of 

weight loss which was related to more positive effects on energy expenditure and fat metabolism 

(32). First in human trials with tirzepatide revealed a 5-day half-life, supporting once-weekly 

dosing. In this regard, four weeks, once-weekly treatment in healthy humans significantly reduced 

fasting glycaemia with greater body weight loss than the GLP-1 receptor agonist, dulaglutide (32). 

In people with type-2 diabetes, four weeks tirzepatide treatment significantly improved HbA1c, 

fasting glycaemia, insulin levels, glucose tolerance and associated plasma insulin and weight loss 

compared to placebo (32). Likewise, the recently published SURPASS trial has demonstrated 

robust improvements in glycaemic control and weight loss following 40-weeks tirzepatide 

treatment, highlighting potential as a monotherapy (33). A subsequent study then compared 26-

week tirzepatide treatment directly against dulaglutide, with a greater proportion of tirzepatide 

treatment participants achieving a HbA1c <5.7%, and having greater reductions in body weight 

and waist circumference when compared to dulaglutide treatment (34). Tirzepatide therapy was 

also associated with improvements in atherogenic and lipoprotein profiles, strongly suggesting 

cardiovascular safety of this drug (35).  Finally, tirzepatide was demonstrated to reduce non-

alcoholic steatohepatitis (NASH) biomarkers including alanine aminotransferase (ALT), A
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aminotransferase (AST), keratin-18 and procollagen-3 when compared to placebo (36). In terms of 

potential adverse effects, it is believed that adjusting the dosing regimen to start at a low dose, 

with smaller dose increments up to maximum of 15 mg, dramatically improves tolerability (34). 

Before tirzepatide can be clinically approved, results are required from the SURPASS 

cardiovascular outcome trial concerning the efficacy and safety of tirzepatide compared to 

dulaglutide in patients with type-2 diabetes and cardiovascular risk (data expected 2024). 

Confirmation of cardiovascular safety is of critical importance given reports that elevated fasting 

GIP levels are associated with an increased risk of cardiovascular disease (37) and peripheral 

artery disease (38). 

3. PYY

PYY is a 36 amino acid hormone secreted from the GIT in response to nutrient absorption (12). 

PYY(1-36) is believed to improve long-term beta-cell function via activation of islet cell Y1 

receptors and resulting benefits of beta-cell turnover (39). Notably, in the acute setting Y1 receptor 

activation by PYY(1-36) inhibits glucose-induced insulin release, with this beta-cell rest effect 

thought to contribute to the enduring beta-cell benefits (40). Further to this, the dipeptidyl 

peptidase-4 (DPP-4) cleavage product of PYY(1-36), namely PYY(3-36), is biologically active 

and preferentially acts on Y2 receptors to reduce appetite (41). Collectively these actions make 

both Y1 and Y2-specific receptor variants of PYY potentially therapeutically exploitable for 

diabetes and obesity, respectively (42) (Table 1). The satiating action of PYY(3-36) has been 

robustly demonstrated in preclinical and human studies (42), however clinical development of a 

PYY(3-36) agent for obesity is lacking. This is largely due to adverse effects following injection 

in humans including GIT discomfort, sweating and nausea (41). However, recently an extended-

release formulation of PYY(3-36) has been developed, that displays good appetite suppressive 

actions with much improved tolerability in humans (43).  

When administered in combination with GLP-1, PYY(3-36) acts in an additive manner to 

reduce food intake in animals and humans. Underpinning this satiating action, is the finding that 

conjoint activation of GLP-1 and Y2 receptors elicits an additive or synergistic c-Fos response in 

the central amygdalar nucleus, arcuate nucleus, supratrigeminal nucleus, lateral paracrachial 

nucleus, area postrema and nucleus tractus solari brain regions when compared to activation of A
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either receptor alone (44). In keeping with this, PYY(3-36) and GLP-1 act via different signalling 

pathways within the brain and periphery, making the former an attractive candidate for improving 

the therapeutic action of GLP-1 (44). As such, stable, long-acting Y2-selective agonists in 

combination with GLP-1 have displayed significant weight loss in preclinical studies when 

compared with GLP-1 monotherapy (45). Similarly, dual-acting hybrids that activate both GLP-1 

and Y2 receptors have been developed and shown to inhibit appetite to a greater extent than either 

peptide alone (46). Interestingly, it has also recently been shown that Y2 receptor agonism can 

attenuate GLP-1 induced malaise in rodents using another dual-acting hybrid peptide, whilst 

maintaining glucoregulatory and weight lowering benefits (47). As such, GLP-1/Y2-receptor 

agonist combination therapies may enhance tolerability of current GLP-1 formulations, opening up 

this effective therapy to a wider cohort of patients. Currently, these unimolecular agonists have yet 

to be tested in humans. 

4. CCK

Cholecystokinin is a gut hormone secreted from I-cells within the GIT following nutrient intake 

(12). The full-length hormone is cleaved by processing enzymes to produce several bioactive 

fragments, the smallest and most druggable, being CCK-8. Collectively these CCK peptides act on 

CCK1 and CCK2 receptors, the latter almost exclusively expressed within the CNS (48). The 

former receptor is responsible for the satiating action observed with CCK, where activation of 

peripheral CCK1 receptors transmits satiety signals via the vagal nerve to the hypothalamus (49). 

In humans, CCK infusion induces satiety (50), whilst in the pancreas CCK exerts an insulinotropic 

action (51) and improves beta-cell proliferation and survival (52). Indeed, a number of CCK1 

receptor agonists have been generated that demonstrate persistent and potent satiating and 

antidiabetic actions (53,54). 

 Recent findings reveal that CCK and GLP-1 activate complementary cell signalling 

pathways both within the pancreatic beta-cell and the hypothalamus (55). Accordingly, combined 

administration of long-acting GLP-1 and CCK1 receptor agonists was associated with additive 

beneficial actions in rodent models of obesity-diabetes (56). Following on from this, three 

unimolecular dual-acting hybrids have been developed, with notable preclinical promise (57-59). 

Further research is required to determine whether benefits of such compounds can translate to the A
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human setting and whether concerns over induction of pancreatitis with CCK (60) can be 

overcome by appropriate dosage regime and balance of receptor activation. However, more 

promisingly CCK may be able to help protect against the increased risk of adverse gallbladder 

events associated with GLP-1 therapy in diabetes (61).

5. Gastrin

Structurally similar to CCK, gastrin is a hormone secreted from G cells located on the pyloric 

antral mucosa and duodenum, which preferentially acts on CCK2 receptors (12). Within the 

pancreas, gastrin and its target CCK2 receptor are produced and expressed in mouse islets 

respectively (52), with gastrin monotherapy shown to increase beta-cell mass via 

transdifferentiation of exocrine ductal cells (62). When given in combination with GLP-1, gastrin 

significantly augments beta-cell mass both in diabetic db/db (63) and in non-obese diabetic (NOD) 

(64) mice. It also reduced body weight in diet-induced obese rats (65). Likewise, a dual-acting 

GLP-1/gastrin hybrid peptide has been shown to induce significant metabolic benefits and 

improve islet morphology in db/db mice (66) and ZDF rats (67) when compared to GLP-1 alone. 

Further to these pancreatic advantages, gastrin is traditionally known to regulate gastric secretions 

and motility. GLP-1 infusions have been shown to suppress gastrin secretion, with this 

suppression thought to be linked to the GIT-related side effects associated with GLP-1 receptor 

agonists (68). In this regard, the use of gastrin in combination with GLP-1 may help to mitigate 

GLP-1 mediated gastrin suppression and alleviate GIT side effects. Despite promising preclinical 

observations, gastrin and GLP-1 dual-therapy in diabetic patients failed to yield superior 

glycaemic benefits when compared to GLP-1 monotherapy (69).

6. Xenin 

Secreted from GIT K-cells alongside GIP in response to feeding, xenin is a 25 amino-acid peptide 

that acts to suppress appetite, delay gastric emptying, modify lipid metabolism, improve beta-cell 

survival and regulate insulin and glucagon secretion (70). These physiological actions make it a 

good candidate to exploit for potential anti-diabetic efficacy (Table 1). Notably, xenin was 

originally considered to potentiate the actions of GIP (71), but similar benefits with GLP-1 have A
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recently emerged. Thus, a GLP-1/xenin hybrid peptide displays potent insulinotropic actions 

leading to improvements of glucose tolerance, insulin sensitivity and lipid profile in diet-induced 

obese mice (72).  Beyond this, a triple acting GLP-1/gastrin/xenin hybrid peptide has been 

developed which significantly suppressed appetite, lowered glucose and improved insulin 

secretion in both diet-induced (73) and ob/ob (74) mouse models of diabetes and obesity. Whether 

these promising preclinical actions translate to diabetic humans remains to be explored.

7. Amylin 

Amylin is a 37 amino acid peptide secreted primarily from pancreatic beta-cells in conjunction 

with insulin. Once secreted, stimulation of amylin receptors, primarily within the CNS, promotes 

satiation and delays gastric emptying (75). In addition, amylin acts within the pancreas to suppress 

glucagon secretion (76). These actions have led to interest in amylin analogues as a potential 

treatment for obesity and diabetes (Table 1). In this regard, pramlintide, a stable amylin agonist 

has been approved for use in type-2 diabetes since 2005 (77). Despite this, the relatively limited 

effectiveness of pramlintide has made it an unfavoured treatment option. However, with the rising 

interest in combination therapies, the use of amylin in conjunction with other satiating peptides 

has garnered interest. When combined with leptin therapy, amylin treatment restored leptin 

sensitivity in rodent models of obesity to produce notably weight loss (78). Importantly this 

substantial weight loss was translatable when stable amylin and leptin analogues were 

administered to obese individuals (79). Hybrid peptides that activate GLP-1 and amylin receptors 

have demonstrated greater glucose control and weight loss in obese mice than GLP-1 treatment 

alone (80). Initial clinical data suggests that amylin/GLP-1 combination treatment is well tolerated 

(81), however studies are yet to report whether amylin/GLP-1 combination is more efficacious 

than GLP-1 therapy alone. 

8. Leptin

The adipokine leptin, is widely known to be involved in satiety and regulation of body weight 

(Table 1). Administration of leptin has been shown to reduce appetite and decrease body weight, 

but leptin therapy has proved largely unsuccessful due to leptin resistance in people with type-2 A
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diabetes and obesity. In preclinical studies, leptin treatment was found to increase the 

insulinotropic actions of GLP-1 (82). Likewise, combined treatment with dual agonists for GLP-1 

and glucagon restored leptin sensitivity to allow leptin co-therapy to evoke greater weight loss 

than the dual agonist alone (83). In this regard, restoring leptin sensitivity should be the primary 

goal rather than simply administering copious amounts of exogenous leptin. This is strongly 

supported by clinical reports where leptin administration yields greater weight loss in individuals 

with lower leptin levels and greater leptin sensitivity (84). 

9. Fibroblast growth factors (FGFs)

Fibroblast growth factors are a family of 23 signalling proteins that perform pleiotropic roles in 

cellular and metabolic regulation (85). In particular, FGF21 shows therapeutic potential via its 

actions on the pancreas, liver and adipose that regulate insulin sensitivity, energy expenditure and 

lipid levels (12) (Table 1). Notably, FGF21 is upregulated by glucagon and responsible for the 

weight loss and lipid metabolic actions produced by glucagon (86). In harmony with this, GLP-1 

mediated weight loss is partly attributed to activation of invariant natural killer T cells, which 

induce FGF21 to promote thermogenesis (87). Preclinically, an FGF1/FGF21 hybrid corrected 

hyperglycaemia, insulin resistance and blood glucose control in both db/db mice and diabetic 

cynomolgus monkeys (88). This hybrid substitutes the thermally labile, low receptor affinity core 

of FGF21 with the thermally stable, high receptor binding affinity core of FGF1 to yield a potent, 

long-acting FGF21 agonist (88). In obese type-2 diabetic subjects, a stable FGF21 analogue 

reduced low-density lipoprotein, triglycerides and body weight by 1.7% (89). Based on these 

results, it is theorised that FGF21 induced thermogenic and insulin sensitising actions would 

complement the actions of GLP-1. Currently a FGF21/GLP-1 recombinant fusion peptide has been 

tested preclinically and confirms proof of concept, with the hybrid producing substantial weight 

loss and enhanced glycaemic control compared to either FGF21 or GLP-1 monotherapies (90). 

10. Oestrogen

Oestrogens are steroid sex hormones known to regulate reproductive status, energy consumption 

and feeding (91). In addition, oestrogen signalling plays an important role in regulating pancreatic A
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beta-cell function and maintaining insulin sensitivity (92). These pathways could represent a 

viable therapeutic target for obesity and diabetes (93) (Table 1). However clinical application of 

oestrogens has yet to be fully developed due to gynaecological and tumorigenic actions. To 

overcome this, oestrogen can be conjugated to GLP-1 with targeted action in GLP-1 receptor 

expressing cells, thus limiting the risks associated with systemic oestrogen exposure. With this 

approach, the oestrogen/GLP-1 conjugate produced greater weight loss in male diet-induced obese 

mice compared to either GLP-1 or oestrogen treatment alone (94). Encouragingly, the 

oestrogen/GLP-1 conjugate displayed no oncogenicity or reproductive toxicity when administered 

to male and female mice (94). Neural imaging analysis revealed that the effect on weight loss and 

energy consumption was due to central actions within the lateral hypothalamus, nucleus of the 

solitary tract and supramammilary nucleus (9). Additionally, this oestrogen, GLP-1 conjugate 

protected against STZ-induced beta-cell dysfunction and de-differentiation, ultimately reducing 

daily insulin requirements (95). Importantly, this improved beta-cell viability translated to human 

beta-cells (95). Collectively, these data highlight the value of oestrogen signalling as a potential 

therapeutic avenue for diabetes and obesity.

11. Dexamethasone 

Chronic inflammation plays an important role in the pathogenesis of type-2 diabetes and obesity. 

In this regard, glucocorticoids are prescribed to manage inflammatory diseases, but they are also 

well known to decrease insulin sensitivity and incretin insulinotropic action (96). However, much 

like oestrogen, the glucocorticoid dexamethasone can be conjugated with GLP-1 to allow for 

targeted delivery. This action allows for a more focused delivery of dexamethasone to GLP-1 

receptor expressing beta-cells. Utilising this targeted delivery removes the deleterious effects of 

dexamethasone on glucose homeostasis, bone integrity and hypothalamus-pituitary-adrenal axis 

activity, whilst reducing feeding and increasing energy expenditure, collectively decreasing body 

weight in obese mice (97). This reduction in feeding is underpinned by the dexamethasone/GLP-1 

conjugate blunting the reward pathways activated by palatable foods in mice (8). 

12. GLP-1 Signalling Enhancers A
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Beyond activation of complementary signalling pathways, another approach to augment the 

actions of GLP-1 involves the use of signalling enhancers. Such agents, usually small-molecule 

compounds, enhance GLP-1 receptor agonism to potentiate GLP-1 signalling, improve glucose-

stimulated insulin secretion and amplify weight loss. Entinostat (MS-275), a histone deacetylase 

inhibitor, acts in such a way by upregulating expression of genes involved in endocytosis, cAMP 

signalling, PI3K-Akt signalling and insulin secretion (10). In agreement, etinostat upregulated 

redox enzymes to improve beta-cell survival, whilst in adipocytes promoted energy expenditure. 

When combined with liraglutide, entinostat reduced visceral adiposity, fasting glycaemia and 

improved glucose tolerance in diet-induced obese mice (10). In a similar vein, altering GLP-1 

receptor trafficking can enhance cell signalling. GLP-1 receptor agonists, such as exendin-Phe1, 

with altered binding kinetics can prevent internalisation and recycling, thus maintaining the GLP-1 

receptor at the plasma membrane to enhance insulin release and glucose tolerance (98). As a 

whole, these novel strategies suggest it may be possible to improve GLP-1 receptor agonist 

mediated beta-cell actions, at a lower dose, avoiding tolerability issues. 

13. Insulin

Insulin is a rational choice for combining with GLP-1 therapy to improve glucose control in type-2 

diabetes, despite its anabolic actions. In this regard, two such combinations, namely 

lixisenatide/insulin glargine and liraglutide/insulin degludec, were approved for type-2 diabetes in 

2016 and 2017, respectively. In clinical studies, these formulations are superior at reducing HbA1c 

compared to insulin alone and significantly reduce the risk of hypoglycaemia (99). Importantly, 

implementing these combinations is safer than increasing basal dose of insulin, which is associated 

with risks of hypoglycaemia and weight gain (100). Likewise, in practical terms, a combined 

once-daily GLP-1, insulin formulation is attractive if this reduces required number of weekly 

injections. Improved formulations, potentially utilising once-weekly insulin icodec, may result in 

an effective once-weekly GLP-1, insulin therapy to treat type-2 diabetes. 

GLP-1 in Type-1 Diabetes

GLP-1 is not traditionally considered for type-1 diabetes therapy, however growing evidence is 

beginning to support this possibility. The addition of GLP-1 receptor agonists in type-1 diabetes 

may act to improve metabolic derangements such as obesity, insulin sensitivity and A
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hyperglycaemia, or to reduce diabetic complications such as cardiovascular disease, nephropathy, 

neuropathy and retinopathy (101). Likewise, it is postulated that the beta-cell 

proliferative/protective and anti-inflammatory actions of GLP-1 may enhance beta-cell function 

and protect against immune-mediated inflammatory stress respectively. Based on this, liraglutide 

treatment in combination with anti-IL-21 antibody, to neutralise T-cells, resulted in improved 

insulin secretion and reduced insulin dosage in people newly diagnosed with type-1 diabetes 

(102). Several clinical studies have been conducted, with each showing variations in benefit and 

risk. Two large trials (ADJUNCT 1 and ADJUNCT 2) however, demonstrated that liraglutide was 

a well-tolerated adjunct to insulin therapy, by improving HbA1c and weight loss (103,104). 

Overall, a meta-analysis, assessing liraglutide in people with type-1 diabetes, ultimately favours 

the use showing beneficial reductions in HbA1c, weight loss and daily bolus insulin dosage (105). 

Beyond this, the beneficial beta-cell actions of GLP-1 receptor agonists have been shown to 

improve islet survival and function following transplantation in type-1 diabetes (106).

Conclusions 

The clinical approval of GLP-1 receptor agonists, some 15 or more years ago, has dramatically 

improved the treatment options for type-2 diabetes and more recently obesity. Although the 

original agents, exenatide and liraglutide, are clinically effective, new longer-acting GLP-1 

receptor agonists continue to be developed as well as methods to augment their overall efficacy. 

The rationale for GLP-1 adjunct therapy is supported by remarkable preclinical benefits of 

combination therapies that have not been fully translated to the clinic. In this regard, the notable 

recent successes with tirzepatide in humans, as well as preclinical and clinical datasets from other 

GLP-1 dual- and triple-acting drugs, is highly encouraging. However, ultimate success of these 

multi-targeting therapies may depend on optimisation of drug design to ensure appropriate 

receptor activation profiles that maintains efficacy whilst mitigating adverse effects. Despite these 

hurdles, the significant positive developments noted within this review suggest that it may not be 

long until GLP-1 adjunct therapies are being utilised in the clinic, to markedly improve the 

treatment options available for people living with diabetes and obesity. 
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Table 1: Physiological actions of GLP-1 and adjunct hormones 

 

 

 

 

 

 
       

 Pancreas Brain Cardiovascular GI Tract Bone Adipose Liver 

GLP-1  ↑ Insulin secretion  

↓ Glucagon secretion 

↑ Beta-cell 

proliferation 

↓ Beta-cell apoptosis  

↓ Beta-cell 

transdifferentiation  

↓ Appetite  

↑ Neuroprotection  

↑ Memory  

↓ Inflammation 

↑ Cardioprotection 

↑ Contractility  

↑ Cardiac output  

↑ Endothelial 

function  

↑ Vasodilation  

↓ Gastric emptying  

↓ Gastric motility  

↑ Bone density  

↑ Bone 

formation  

↑ Thermogenesis  

 

↓ Inflammation 

(indirect action via 

reduced oxidative 

stress & 

inflammatory T-cell 

responses)  

GIP ↑ Insulin secretion  

↑↓ Glucagon 

secretion  

↑ Beta-cell 

proliferation 

↓ Beta-cell apoptosis 

↑ Alpha-cell 

transdifferentiation 

↓ Appetite  

 

↑ Endothelial 

function  

 

↓ Gastric emptying  

↓ Gastric motility 

↓ Gastric acid 

secretion 

↑ Bone 

formation 

↑ Lipogenesis 

 

↓ Glucagon-

stimulated glucose 

production  
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Glucagon  ↑ Insulin secretion  

↑ Alpha-cell 

transdifferentiation 

 

↓ Appetite ↑ Cardioprotection 

↑ Contractility  

↑ Cardiac output  

 

↓ Gastric emptying  

↓ Gastric motility 

↑ Gall bladder 

contraction 

 ↑ Thermogenesis  

↑ Energy 

expenditure 

↑ Lipolysis 

 

↑ Thermogenesis  

↑ Energy 

expenditure 

↑ Glycogenolysis 

↑ Gluconeogenesis  

CCK  ↑ Insulin secretion  

↑ Beta-cell 

proliferation 

↓ Beta-cell apoptosis  

↓ Appetite  ↓ Gastric emptying  

↓ Gastric motility 

 

   

Gastrin ↑ Beta-cell 

regeneration 

↓ Appetite  ↑ Gastric acid 

secretion 

 

 

 

  

PYY1-36 ↓ Insulin secretion 

↑ Beta-cell 

proliferation 

↓ Beta-cell apoptosis 

↓ Beta-cell 

transdifferentiation 

↑ Appetite 

↑ Sedation 

↑ Vasoconstriction 

↑ Blood pressure 

↓ Gastric motility 

↑ Colonic 

epithelium growth  

 

↓ Bone density  

 

  

PYY3-36  ↓ Appetite 

↑ Memory  

↑ Nausea  

↓ Neuronal 

apoptosis 

↑ Blood pressure ↓ Gastric motility 

↓ Gastric acid 

secretions 

↓ Bone density   

Xenin  ↑ Insulin secretion  ↓ Appetite  ↓ Gastric emptying   ↑ Lipogenesis  A
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↓ Beta-cell 

transdifferentiation 

↑ Alpha-cell 

transdifferentiation 

↑ GIP potentiation 

 ↓ Gastric motility 

 

Amylin ↓ Glucagon secretion ↓ Appetite 

 

 ↓ Gastric emptying    

Leptin ↓ Insulin secretion 

↑ GLP-1 potentiation 

↓ Appetite 

 

↑ Angiogenesis 

↑ Wound repair  

  ↑ Thermogenesis  

FGF21 ↓ Glucagon secretion 

↑ Beta-cell survival 

 

↓ Appetite ↑ Cardioprotection 

 

 ↑ Bone density  

 

↑ Thermogenesis  ↑ Insulin sensitivity 

↓ Hepatic fat 

↓ Gluconeogenesis 

Oestrogen ↑ Beta-cell survival 

↑ Insulin production  

 

↑ Neuroprotection  

 

↑ Cardioprotection 

 

 ↑ Bone density  

 

 ↑ Insulin sensitivity  

Dexametha

sone 

 ↓ Appetite    ↑ Energy 

expenditure 

↑ Insulin resistance 

 

Table 1: Physiological actions of potential adjunct hormones that can be harnessed and combined with GLP-1 receptor agonists to treat type-2 

diabetes and obesity. GLP-1, glucagon-like peptide-1; GIP, glucose-dependent insulinotropic polypeptide; CCK, cholecystokinin; PYY, peptide 

tyrosine tyrosine; FGF21, fibroblast growth factor 21. Blank boxes represent actions that have not yet been fully elucidated.  
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