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The therapeutic benefits of the incretin hormone, glucagon-like peptide 1 (GLP1), for people with type 2 diabetes and/or obesity, are 
now firmly established. The evidence-base arising from head-to-head comparative effectiveness studies in people with type 2 diabe-
tes, as well as the recommendations by professional guidelines suggest that GLP1 receptor agonists should replace more traditional 
treatment options such as sulfonylureas and dipeptidyl-peptidase 4 (DPP4) inhibitors. Furthermore, their benefits in reducing cardio-
vascular events in people with type 2 diabetes beyond improvements in glycaemic control has led to numerous clinical trials seeking 
to translate this benefit beyond type 2 diabetes. Following early trial results their therapeutic benefit is currently being tested in other 
conditions including fatty liver disease, kidney disease, and Alzheimer’s disease.
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DISCOVERY OF GLUCAGON-LIKE 
PEPTIDE 1 AS AN INSULINOTROPIC 
INCRETIN HORMONE

In 1902 Bayliss and Starling [1] described the first gastrointesti-
nal (GI) hormone, secretin, establishing the role of the GI tract 
as an endocrine organ. The ability to accurately measure serum 
insulin by radioimmunoassay, allowed the description of the in-
cretin effect, whereby glucose administration into the gut poten-
tiated insulin secretion to a greater extent than equimolar plasma 
glucose excursions achieved by intravenous infusion. 

Glucagon-like peptide 1 (GLP1) belongs to the family of in-
cretin hormones which are released from the GI gastrointestinal 
tract following nutrient intake, augmenting the glucose-depen-
dent insulin response during hyperglycaemia. The first of these, 

glucose-dependent insulinotropic polypeptide (GIP), was isolat-
ed in 1971 [2]. This review only focusses on the second incretin 
hormone, namely GLP1. 

The insulin-releasing effects GLP1 were described by two 
groups in 1987 [3,4]. They showed that GLP1 is a peptide hor-
mone derived from the L-cells of the mammalian GI mucosa, 
which is secreted following the posttranslational cleavage from 
the pro-hormone, proglucagon. GLP1 is part of several proglu-
cagon-derived peptides including GLP2 as well as additional 
isoforms of GLP1, such as GLP1(1-36), GLP1(1-37), the trun-
cated form GLP1(7-37) and the arginine-amidated isoforms 
GLP1(7-37)amide and GLP1(1-36)amide. In a series of elegant ex-
periments using isolated cell lines, Drucker et al. [5] demon-
strated that it was the GLP1(7-37) which induced insulin pro-
duction via cyclic adenosine monophosphate (AMP). Further-
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more, they demonstrated that GLP1(7-37) increased the insulin 
mRNA transcription and stimulated its secretion at glucose con-
centrations of 25 mM but not at 5.5 mM. They also showed that 
neither GLP1(1-36) or GLP1(1-37) increased cyclic AMP con-
centrations nor did GLP2 or glucagon induce insulin gene ex-
pression. The truncated amide isoform GLP1(7-37)amide also 
stimulates insulin secretion [3]. These findings established 
GLP1(7-37) as the proglucagon derived peptide which specifi-
cally enhances glucose-dependent insulin secretion in pancreat-
ic β-cells. This was followed by ‘first in man’ studies which 
confirmed the insulinotropic effect of GLP1(7-37) and GLP1(7-
37)amide [6]. Similar to laboratory cell line experiments, the bio-
activities of the extended forms of GLP1 (GLP1(1-36) and 
GLP1(1-37)) have not been determined. No distinctive physio-
logical action has been clearly attributed to whether GLP1 is 
amidated or not. Next it was demonstrated that GLP1, in con-
trast to GIP [7], inhibited glucagon secretion in the perfused 
pancreas [8] and later in humans [9]. This stimulation was at-
tenuated as plasma glucose decreased which limited the fall to 
0.5 to 1 mM. The same group showed that GLP1 inhibited gas-
tric and exocrine pancreatic secretion [10] and also that infusing 
GLP1 in humans inhibited appetite and food intake [11]. Next it 
was demonstrated by Nauck et al. [12], that intravenous GLP1 
infusion normalised plasma glucose in individuals with long-
standing type 2 diabetes. These findings demonstrated the thera-
peutic potential of GLP1 for the treatment of type 2 diabetes 
and obesity. Subcutaneous injection of GLP1 was however dis-
appointingly ineffective [13]. The reason for this was demon-
strated by Deacon et al. [14] who identified that the protease di-
peptidyl-peptidase 4 (DPP4) rapidly degrades GLP1 with an 
elimination half-life of about 2 minutes [15]. This was soon fol-
lowed by experiments which demonstrated that GLP1 ana-
logues which are resistant to DPP4 protease inactivation were 
longer acting than native GLP1, and that inhibition of DPP4 
amplified endogenous GLP1’s insulinotropic effect [16]. At this 
stage it was uncertain whether GLP1 therapy could be clinically 
useful, whether tachyphylaxis would develop and whether there 
would be safety concerns. Zander et al. [17], infused synthetic 
GLP1 subcutaneously in a cohort of people with longstanding 
type 2 diabetes over 6 weeks. No tachyphylaxis was demon-
strated, mean hemoglobin A1c (HbA1c) reduced by 1.3% and 
weight decreased by 2 kg. Clamp studies in this group showed 
improvements insulin sensitivity and β-cell function. These ex-
periments paved the way for the pharmacological development 
GLP1 receptor agonists (GLP-1RAs). 

DEVELOPMENT OF GLP-1RAs AND 
PIVOTAL COMPARATIVE EFFECTIVENESS 
STUDIES IN TYPE 2 DIABETES

Daily GLP-1RAs
The peptide exendin-4 isolated from the saliva of the Gila mon-
ster (Heloderma suspectum) was serendipitously found to have 
a high degree of homology to mammalian GLP1 and found to 
bind and activate GLP1-receptors [18]. Without further modifi-
cation, the first synthetic exendin-4 (named exenatide) was ap-
proved in 2005 (USA) and 2006 (Europe) as a pharmacological 
GLP-1RA. Its clinical trial programme investigated a twice dai-
ly injection regimen. 

The first once daily administered GLP-1RA developed was 
liraglutide. Unlike exenatide, it had high homology with human 
GLP1. A free fatty side chain enabled albumin binding which 
serves as a reservoir with an estimated approximately 1% to 2% 
of liraglutide circulating freely. The elimination half-life of ap-
proximately 13 hours made it suitable for once daily administra-
tion. The question as to whether this would translate into addi-
tional clinical benefit was duly answered in a head-to-head 
comparative effectiveness study [19]. Liraglutide 1.8 mg re-
duced the mean HbA1c by 1.12% versus 0.79% for twice daily 
exenatide 10 μg from a baseline of 8.2%. Mean weight loss was 
similar (3.24 kg for liraglutide and 2.87 for exenatide). A second 
once daily GLP-1RA, lixisenatide, gained market authorisation 
but it was significantly inferior at 20 μg dose to liraglutide 1.8 
mg with an estimated treatment difference (ETD) of –0.62% 
from a mean baseline HbA1c of 8.4% [20]. Such head-to-head 
comparative studies have commendably continued during the 
development programmes of other GLP-1RAs, and such studies 
inform clinical decision-making. Similar head-to-head studies 
are conspicuously absent in other drug classes such as sodium 
glucose transport 2 (SGLT2) inhibitors and DPP4 inhibitors and 
their prescribing is more readily influenced by marketing than 
by research and development data [21,22]. 

Weekly GLP-1RAs 
The next challenge was to see whether once-weekly GLP-1RAs 
could provide greater benefits than liraglutide. Exenatide sus-
pended in a microsphere formulation was the first of the once 
weekly GLP-1RAs to be approved. In its first notable head-to-
head trial, 2 mg once weekly exenatide was superior to 10 μg 
twice daily exenatide (HbA1c ETD 0.4%) with similar weight 
loss [23]. 

However, liraglutide 1.8 mg showed a greater reduction in 
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HbA1c than 2 mg once weekly exenatide (ETD 0.21%) with 
statistically similar but numerically greater weight loss of 3.6 kg 
for liraglutide versus 2.7 kg for exenatide [24]. 

Another successful developmental strategy was to couple 
modified GLP1 with a large molecule such as albumin (albiglu-
tide) or an immunoglobulin (dulaglutide and efpeglenatide). 
With slow degradation these compounds have half-lives of ap-
proximately a week. The head-to-head comparative studies con-
ducted during their development programmes assessed the 
progress derived. The Assessment of Weekly AdministRation 
Dulaglutide in Diabetes (AWARD) 6 trial compared once week-
ly dulaglutide 1.5 mg to liraglutide 1.8 mg once daily. Dulaglu-
tide was non-inferior to liraglutide with similar HbA1c (–1.42% 
vs. –1.36%) and weight reductions (–2.9 kg vs. –3.6 kg) [25]. 
Liraglutide 1.8 mg once daily, however, was superior to albiglu-
tide as assessed by reductions in HbA1c (ETD 0.21%) and 
weight loss (–2.2 kg vs. –0.6 kg) from a baseline of approxi-
mately 92 kg [26]. 

The most recently developed GLP-1RA was semaglutide. Its 
structure is similar to that of liraglutide being a modified GLP1 
with high homology to human GLP1 attached to a fatty acid. Its 
longer half-life of about a week is attributed to the greater bind-
ing affinity to albumin. It is a much smaller compound approxi-
mately 4 kilo-Dalton (kDa) compared to Dulaglutide (which is 
approximately 63 kDa) and this may explain its superiority over 
the larger once weekly compounds [27,28]. In head-to-head 
studies, weekly semaglutide was superior to three GLP-1RAs as 
assessed by both glycaemic control (the primary endpoint) and 
weight reduction (a secondary endpoint). The Semaglutide Un-
abated Sustainability in Treatment of Type 2 Diabetes (SUS-
TAIN) 3 trial compared weekly semaglutide 1.0 mg to weekly 
exenatide 2 mg [29]; semaglutide was superior for HbA1c re-
duction (–1.5% vs. –0.9%) from a baseline of 8.3% and superior 
for weight reduction (–5.6 kg vs. –1.9 kg) from a baseline of ap-
proximately 96 kg. The SUSTAIN 7 trial compared weekly du-
laglutide 0.75 mg to semaglutide 0.5 mg (the lower doses of 
each medicine) and dulaglutide 1.5 mg to semaglutide 1.0 mg 
(the higher doses) [28]. For both comparisons semaglutide was 
superior to dulaglutide as measured by HbA1c (ETD 0.4%) and 
semaglutide had twice the weight loss at the low (–4.6 kg vs. 
–2.3 kg) and high (–6.3 kg vs. –3.0 kg) doses. The SUSTAIN 10 
trial compared liraglutide 1.2 mg to semaglutide 1.0 mg [30]. 
The investigators chose these doses to reflect the most common 
prescription pattern in Europe at the time of the study design (li-
raglutide 1.2 mg) and the most common anticipated pattern 
(semaglutide 1.0 mg), arguing that this increases the clinical rel-

evance of the results [30]. Semaglutide was superior to liraglu-
tide 1.2 mg in HbA1c (–1.7% vs. –1.0%) and weight reductions 
(–5.7 kg vs. –1.9 kg) from a baseline of approximately 97 kg. 

The SUSTAIN programme also compared injectable sema-
glutide to sitagliptin, canagliflozin, and insulin glargine. Weekly 
injectable semaglutide 1.0 mg was superior to sitagliptin for 
both improved glycaemic control and weight loss (–1.6% vs. 
0.5% from baseline 8.1%; –6.1 kg vs. 1.9 kg from baseline 89 
kg) [31], to titrated insulin glargine (–1.6% vs. –0.8%; –5.2 kg 
vs. 1.2 kg) [32] and also to canagliflozin (–1.5% vs. 1.0% from 
baseline of 8.3%; –5.3 kg vs. –4.2 kg) [33]. 

Higher doses of existing GLP-1RA
Both semaglutide and dulaglutide were more recently also in-
vestigated at higher doses than initially licenced for glucose 
lowering. The SUSTAIN FORTE compared 2.0 to 1.0 mg of 
semaglutide once weekly; from a baseline HbA1c of 8.9% the 
reduction was 2.2% versus 1.9% and the weight loss difference 
was 6.9 kg versus 6.0 kg (trial product estimand) [34]. The 
Semaglutide Treatment Effect in People with Obesity (STEP) 2 
trial compared semaglutide 2.4 mg and semaglutide 1.0 mg to 
placebo, demonstrating respective changes in HbA1c (–1.6%, 
–1.5%) and mean percentage weight reduction (9.6%, 7.0%) 
[35]. The AWARD-11 trial tested two higher doses of dulaglu-
tide 3.0 and 4.5 mg and compared this to the then highest clini-
cally approved dose of 1.5 mg. The respective HbA1c reduc-
tions for the 1.5, 3.0, and 4.5 mg doses from a baseline of 8.6% 
were –1.52%, –1.71%, and –1.83% [36]. 

Oral GLP-1RA
Novel technology has allowed for semaglutide to now become 
available as the first oral GLP-1RA medication through its co-
formulation with sodium N-(8-(2-hydroxybenzoyl) amino) cap-
rylate (SNAC) [37]. SNAC increases the local pH in the stom-
ach reducing acid degradation and allowing for transcellular ab-
sorption of semaglutide in the stomach (unlike most drugs 
which are absorbed in the small intestine). The absorption of 
semaglutide is reduced with excess fluid intake and when taken 
with food. It should thus be taken in the fasting state (>6 hours 
after eating) and with minimal fluid (<120 mL). Food and other 
medications should not be taken for at least 30 minutes follow-
ing ingestion. The Peptide Innovation for Early Diabetes Treat-
ment (PIONEER) 4 trial compared once daily oral semaglutide 
14 mg to liraglutide 1.8 mg [38]. This showed a similar im-
provement in glycaemic control HbA1c (–1.2% vs. –1.1%) 
from a baseline of 8.0% with significantly greater weight reduc-
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tion (–4.4 kg vs. –3.1 kg). Oral semaglutide 14 mg once a day 
also showed superior improvements in glycaemic control when 
compared to empagliflozin 25 mg (–1.3% vs. –0.9%) [39] and 
sitagliptin 100 mg (–1.3% vs. –0.8%) [40]. 

SAFETY AND TOLERABILITY

Gastrointestinal 
The most frequently reported side-effects of GLP-1RAs are GI 
with nausea being the most common (occurring in about one in 
five patients) and diarrhoea and vomiting occurring in about 
one in 10 patients [41,42]. These side effects are likely due to 
direct GI effects such a delay in gastric emptying or central acti-
vation of GLP1 receptors in the brainstem, such as the area pos-
trema. Fasting subjects can exhibit GI side effects and these can 
be exacerbated by larger meals and meals with higher fat con-
tent which already delay gastric emptying. The GI side-effects 
occur mostly in the early treatment period (1 to 3 months) and 
these can be mitigated by dose titration. 

GI side effects are dose dependent, but to a lesser degree. In 
the AWARD-11 trial comparing weekly dulaglutide this was 
13.4% (1.5 mg), 15.6% (3 mg); 16.4% (4.5 mg) for nausea and 
5.6% (1.5 mg), 8.3% (3 mg), and 9.3% (4.5 mg) for vomiting 
[36]. In the SUSTAIN FORTE trial GI disorders were 34% and 
31% for the 2.0 and 1.0 mg semaglutide doses respectively [34]. 
Longer acting GLP-1RAs are generally better tolerated than 
shorter acting GLP-1RAs and tolerability is also influenced by 
background medication (for example, worse when on metfor-
min and insulin) [41]. The best data from long term adherence 
in large cohorts are from the placebo controlled cardiovascular 
outcome trials (CVOTs). These show broadly similar tolerabili-
ty within the GLP-1RA class. The proportion of patients discon-
tinuing the study drug because of adverse events (AEs) was 
11.4% for lixisenatide [43], 9.5% for liraglutide [44], 13.2% for 
subcutaneous semaglutide [45], 8.6% for albiglutide [46], 
11.6% for oral semaglutide [47], and 9.1%, for dulaglutide [48]. 

It has been suggested that differences exist between popula-
tions, with lower rates of GI AEs seen in Japanese compared to 
Caucasian populations suggesting either differences in pharma-
cogenetics and/or eating habits [42]. However, more recent 
analysis of the PIONEER 1–5 and 7&8 trials of oral semaglu-
tide did not show any differences between White, Black/Afri-
can-American, or Asian subgroups who experienced more than 
one GI AE [49]. For example, in the PIONEER 2 trial subjects 
who experienced more than one GI AE on oral semaglutide 
were White (42%), Black/African American (41%), and Asian 

(18%) in contrast to the PIONEER 3 study where subjects who 
experienced more than one GI AE on oral semaglutide were 
White (34%), Black/African American (34%), and Asian (48%).

GI AEs have hardly any impact on the weight loss effects. 
This was studied by several mediation analyses [50,51]. GI AEs 
contributed <0.1 kg to weight loss superiority of semaglutide 
compared to other GLP-1RAs (weekly exenatide, dulaglutide, 
and liraglutide) studied in the SUSTAIN 3, 7, and 10 trials. In 
the SUSTAIN 1–5 trials which compared semaglutide to place-
bo, sitagliptin, weekly exenatide, and insulin glargine, 0.07 kg 
of the 2.3 kg weight loss seen on semaglutide 0.5 mg, and 0.5 
kg of the overall 6.3 kg for semaglutide 1.0 mg was mediated 
by nausea/vomiting [51]. 

Other adverse events
When GLP-1RAs were first introduced there was concern that 
these agents could increase the risks of pancreatitis, pancreas 
cancer and medullary thyroid cancer [52]. Since then, these 
fears have been quelled following numerous large, randomised 
placebo controlled CVOTs which carefully adjudicated these 
AEs of special interest. A recent meta-analysis of GLP-1RA 
CVOTs showed no increased risk for acute pancreatitis or ma-
lignancy [53,54]. 

BENEFITS BEYOND DIABETES

There are numerous reviews discussing the benefits of GLP-
1RAs beyond management of glycaemia and for the sake of 
brevity we therefore discuss these very only briefly.

Weight loss 
The weight loss benefits of GLP-1RAs have also been demon-
strated in people who do not have diabetes. This has recently 
been reviewed by several authors [42,55-57] with an in-depth 
review of the clinical physiology and basic science by Drucker 
[58]. The most comprehensively studied are liraglutide (Satiety 
and Clinical Adiposity–Liraglutide Evidence [SCALE] pro-
gram) and semaglutide (STEP program). Their benefit is such 
that both have now received market authorisation for the treat-
ment of obesity in numerous countries. 

Cardiovascular
The cardiovascular benefits of GLP-1RA therapy demonstrated 
in CVOTs has led to recommendations from the American Dia-
betes Association (ADA) and the European Association for the 
Study of Diabetes (EASD) for this treatment in people with type 
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2 diabetes who also have established cardiovascular disease 
(CVD) or at high risk of CVD, irrespective HbA1c target [59]. 
The cardiovascular benefits of GLP-1RAs and mechanisms by 
which these are provided, have been recently reviewed by sev-
eral authors [42,54,56,60,61]. Thus far, the cardiovascular bene-
fits of GLP-1RAs have only been reported in people with type 2 
diabetes. This benefit could be expanded to a broader popula-
tion, and this is being tested in the Semaglutide Effects on Heart 
Disease and Stroke in Patients With Overweight or Obesity 
(SELECT) trial which is studying semaglutide in a people who 
do not have type 2 diabetes but who do have high cardiovascu-
lar risk (ClinicalTrials.gov Identifier: NCT03574597) [62]. 

Renal
GLP-1RA therapies have demonstrated tantalising renal benefits 
as secondary outcomes in the CVOTs with a reduction of albu-
minuria (with variations in definitions of either micro- or mac-
roalbuminuria), new onset of albuminuria and a decline in glo-
merular filtration rate, being reported. These analyses, including 
their mechanisms, have been recently reviewed [60,63-65] with 
the most consistent benefit being improvement in albuminuria. 
Renal specific benefits which have already been tested as pri-
mary outcomes for SGLT2 inhibitors require similar testing in 
GLP-1RAs to validate them. Semaglutide is currently being as-
sessed in a large trial (A Research Study to See How Semaglu-
tide Works Compared to Placebo in People with Type 2 Diabe-
tes and Chronic Kidney Disease [FLOW] study) in a population 
with type 2 diabetes and chronic kidney disease (CKD) where a 
composite renal outcome is the primary endpoint (ClinicalTri-
als.gov Identifier: NCT03819153) [66]. It is also being tested in 
a group of more advanced kidney disease (stage 4–5 CKD and 
dialysis dependent end stage kidney disease) (Effect of Subcuta-
neous Semaglutide on Kidney Transplant Candidacy [RAISE-
KT]) (ClinicalTrials.gov Identifier: NCT04741074) [67].

Fatty liver disease
Non-alcoholic fatty liver disease (NAFLD) is associated with 
visceral obesity and insulin resistance and there is a bidirection-
al association with type 2 diabetes [68]. The evidence for the 
potential value of GLP-1RA therapy in NAFLD has accumulat-
ed over the past decade and this has been recently reviewed by 
several authors [69,70]. GLP-1RA therapy has demonstrated 
improvements in NAFLD as assessed by surrogates such as a 
reduction in aminotransferase levels [71] and reduction in liver 
fat content [72]. Randomised controlled trials of liraglutide and 
semaglutide have now demonstrated benefits on histological 

endpoints such as resolution of nonalcoholic steatohepatitis and 
reductions in progression of fibrosis [73,74].

Neurodegenerative diseases
Encouraging results from animal studies have shown that GLP-
1RAs improve cognitive performance and synaptic plasticity 
[75]. This led to pilot studies showing improvements in motor 
and cognitive function in people with Parkinson’s disease [76] 
and also Alzheimer’s disease. The Evaluating the effcts of Lira-
glutide in Alzheimer’s Disease (ELAD) study, a phase 2 double 
blinded placebo-controlled trial tested the value of liraglutide in 
people with Alzheimer disease. It showed that liraglutide treated 
patients performed significantly better than placebo in temporal 
lobe and whole cortical magnetic resonance imaging volume 
and cognitive function [77]. Two phase 3 studies (A Research 
Study Investigating Semaglutide in People With Early Alzheim-
er’s Disease [EVOKE] and A Research Study Investigating 
Semaglutide in People With Early Alzheimer’s Disease [EVOKE] 
plus) are currently under way, testing the value of oral semaglu-
tide in early Alzheimer’s disease (ClinicalTrials.gov Identifier: 
NCT04777396, NCT04777409) [78,79]. An in-depth review on 
the pathophysiology, animal studies and clinical trials of the 
neuroprotective mechanisms of GLP-1RAs was recently pub-
lished [80].

CONCLUSIONS

The insulinotropic effect of the incretin peptide hormone, GLP1 
was described 40 years ago. This led to the development of 
GLP-1RA therapies which showed clinically impactful im-
provements from the first twice daily to once weekly injectable 
and now also as an oral therapy. Comparative effectiveness tri-
als were able to demonstrate improvements with GLP-1RA 
drug development and the superiority in glycaemic control and 
weight loss over other glucose lowering drug classes. Subse-
quently, evidence-based guidelines have recommended their 
early introduction as well as their use beyond improving glycae-
mic control for people with type 2 diabetes and high cardiovas-
cular risk. GLP-1RA therapy has already shown tantalizing 
benefits in several other disease areas, and these are now being 
rigorously tested in larger clinical trials.
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