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DRUG EVALUATION

Liraglutide: a human GLP-1 analog for 
Type 2 diabetes

The need for new therapy in 
Type 2 diabetes
Type 2 diabetes is a complex multisystem dis-
order, defi ned by insulin resistance and failure 
of pancreatic β cells to produce suffi cient insu-
lin in order to maintain blood glucose levels 
within acceptable limits. Furthermore, fasting 
and postprandial hyperglucagonemia in patients 
with Type 2 diabetes have been shown to result 
in increased glucagon-induced hepatic glucose 
production, which again contributes to fasting 
hyperglycemia and exaggerated postprandial 
glucose excursions. The defi ciencies in Type 2 
diabetes rarely occur alone: patients with Type 2 
diabetes are often obese and frequently have 
hypertension and dyslipidemia. This constella-
tion of risk factors, together with the damaging 
effects of hyperglycemia, places many patients 
with Type 2 diabetes at cardiovascular risk. 
Comparisons with age-matched, normoglycemic 
populations suggest that the presence of elevated 
blood glucose concentration amplifi es the risk 
posed by other cardiovascular risk factors for 
serious outcomes such as coronary events and 

stroke [101]. Type 2 diabetes is also a progres-
sive disease, characterized by a decline in β-cell 
function that occurs over a period of years. As a 
result, all current therapies for Type 2 diabetes 
need to be adjusted, upgraded or substituted as 
the disease progresses, in order to maintain gly-
cemic control. The current treatment paradigm 
in Type 2 diabetes requires initial treatment 
with dietary and lifestyle modifi cations, usually 
rapidly supplemented by oral antidiabetic agent 
therapy. The biguanide metformin is a common 
fi rst step in pharmacotherapy, alternatives being 
insulin secretagogues. The progressive nature 
of the disease means that any single oral anti-
diabetic agent is frequently supplemented by a 
second, and subsequently perhaps a third, agent; 
many patients with Type 2 diabetes ultimately 
progress to therapy with insulin as a neces-
sary step in maintaining glycemic levels within 
acceptable limits.

These current therapies for Type 2 diabetes are 
not without limitations. Many agents – sulfonyl-
ureas, thiazolidinediones and insulin – have a 
tendency to cause weight gain, hardly desirable 
in a patient population in which many are already 
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obese. The agents with the most pronounced effi -
cacy in glucose lowering also have a tendency to 
cause hypoglycemia. Several agents have impor-
tant contraindications that restrict their use in 
renally impaired or other special patient popula-
tions, while none has proven capable of indefi nitely 
preventing the progression of Type 2 diabetes.

Physiological & therapeutic effects of 
glucagon-like peptide-1
Glucagon-like peptide-1 (GLP-1) and glucose-
dependent insulinotropic polypeptide (GIP) are 
peptide hormones secreted from the small intes-
tine and colon in response to oral, but not intra-
venous, glucose administration. The increased 
secretion of insulin resulting from the effects of 
these hormones on the pancreatic β cells – known 
as the incretin effect – accounts for up to 70% 
of the postprandial insulin response in healthy 
individuals, and is accompanied by suppression 
of glucagon secretion [1,2]. 

GLP-1 has a number of acute effects on glucose 
sensing and insulin secretion by the β-cell, includ-
ing closure of ATP-dependent potassium chan-
nels, shifting membrane potential and sensitizing 
β cells to glucose [2], reduction of activity of the 
voltage-dependent potassium channel [3], release 
of Ca2+ from internal stores [4] and an increase 
in the number of readily releasable insulin secre-
tory vesicles. Chronic effects of GLP-1 include 
increased insulin mRNA levels [5], stimulation of 
insulin transcription [6] and stabilization of insu-
lin mRNA, and increased levels of transcription 
factor PDX-1 mRNA and protein [7,8]. GLP-1 
thus provides both an immediate effect on insu-
lin secretion and longer-term stimulation of insu-
lin synthesis. Longer-term effects of GLP-1 seem 
to be at the level of increased β-cell neogenesis 
(through differentiation of duct cells [7]), prolif-
eration of existing β cells [9], and through reduc-
tion in lipotoxicity- and cytokine-mediated β-cell 
apoptosis [10]. GLP-1 also delays gastric emptying 
and increases satiety, resulting in weight loss [11,12].

The physiological role of GLP-1, together 
with a defi ciency of GLP-1 secretion seen in 
Type 2 diabetes [13], suggests it as a interesting 
potential therapy for that disease, and indeed 
infusion of GLP-1 can lower levels of blood 
glucose [14]. However, native GLP-1 has a short 
half-life of less than 2 min following adminis-
tration in vivo, being rapidly degraded by the 
enzyme dipeptidyl peptidase-4 (DPP-4) [15,16]. 
Therapeutic administration of GLP-1 is thus 
impractical, and efforts have focused on amend-
ing the pharmaco kinetic properties of GLP-1 in 
a series of derivatives and analogs.

Design & pharmacology of liraglutide
Native GLP-1 is a 30-amino acid peptide pro-
duced by cleavage of the transcription product 
of the preproglucagon gene [17]. Liraglutide is a 
recombinant, acylated analog of human GLP-1. 
The native structure of the GLP-1 molecule has 
been modifi ed by replacement of lysine with 
arginine at position 34 and attachment of a C16 
acyl chain at position 26 via a glutamoyl spacer. 
Liraglutide thus has 97% sequence homology to 
native GLP-1. Structure–activity data support-
ing the specifi c modifi cations in the liraglutide 
molecule were reported by Knudsen and col-
leagues, who varied the position of attachment 
of the γ-glutamic acid spacer and C16 fatty acid, 
achieving half-lives of up to 20 h [18]. Liraglutide 
molecules form a complex tertiary structure in 
concentrated solution, with seven molecules form-
ing regular heptamer aggregates that may be com-
pared with the hexamers found in concentrated 
solutions of insulins. The heptamers of liraglutide 
are believed to form micellar aggregates at the sub-
cutaneous injection site. Protraction of liraglutide 
concentration appears to be due to a combination 
of albumin binding in the circulation, aggrega-
tion at the injection site and reduced susceptibil-
ity to DPP-4 degradation [19,20]. Together, these 
aggregative properties lead to prolonged release of 
liraglutide monomers into the circulation. Once 
there, the acyl side-chain allows reversible binding 
to albumin molecules. As a result, liraglutide in 
the circulation is less susceptible to degradation 
by DPP-4 [19], and the pharmacokinetics of lira-
glutide render it suitable for once-daily adminis-
tration, with a half-life of 13 h. Pharmacokinetics 
of liraglutide have been found to be independent 
of age and gender [21]. 

Glycemic control & hypoglycemia
Pharmacodynamic studies have shown that lira-
glutide has a glucose-lowering effect spanning 
24 h. In the 1-week crossover study by Degn 
and colleagues, liraglutide achieved reductions 
in glucose levels during fasting, prandial and 
nocturnal periods, with signifi cant improve-
ments in fasting glucose levels, postprandial 
glucose excursions and 24-h total area under 
the curve (AUC) for glucose [22]. Stimulation 
of insulin secretion with liraglutide also shows 
a glucose dependency. Nauck et al. conducted 
a series of stepwise hypoglycemic clamps in 
11 patients with Type 2 diabetes following 
injection of liraglutide or placebo [23]. They 
found that insulin secretion was increased by 
liraglutide relative to placebo at higher glucose 
levels (4.3 and 3.7 mmol/l), but not at lower 
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glucose levels (3.0 or 2.3 mmol/l). The gluca-
gon response to hypoglycemia was unaffected 
by liraglutide treatment. 

A 5-week study in 144 patients with Type 2 
diabetes by Nauck and colleagues found that 
liraglutide treatment in combination with met-
formin produced a 3.9 mmol/l reduction in fast-
ing glucose levels, signifi cantly greater than with 
metformin alone or metformin plus glimepiride 
[24]. Similar fi ndings resulted from a 12-week 
study by Madsbad and colleagues, in which fast-
ing glucose levels were reduced by 1.8 mmol/l 
(p < 0.001 vs placebo) and HbA 

1c
 levels reduced 

by 0.75% (p < 0.0001) [25]. No major hypo-
glycemic episodes occurred with liraglutide in 
either study. 

 Liraglutide as monotherapy
Effects of liraglutide on glycemic control and 
hypoglycemia were studied in 163 patients with 
Type 2 diabetes in a 14-week Phase II study [13]. 
In this double-blind, randomized study, three 
dose levels of liraglutide (0.65, 1.25 and 1.9 mg, 
all once daily) were compared with placebo. 
Subjects included were receiving one oral anti-
diabetic agent prior to the study or were treated 
with diet alone. A dose-dependent reduction in 
HbA

1c
 was evident with liraglutide treatment, 

the highest dose reducing mean HbA
1c

 by 1.7% 
relative to placebo (baseline 8.5%).

The clinical effects of liraglutide treatment 
have been further investigated in the Liraglutide 
Effect and Action in Diabetes (LEAD) series 
of Phase III studies including more than 
4000 patients with Type 2 diabetes (FIGURE 1).

Monotherapy with liraglutide was evaluated 
in the LEAD 3 study, a double-blind, ran-
domized, controlled trial in 746 patients dur-
ing 52 weeks of treatment. Patients included 
were those inadequately controlled on diet and 
exercise, or with no more than half-maximal 
dose of one oral antidiabetic agent (which was 
discontinued at entry) [26]. The two liraglutide 
dose levels, 1.8 and 1.2 mg once daily, achieved 
reductions in HbA

1c
 of 1.1 and 0.8%, respec-

tively, when looking at the total population; 
each of these reductions being signifi cantly 
greater than the 0.5% reduction achieved 
with glimepiride, 8 mg daily (p < 0.0001 and 
p = 0.0014; FIGURE 2). Patients who were on 
diet and exercise at entry had sustained HbA

1c
 

reductions with liraglutide of up to 1.6%. 
Postprandial glucose levels were reduced by 
2.1 mmol/l and fasting glucose by 1.4 mmol/l 
from baseline on a dose of 1.8 mg. 

 Combination therapy
Improved glycemic control has also been reported 
when liraglutide is used in combination with oral 
antidiabetic therapy. In LEAD 2, a double-blind, 

0

-0.2

-0.4

-0.6

-0.8

-1.0

-1.2

-1.4

-1.6

C
h

an
g

e 
in

 H
b

A
1c

 (%
)

Baseline HbA1c % 8.2 8.2 8.2 8.3 8.4 8.4 8.48.5 8.3 8.3 8.3 8.3 8.18.5
LEAD 3 LEAD 2 LEAD 1 LEAD 4 LEAD 5

Monotherapy Met 
combination

SU 
combination

Met + TZD
combinaton

Met + SU
combination

Liraglutide 1.2 mg

Liraglutide 1.8 mg

Glimepiride

Rosiglitazone

Glargine

Placebo

Figure 1. Reductions in HbA1c in the LEAD Phase III trials using liraglutide. Data are change in 
HbA1c from baseline for overall population (LEAD 4 and 5); add-on to diet and exercise failure (LEAD 
3); or add-on to previous OAD monotherapy (LEAD 1 and 2). 
*p < 0.05 vs comparator. 
LEAD: Liraglutide Effect and Action in Diabetes; Met: Metformin; SU: Sulfonylurea; 
TZD: Rosiglitazone.
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randomized study (comparing liraglutide plus 
metformin with glimepiride plus metformin or 
metformin alone), liraglutide 1.8 mg plus met-
formin reduced HbA

1c
 by 1.0%, signifi cantly 

more than metformin alone (change +0.09%, 
p < 0.0001) and comparable to the reduction 

with glimepiride/metformin [27]. Likewise, in the 
LEAD 1 study, liraglutide 1.8 mg plus glimepiride 
4 mg reduced HbA

1c
 by 1.1%, signifi cantly more 

than a 0.4% reduction with rosiglitazone plus 
glimepiride (p < 0.0001) and a 0.2% increase 
with glimepiride alone (p < 0.0001) [28].
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Figure 2. HbA1c reductions with liraglutide monotherapy in the LEAD 3 study. 
(A) All subjects; (B) Drug-naive subjects. 
LEAD: Liraglutide Effect and Action in Diabetes.
© 2008 Elsevier and reproduced with permission from [26]. 
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When used in combination with both 
metformin and rosiglitazone in the LEAD 4 
study, liraglutide 1.8 mg achieved reductions 
in HbA

1c
 of 1.5%, while a reduction of 1.3% 

was achieved in combination with metformin 
and glimepiride in the LEAD 5 study [29,30]. In 
LEAD 4, the improvement with liraglutide was 
signifi cantly greater than that with metformin/
rosiglitazone alone (0.5%; p < 0.0001), while 
in LEAD 5 it was again signifi cantly greater 
than metformin/glimepiride alone (1.3 vs 
0.2%, p < 0.001), and also greater than insulin 
glargine plus metformin and glimepiride (1.1%; 
p = 0.0015).

A direct comparison between liraglutide and 
the insulin mimetic exenatide was reported from 
the open-labeled LEAD 6 study. Mean HbA

1c 

reduction was more pronounced with liraglutide 
treatment than with exenatide: -1.1 vs -0.8%, 
p < 0.0001 [31]. Accordingly, more subjects 
achieved an HbA

1c
 level of less than 7.0% with 

liraglutide treatment than with exenatide: 54 vs 
43%; p = 0.0015. Differences were seen between 
the two agents regarding fasting glucose: fasting 

plasma glucose decreased by -1.6 mmol/l with 
liraglutide treatment and -0.6 mmol/l with 
exenatide (p < 0.0001).

Glucose reduction with liraglutide is associated 
with low levels of hypoglycemia, perhaps refl ecting 
the glucose-dependent nature of its insulinotropic 
action. In the LEAD 3 monotherapy study, there 
were no major hypo glycemic events with liraglu-
tide, and a rate of minor events less than 0.5 per 
patient per year (p < 0.0001 vs 2.0 events/patient/
year with glimepiride) [26]. Minor hypoglycemic 
event rates were similarly low in the LEAD 1, 2 
and 4 trials (0.5, 0.1 and 0.6 events/patient/year, 
respectively), and only slightly higher (1.2 events/
patient/year) in the LEAD 5 study where liraglu-
tide was used together with both sulfonylurea and 
metformin [27–30]. 

Body weight, blood pressure & 
cardiovascular risk markers
In addition to glucose control mediated by 
insulino tropic action, GLP-1-based therapies 
potentially have benefi cial effects on body weight. 
These are likely to be mediated by central effects 
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LEAD: Liraglutide Effect and Action in Diabetes.
© 2008 Elsevier and reproduced with permission from [26]. 



Therapy (2009) 6(2)204 future science group

DRUG EVALUATION Vilsbøll

on satiety, and also by a reduction in gastric emp-
tying (so-called ‘ileal brake’ mechanism that con-
tributes to the improved glucose control during 
GLP-1 treatment). Studies in animal models con-
fi rm the effect of liraglutide: obese candy-fed rats 
lost a mean 14.2 g after 12 weeks of liraglutide 
treatment, whereas control animals gained 24.3 g 
over the same period [32]. A further study in obese 
minipigs showed that a once-daily administration 
of liraglutide reduced feeding frequency, feeding 
duration and meal volume, which were refl ected 
in a reduction of at least 60% in food intake 
and a signifi cant reduction of 4.3 kg (baseline 
93.7 kg) during the 7-week treatment period [33]. 
Withdrawal of liraglutide after 7 weeks of treat-
ment resulted in a prompt increase in food intake 
and consequent weight gain. 

Effects on body weight seen in preclinical 
data were confi rmed in the LEAD studies: in 
LEAD 3, liraglutide 1.8 mg as monotherapy 
reduced mean body weight by 2.5 kg (baseline 
93 kg), signifi cantly different to a 1.1 kg increase 
in body weight with glimepiride (p < 0.0001; 
FIGURE 3) [26]. Liraglutide plus metformin in 
LEAD 2 resulted in a 2.8 kg weight reduction 
(p < 0.0001 vs 1.0 kg increase with glimepiride/
metformin); liraglutide plus glimepiride in 
LEAD 1 yielded a more modest decrease of 0.2 kg 
that was nevertheless signifi cantly different to a 
2.1 kg increase with rosiglitazone/glimepiride 
[27,28]. Similarly, in combination with two oral 
antidiabetic agents, liraglutide 1.8 mg treatment 
yielded body weight reductions of around 2 kg 
(2.0 kg with liraglutide plus metformin and rosi-
glitazone in LEAD 4; 1.8 kg with liraglutide 
plus metformin and glimepiride in LEAD 5) 
[29,30]. The effect on body weight of liraglutide 
was independent of the presence and duration of 
gastrointestinal adverse events. 

Cardiovascular risk markers were measured 
during the 14-week placebo-controlled Phase II 
study, and a signifi cant decrease in plasminogen 
activator inhibitor 1 (PAI-1) and B-type natri-
uretic peptide (BNP) following treatment with 
liraglutide was found [34]. Interestingly, data from 
clinical trials show that when used for treatment 
of Type 2 diabetes, liraglutide is associated with a 
consistent, signifi cant reduction in systolic blood 
pressure (SBP). Previously, reductions in SBP ver-
sus placebo of 5.2–7.9 mmHg were observed with 
liraglutide treatment [13]. Similarly, in the LEAD 
study program, SBP reductions of 2–6 mmHg 
were observed with liraglutide treatment. In 
LEAD 3, SBP fell by 3.6 mmHg with liraglu-
tide 1.8 mg, signifi cantly more than a 0.9 mmHg 
reduction in the glimepiride group (p < 0.05) [26]. 

The mechanism behind the effects of GLP-1-
based therapy on the cardiovascular system is 
not completely elucidated and is currently being 
studied intensively.

β-cell function & disease progression
Sturis and colleagues studied the effects of lira-
glutide on β-cell function in Zucker diabetic 
fatty (ZDF) rats [35]. After 6 weeks of liraglutide 
treatment, animals showed an increase in insu-
lin secretion, which contrasted with a decrease 
in vehicle-treated animals. This was accompa-
nied by an increase in β-cell mass after 6 weeks 
of liraglutide treatment. Similar fi ndings were 
reported by Rolin et al., who found that lira-
glutide treatment signifi cantly increased β-cell 
proliferation and β-cell mass in db/db mice [36]. 
A study by Bock and colleagues in nondiabetic 
rats failed to demonstrate increases in absolute 
β-cell mass, α-cell mass or total pancreatic 
mass; however, relative β-cell mass was initially 
increased as body weight decreased [37].

A study by Bregenholt and colleagues using 
isolated rat pancreatic islets suggested a protec-
tive and anti-apoptotic effect of liraglutide [38]. 
Liraglutide was effective in inhibiting cyto-
kine and free-fatty-acid-induced apoptosis in 
islet cells in a dose-dependent manner. During 
the 14-week placebo-controlled Phase II study 
with liraglutide, β-cell function as measured 
by homeostasis model assessment (HOMA-B) 
increased signifi cantly with liraglutide treat-
ment vs placebo, with increases ranging from 
75 to 134% in the three liraglutide groups (all 
p < 0.0001) [13]. Additionally, a dose-dependent, 
but nonsignifi cant, reduction in insulin resis-
tance as measured by HOMA, together with sig-
nifi cant improvements in the proinsulin:insulin 
ratio (changes of -0.15 to -0.19 vs placebo; all 
p < 0.05) were observed. As part of the same 
study, an insulin-modifi ed frequently sampled 
glucose tolerance test and an arginine-stimulated 
insulin secretion test during hyperglycemic 
clamp were conducted [39]. Data from 28 subjects 
plus 12 healthy control subjects were available. 
It was found that treatment with liraglutide for 
14 weeks markedly increased fi rst-phase insulin 
secretion (AUC

insulin, 0–10 min
) by up to 118% versus 

placebo; p = 0.02. Second-phase insulin response 
(AUC

C-peptide, 19–40 min
) was also increased by up to 

79% versus placebo; p = 0.005. Similarly, argi-
nine-stimulated insulin secretion was increased 
following liraglutide treatment by up to 114% 
versus placebo; p = 0.02. No signifi cant effect 
of liraglutide on insulin sensitivity was seen in 
this substudy; liraglutide also failed to restore 
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insulin responses in patients with Type 2 diabe-
tes to levels in the healthy control subjects. In 
the current trial patients were evaluated during 
treatment with liraglutide, which was adminis-
tered the evening before the experimental tests. 

Tolerability & acceptability 
The most frequently reported adverse effects dur-
ing liraglutide treatment are gastro intestinal. In 
the 1-year LEAD 3 study of liraglutide mono-
therapy, 28–29% of patients in the liraglutide 
groups reported nausea, compared with 9% in the 
glimepiride group [26]. In total, 17 of 497 liraglu-
tide-treated patients withdrew due to vomiting, 
nausea or diarrhea. In this, as in the other LEAD 
studies, the occurrence of nausea decreased over 
time, and fewer than 10% of liraglutide-treated 
subjects reported nausea by week 4. This is con-
sistent with data obtained by Horowitz and col-
leagues, who used the Gastrointestinal System 
Rating Scale (GSRS), a validated self-reporting 
instrument (Likert scale from no [score 1] to 
very severe [score 7] discomfort. Scores were 
calculated as the mean value of evaluated item), 
to assess gastro intestinal tolerability during the 
14-week Phase II study [40]. It was found that 
GSRS scores increased initially with liraglutide 
treatment, compared with placebo (from 1.4 to 
2.0 vs from 1.0 to 1.6), but decreased towards 
baseline levels and were comparable in liraglu-
tide and placebo groups at the end of the study 
(from 1.1 to 1.6 vs from 1.0 to 1.2, respectively). 
Data from LEAD 6 suggest that nausea may be 
less persistent with liraglutide treatment than 
with exenatide [31]. In this study, the nausea inci-
dence with liraglutide treatment by week was 8% 
after 5 weeks, 4% after 10 weeks and 3% after 
26 weeks, whereas the similar time-points showed 
18, 13 and 10% with exenatide.

Liraglutide is administered as a once-daily sub-
cutaneous injection using a pen device. Although 
the injectable nature of the therapy may prove less 
acceptable to patients than an oral therapy, the 
liraglutide regimen has the advantage of being 

once-daily. In studies with liraglutide, the fi nal 
dose has been achieved by stepwise escalation in 
weekly increments of 0.6 mg; however, the dose 
does not thereafter need titration or adjustment 
(unlike the insulins).

As a non-native peptide, it is theoretically pos-
sible that liraglutide might induce an antibody 
response, which could act to limit its effi cacy. The 
available evidence suggests that the frequency of 
antibody formation to liraglutide is comparatively 
low (up to 8–9%). So far, the antibodies do not 
seem to impair the effect of the compound.

Conclusion
Liraglutide seems to be safe and effective as a 
pharmacological therapy for Type 2 diabetes. 
Clinical trials demonstrate signifi cant and sus-
tained reductions in HbA

1c
, fasting plasma glu-

cose levels, postprandial glucose levels, weight 
and blood pressure, and improved β-cell function 
measured as HOMA and the proinsulin:insulin 
ratio. As most studies have been of short dura-
tion (<30 weeks), there are as yet no long-term 
data (>52 weeks) on the durability of glycemic 
control, weight loss and adverse effects. LEAD 
2, LEAD 3 and LEAD 6 are currently in an 
extension phase, and answers to these questions 
will hence soon emerge.

The incretin-based therapies offer new options 
in the treatment of Type 2 diabetes. Whether 
incretin-based therapy will change the progres-
sion of Type 2 diabetes is unknown, but the 
results so far are promising. Their fi nal role in 
the treatment of Type 2 diabetes remains to be 
clarifi ed, and long-term trials with cardiovascular 
end points and safety data are also needed. 

Future perspective
The incretin system is an area of great interest in 
the development of therapies for management of 
Type 2 diabetes. GLP-1 receptor agonists show 
signifi cant promise, and may be widely used in 
the future as we demand agents with high effi cacy 
and good tolerability. Meanwhile, expectations 

Executive summary

 Liraglutide is a recombinant glucagon-like peptide-1 (GLP-1) analog with high homology to native GLP-1 and is suitable for once-daily 
administration.

 Clinical pharmacology studies with liraglutide have shown it to be capable of dose-dependent insulin secretion and 24-h glucose control.
 Liraglutide has been evaluated in Phase II and III studies as monotherapy and in combination with one or two oral antidiabetic agents.
 Liraglutide has achieved HbA1c reductions of 1–1.5% in clinical studies with low risk of hypoglycemia.
 In clinical studies, liraglutide was also associated with body weight reductions of 1.8–2.8 kg and reductions in systolic blood pressure of 

2–6 mmHg.
 Preclinical data suggest benefi cial effects of liraglutide on β-cell mass and disease progression, supported by β-cell function data from 

clinical studies.
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of diabetes therapies increasingly span effects 
beyond glycemia, and it is likely that future thera-
pies will, like liraglutide, need to show benefi cial 
effects on body weight, cardiovascular markers 
and β-cell function.
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