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Abstract: The prevalence of obesity worldwide has nearly doubled since 1980 with current
estimates of 2.1 billion in 2013. Overweight and obesity lead to numerous adverse conditions
including type 2 diabetes, cardiovascular disease, stroke, and certain cancers. The worldwide
spread of obesity and associated comorbidities not only threatens quality of life but also presents
a significant economic burden. While bariatric surgery has proven to be a viable treatment option
for the morbidly obese, there is clearly a need for less invasive alternatives. Recent research has
suggested that long-acting analogs of the gut hormone, glucagon-like peptide 1 (GLP-1), may
have potential as an antiobesity treatment. The GLP-1 receptor agonist, liraglutide (trade name
Saxenda), was recently approved by the US Food and Drug Administration as an obesity treat-
ment option and shown in clinical trials to be effective in reducing and sustaining body weight
loss. This review presents the basis for GLP-1-based therapies with a specific focus on animal
and human studies examining liraglutide’s effects on food intake and body weight.
Keywords: glucagon-like peptide 1, obesity, liraglutide, exenatide

Introduction

Epidemiological studies have estimated that rates of obesity worldwide have increased
steadily between 1980 and 2013. In the US, over one third of adults and one sixth of
children and adolescents are currently considered obese.'™

Overweight and obesity are frequently coupled to other debilitating diseases such
as type 2 diabetes, coronary heart disease, ischemic stroke, and several cancers.’>”
Particularly concerning is the increasing prevalence of pediatric obesity which has
been linked not only to metabolic disorders and cardiovascular risk factors but also
to psychiatric illness, early pubertal onset, and orthopedic disorders.*!' Because of
the comorbidities associated with increased body weight, obesity is considered to be
a major public health concern with a significant economic burden to our health care
system. It has been projected that by 2030, costs associated with overweight and obesity
will comprise 16%—18% of total health care expenses in the US.>!?

Surgical interventions, such as Roux-en-Y gastric bypass and sleeve gastrectomy,
have been highly successful in promoting weight loss and correcting accompanying
comorbidities like diabetes.!*!* However, due to the risks associated with surgery,
particularly in a vulnerable population, surgical interventions are often considered to
be a last resort and reserved for those patients who are morbidly obese or have failed at
other weight loss strategies. Clearly, there is a need for less invasive means to achieve
sustainable weight loss in patients who are not prime candidates for bariatric surgery
or desire nonsurgical alternatives.

A number of pharmacological interventions have been marketed for weight loss
with mixed or limited success. Appetite suppressants, such as phentermine, were
initially approved by the US Food and Drug Administration (FDA) in the 1950s for
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short-term use for weight loss; however, limited data are
available to support their long-term efficacy. More recently,
a combination drug consisting of phentermine and topiramate
(marketed as Qsymia) was approved by the FDA for longer
term use and shown to produce approximately 10% loss in
body weight as well as improvements in glucose levels, blood
pressure, cholesterol, and other cardiovascular risk factors
after 2 years of treatment.'>!¢

Orlistat (trade name Xenical) was approved for use by the
FDA in 1999 as a long-term treatment for weight loss and
acts by interfering with pancreatic lipase, thereby decreas-
ing the absorption of dietary fat. It is currently the only
obesity medication that is approved in Europe. Results from
clinical trials with orlistat have reported only modest weight
loss (57 pounds) after continued use, though significant
improvements were noted for several cardiovascular risk
factors including decreased blood pressure and improved
glucose tolerance.!” ! Other drugs approved by the FDA
for chronic weight management are lorcasersin (trade name
Belviq),” a selective serotonin-2C receptor agonist, and
the combination drug naltrexone/bupropion (trade name
Contrave),”'> both of which are proposed to reduce food
intake by acting through the hypothalamic melanocortin
system.?? The latter is currently being considered for approval
by the European Medicines Agency (EMA) under the trade
name Mysimba.

Analogs of the incretin hormone, glucagon-like peptide 1
(GLP-1), have recently been introduced as potential weight
loss medications. These analogs were initially used as drugs
for the treatment of type 2 diabetes; however, results from
clinical trials have repeatedly demonstrated their ability to
induce weight loss.?* One of these medications that has been
approved by the EMA and FDA for the treatment of diabetes
is liraglutide, a long-acting GLP-1 receptor agonist developed
by Novo Nordisk, and a number of trials have reported posi-
tive results on its efficacy to improve indices of glycemic and
cardiovascular risk factors.

On December 23, 2014, the FDA announced approval of
a higher dose version of liraglutide (trade name Saxenda) for
the treatment of chronic weight management. This drug was
approved for adults with a body mass index (BMI) of 30 or
higher or those with a BMI of 27 or higher who have at least
one weight-related comorbid condition such as hypertension,
type 2 diabetes, or elevated cholesterol.

This review provides an overview of GLP-1 and GLP-1
receptor agonists in animal and human studies, with particu-
lar emphasis on liraglutide, and discusses their therapeutic
potential for obesity treatment.

GLP-1 and GLP-I analogs

GLP-1 is derived from posttranslational processing of the
preproglucagon gene and subsequently cleaved into its
biologically active forms, GLP-1 (7-36) amide which com-
prises approximately 80% of circulating GLP-1 and GLP-1
(7-37).2% GLP-1 is secreted from endocrine L cells in the
distal intestinal mucosa primarily in response to the presence
of nutrients in the intestinal lumen. Once in circulation, the
half-life of GLP-1 is less than 2 minutes due to rapid degrada-
tion by the enzyme dipeptidyl peptidase-IV (DPP-1V).?7-

GLP-1 is classified as an incretin hormone because it
stimulates a decrease in blood glucose levels by increasing
the amount of insulin released from pancreatic beta cells after
eating, prior to the elevation of blood glucose levels.? GLP-1
is also effective in controlling blood glucose because it sup-
presses glucagon secretion and slows gastric emptying.*
Because of GLP-1’s effects on glucose homeostasis, it was
an attractive target for drug development in the treatment of
type 2 diabetes.

GLP-1 has a very short half-life in circulation, and
therefore, its utility as a therapeutic agent in the treatment of
diabetes was limited. The peptide, exendin-4, is a 39-amino
acid naturally occurring peptide with 53% homology to
native GLP-1 that was originally isolated from the saliva
of the Gila monster. It was found to exhibit glucose regula-
tory properties similar to GLP-1 but resisted degradation
by DPP-IV. Its synthetic version, exenatide, was approved
by the FDA in 2005 and in Europe in 2006 as an adjunct
therapy for patients with type 2 diabetes who failed to
respond to metformin or sulfonylureas.’ It is administered
as a subcutaneous injection either twice daily (Byetta) or
in a more recently approved sustained-release weekly for-
mulation (Bydureon). While it was initially marketed as a
diabetes drug, clinical trials consistently found significant
reductions in body weight due to its appetite-suppressing
effects.’ Several other GLP-1 analogs are currently under
investigation or are approved for the treatment of type 2 dia-
betes. These include lixsenatide (Sanofi Aventis, trade name
Lyxumia) and albiglutide (GlaxoSmithKline, trade names
Epezan and Tanseum) which have amino acid modifications
to resist degradation by DPP-IV. The recently FDA-approved
drug, dulaglutide (Eli Lilly, trade name Trulicity), an analog
of human GLP-1, is covalently linked to an Fc fragment of
human IgG4 enabling it to resist degradation and reduce
renal clearance.?*3

Liraglutide, another long-acting GLP-1 receptor agonist,
was developed by Novo Nordisk and marketed under the
brand name Victoza. It shares 97% structural homology

submit your manuscript

1868

Dove

Drug Design, Development and Therapy 2015:9


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Liraglutide and obesity

with human GLP-1 and has a half-life of 10-14 hours. The
longer half-life is due to a modification of the peptide with
an amino acid substitution and the addition of a fatty acid
chain that allows it to bind to circulating plasma proteins, thus
slowing absorption and rendering it resistant to degradation.*
It was approved for use by the EMA in 2009 and by the
FDA in 2010 as a diabetes medication that is administered
by once-daily subcutaneous injection as a monotherapy or
in combination with other diabetes medications. In a study
comparing exenatide and liraglutide, it was found that lira-
glutide was superior to exenatide in reducing HbA  , systolic
blood pressure, fasting blood glucose, and triglycerides and
free fatty acids (Liraglutide Effect and Action in Diabetes-6
trial) with fewer undesirable side effects.’’

Effects of liraglutide on food intake

and body weight: animal studies
As mentioned above, GLP-1 is secreted from endocrine
(L cells) in the intestinal mucosa primarily in the ileum and
distal colon. Besides its presence in the gastrointestinal tract,
GLP-1 is found in the central nervous system localized to
neurons primarily in the nucleus of the solitary tract (NTS)
in the caudal brainstem.*® Neurons in the NTS that express
GLP-1 send projections to several brain regions that partici-
pate in feeding behavior and energy homeostasis.***°
GLP-1’s actions are mediated through the G-protein-
coupled GLP-1 receptor. In the rodent, high-affinity binding
sites for GLP-1 are found in the pancreas, enteric nerves, vagus
nerve, heart, kidney, and adipose tissue.*'* In the brain, GLP-1
receptor mRNA is distributed in many brain areas associated
with food intake and body weight including the arcuate and
dorsomedial nuclei of the hypothalamus, parabrachial nuclei,
nucleus accumbens (NAc), NTS, and area postrema.*
Numerous studies have demonstrated that systemic admin-
istration of GLP-1 or GLP-1 receptor agonists decreases food
intake, slows gastric emptying, and reduces body weight.*>#
Blockade of peripheral GLP-1 receptors by the selective
receptor antagonist, exendin (9-39), attenuated the reduc-
tion of food intake produced by voluntary consumption of
a sucrose meal and by prior administration of GLP-1. The
same reversal in the food intake suppression was not seen
after central administration of exendin (9-39) supporting the
interpretation that peripheral, not central, GLP-1 receptors
were mediating the effects on food intake.*® Further studies
examining the neural pathways responsible for these effects
have shown that severing the connection between the gas-
trointestinal tract and the brain by total subdiaphragmatic
vagotomy, or by chemical vagal deafferentation, prevented

the suppression of food intake produced by GLP-1 recep-
tor activation.’**! Together, these studies support a role for
peripheral GLP-1 as a physiological satiety signal.

While these studies implicate peripheral GLP-1 in inges-
tive control, there is also substantial evidence to support a
role for central GLP-1 signaling in food intake and body
weight regulation. Early studies reported that third intra-
cerebroventricular (icv) administration of GLP-1 significantly
reduced food intake and body weight, whereas administration
of the GLP-1 receptor antagonist exendin (9-39) increased
food intake and body weight.*”5> While there has been much
debate about whether GLP-1 acts primarily at a peripheral
or central site, there are now sufficient data to support the
view that GLP-1 may have multiple actions that include both
peripheral and central GLP-1 receptor populations.**

While most studies have used exendin-4 as an experi-
mental tool to activate GLP-1 receptors, the availability of
newly developed long-acting agonists such as liraglutide has
prompted investigations to determine if they share similar
biological activity. A study comparing the efficacy of periph-
eral administration of liraglutide and exendin-4 to decrease
food intake and body weight in nonobese rats reported
that once-daily administration of both agonists produced
a dose-dependent reduction in chow intake; however, only
liraglutide reduced body weight.** The effects of liraglutide
on food intake and body weight were greater in magnitude
and latency when given by intraperitoneal compared to
subcutaneous injection. The same study reported that in
diet-induced obese rats fed a palatable high-fat/high-sugar
diet, chronic 7-day peripheral delivery of exendin-4 and
liraglutide elicited equivalent reductions in food intake and
weight loss over the test period.

A similar comparative study was also conducted to
examine the anorectic effects of centrally administered lira-
glutide and exendin-4 in rats.> The data demonstrated that
the icv dosage of liraglutide needed to suppress food intake
and induce the same degree of hypothalamic c-fos activa-
tion (a marker of neuronal activity) was tenfold greater than
equivalent feeding suppression and c-fos activation following
exendin-4. When animals were pretreated centrally with the
GLP-1 receptor antagonist, exendin (9-36), the suppression of
food intake by both agonists was blocked substantiating that
the effects of both agonists were mediated through GLP-1
receptor activation.

Additional studies using both pharmacological and
surgical methods were conducted to determine whether the
site of action for peripheral administration of exendin-4
and liraglutide was localized to peripheral or central GLP-1
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receptors.®® The results from this study demonstrated that
intraperitoneal administration of exendin (9-39) failed to
block the effects of peripherally administered exendin-4 and
liraglutide. By contrast, central administration of exendin
(9-39) attenuated, but did not completely abolish, the sup-
pression of food intake by both exendin-4 and liraglutide
and reversed the body weight change seen with liraglutide.
Although animals with selective vagal deafferentation still
suppressed intake after GLP-1 receptor agonist administra-
tion, higher doses were required. Together, these studies
suggest that peripheral administration of exendin-4 and
liraglutide produce their feeding and weight loss effects at
both central and peripheral GLP-1 receptors. The findings
are in contrast to those reported for GLP-1*® and suggest that
the mechanisms through which long-acting GLP-1 receptor
agonists produce their effects on food intake and body weight
are not identical to those of native GLP-1. This difference is
likely due to the longer half-life of GLP-1 analogs resulting
in sustained peripheral physiological effects. Furthermore,
there is evidence that these compounds are capable of dif-
fusing across the blood-brain barrier and thereby stimulating
central GLP-1 receptors.”’

The mechanism(s) by which long-acting GLP-1 receptor
agonists reduce food intake and body weight is actively under
investigation. One potential mechanism for reducing body
weight is through GLP-1’s effects on energy expenditure.
Central injection of liraglutide in rodents stimulates brown-fat
thermogenesis and induces browning of white adipose tissue
independent of its ability to suppress food intake.’® Site-spe-
cific injections of liraglutide into various hypothalamic nuclei
identified the ventromedial hypothalamus (VMH) as mediating
this effect. Since AMPK within the VMH has been implicated
in brown adipose tissue thermogenesis, the importance of
AMPK in the mediation of liraglutide-induced brown adipose
tissue thermogenesis was also evaluated. This study found that
icv administration of AICAR, a pharmacological activator
of AMPK, had no effect on the ability of icv liraglutide to
reduce food intake but prevented the reduction in body weight
produced by liraglutide. Furthermore, liraglutide injected into
the VMH produced weight loss that was completely blocked
by overexpression of constitutively active AMPK. Activation
of AMPK in the VMH decreased liraglutide-induced UCP1
expression in adipose tissue supporting the view that AMPK
in the VMH participates in the actions of central GLP-1 on
brown and white adipose tissue.

In a series of studies designed to evaluate the site of action
of liraglutide-induced weight loss, it was demonstrated that
the arcuate nucleus in the hypothalamus plays a critical role.”’
Rats that underwent subdiaphragmatic vagal deafferentation

reduced body weight to the same extent as sham-operated
controls after a 14-day regimen of liraglutide (twice-daily
subcutaneous injections, 200 g/kg) indicating that the weight-
reducing effects of liraglutide are not dependent upon an
intact afferent vagus nerve. Similarly, liraglutide treatment
produced weight loss to the same degree in animals with
lesions of the hindbrain area postrema compared to those with
sham lesions. However, long-term liraglutide treatment sig-
nificantly increased expression of cocaine and amphetamine-
related transcript but did not increase neuropeptide Y (NPY)/
agouti-related protein (AgRP) gene expression in the arcuate
nucleus suggesting that liraglutide prevents the normal activa-
tion of the NPY/AgRP system to increase food intake during
periods of weight loss. Preventing the normal stimulation of
food intake by NPY/AgRP that occurs during energy deficit
would benefit sustained decreases in body weight.

In a follow-up study, fluorescently labeled liraglutide was
used to determine if peripherally administered liraglutide
could directly access brain regions that might be involved
in its effects on food intake and body weight. Labeled lira-
glutide was detected in all circumventricular organs and
several hypothalamic nuclei including the arcuate nucleus.
Surprisingly, the NTS was devoid of a fluorescent signal, a
brain region strongly implicated in GLP-1’s effects on food
intake. This would suggest that if the NTS is involved in the
effects of liraglutide on body weight, it may be through an
indirect, rather than a direct, activation of GLP-1 receptors.
Despite this, numerous animal studies have implicated the
NTS as mediating the effects of GLP-1 receptor stimulation,
and studies have demonstrated that peripheral treatment with
liraglutide can produce a conditioned taste aversion and tran-
sient pica, two rodent models of nausea which are proposed
to be mediated by NTS GLP-1 receptors.** ¢

Other mechanisms by which liraglutide suppresses
food intake and body weight have also been evaluated. As
mentioned, GLP-1 receptor agonists have potent effects on
gastric emptying which could contribute to their feeding
inhibitory effects. Doses of exenatide and liraglutide that
produce equivalent reductions in food intake significantly
delay gastric emptying. It was shown that the effects on gas-
tric emptying were markedly decreased following long-term
(14-day) treatment with liraglutide but remained the same
with exenatide treatment. Because weight loss was similar
between the two treatment groups, this suggests that sup-
pression of gastric emptying did not contribute significantly
to the weight loss produced by liraglutide.®

Recent neuroanatomical and behavioral evidence also
support a role for GLP-1 in reward and motivation.®*% GLP-1
neurons in the NTS project to reward-associated brain areas
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such as the ventral tegmental area (VTA) and NAc.3:40:66-68
GLP-1 analogs injected directly into the NAc have been
demonstrated to decrease intake of high-fat and high-sucrose
diets, presumably by reducing their palatability.**® A link
between peripheral nutrient-related signals and central
GLP-1’s effects on reward processing was supported by
data showing that the suppression of meal intake following
an intestinal infusion of 40% sucrose could be attenuated by
blockade of NAc GLP-1 receptors.®® A role for the GLP-1
NTS neuronal projection to the VTA in food intake has also
been suggested in an animal study showing that intra-VTA
injection of exendin-4 reduced intake of both chow and high-
fat diet, while blockade of VTA GLP-1 receptors increased
high-fat food intake, proposed to be mediated, in part, through
VTA dopamine signaling.*

Several lines of evidence support the view that liraglutide,
like exendin-4, may act via mechanisms that alter the reward-
ing properties of food. Studies to evaluate dietary effects on
the ability of liraglutide to inhibit food intake have shown
that rats maintained on a high-fat diet exhibited a delayed
response to the anorectic effects of peripherally administered
liraglutide. However, once intake was suppressed, it was
sustained for a longer period of time compared to animals on
a low-fat diet.® When diet-obese animals were treated with
liraglutide and allowed a choice between a highly palatable
diet and chow, their preference shifted toward decreasing
intake of the palatable diet and increasing intake of chow.’®"!
This feature was not shared with either the DPP-IV inhibi-
tor, vildagliptin, which increases postprandial GLP-1, or
sibutramine, a SHT agonist/reuptake inhibitor, which causes
similar reductions in body weight.”*"!

Because evidence suggests that GLP-1 affects food intake
through both energy homeostatic and reward mechanisms,
GLP-1 receptor agonist medications, such as liraglutide, offer
amulti-pronged approach for promoting weight loss. A recent
study in rats examined the effects of combining low doses of
leptin and liraglutide and demonstrated greater weight loss
with the combination treatment than with either drug given
alone.” As well, diet-induced obese mice that were chroni-
cally treated with liraglutide and a melanocortin-4 receptor
agonist exhibited greater weight loss and improved glyce-
mic control and cholesterol metabolism than that achieved
with each treatment alone.” These findings support further
exploration into the feasibility of combinatorial therapies
that may produce greater weight loss with less possibility of
adverse events. Animal studies with GLP-1 receptor agonists
will provide critical insights into mechanisms of action that
could be utilized to enhance or tailor treatment regimens to
more effectively promote weight loss in humans.

Effects of liraglutide on food intake

and body weight: human studies

Liraglutide was first approved for the treatment of diabetes
after studies were conducted in a large population of subjects
and found that it improved glycemic control and produced
significant body weight loss with limited side effects. Subse-
quently, additional long-term (2-year) studies were conducted
to examine safety and tolerability as a primary outcome and
address issues of sustainability of weight loss as a secondary
outcome.”” These measures were compared with those from
individuals who received the fat-blocking drug, orlistat. The
results indicated that weight loss was significantly greater in
the group that received liraglutide compared with the group that
received orlistat. Body composition data revealed that the pri-
mary reduction came from a loss of body fat of approximately
15%. Systolic and diastolic blood pressure was significantly
decreased in both groups but significantly lower in the lira-
glutide group after the 2-year treatment period. The primary
outcome measures of safety and tolerability found several
self-reported cases of symptomatic hypoglycemia; however,
the majority of drug-related side effects attributed to liraglutide
were transient nausea and vomiting. The general conclusion
was that the drug was well tolerated over extended treatment
periods and was effective in sustaining weight loss and improv-
ing cardiovascular risk factors. Similar results were reported in
a 2-year study examining liraglutide’s effects on body weight
and glycemic control in Japanese type 2 diabetic subjects’™ and
in a study showing that liraglutide (3.0 mg/day) in combina-
tion with a low-calorie diet and physical activity resulted in
significantly greater weight loss in overweight and obese adults
with type 2 diabetes than in those receiving placebo.”

A large multisite randomized trial (DURATION-6)
was conducted to compare the effects of sustained-release
exenatide once weekly to liraglutide (1.8 mg/day) once daily
in patients with type 2 diabetes.”® The major outcome mea-
sure was a change in HbA  , an indicator of blood glucose
concentration; however, other secondary outcomes including
changes in body weight, fasting blood glucose, and blood
pressure were also examined. It was demonstrated that
while both GLP-1 analogs improved glycemic control and
produced weight loss, the improvements in HbA | and body
weight reduction were greater in the liraglutide group. Both
groups had similar improvements in blood pressure and other
cardiovascular biomarkers.

While generally well tolerated, several side effects of
GLP-1 agonists have been reported. The most frequent of
these is nausea which is more problematic in the early stages
of treatment and with shorter acting agonists such as exenatide
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due to higher peak concentrations than those produced with
slow-release GLP-1 agonists.>”’8” Other gastrointestinal com-
plaints such as vomiting and diarrhea have also been reported,
though with less frequency than nausea.’”’®% While these
side effects do not represent serious health issues, they may
contribute to a patient’s decision to discontinue therapy.
Other side effects include a small (2—4 beats/min) but
sustained increase in heart rate. Despite this, preclinical stud-
ies have reported that GLP-1 agonists have a beneficial effect
on cardiovascular outcomes.®! Additionally, since GLP-1
receptor agonists induce pancreatic beta-cell proliferation,
there is the possibility that long-term use could result in pan-
creatitis. However, in clinical trials evaluating approximately
4,500 patients, seven cases of pancreatitis were reported
which was not beyond expected rates for this population,
and reviews of clinical data by the EMA concluded that
GLP-1 agonist treatments did not pose an increased risk for
the development of pancreatitis.®* Some concerns were also
raised about the potential risk of thyroid cancer based on
animal studies demonstrating proliferation of thyroid C-cells
and tumor formation in rodents following long-term treatment
with GLP-1 agonist compounds.®® This finding was not con-
sistent with data obtained from nonhuman primates who, like
humans, exhibit a much lower density of GLP-1 receptors on
thyroid C cells.® Nevertheless, the effects of prolonged use
of higher doses of liraglutide such as those used for weight
loss treatment in humans have not been determined.
Although many studies have reported significant effects
of liraglutide on body weight loss, there are limited data
available that specifically evaluate the possible mechanisms
underlying liraglutide’s effects on body weight in humans.
To address this, a recent study of obese individuals, without
diabetes, examined the effects of once-daily administration
of liraglutide on several parameters that may contribute to
weight loss, including gastric emptying, glycemic control,
appetite, and energy metabolism.® Subjects received 1.8 mg
(the dose currently approved for diabetes treatment), 3.0 mg
(the dose currently approved for weight loss), or a placebo.
After 5 weeks of treatment, the effects on gastric emptying of
a test meal were found to be equivalent for the two doses of
liraglutide and for liraglutide versus placebo for the duration
of the 5-hour testing period; however, early (1 h) gastric emp-
tying was significantly delayed with the 3.0 mg liraglutide
dose. In addition to evaluating the effects of liraglutide on
gastric emptying, subjects were asked to consume a lunch
meal ad libitum to determine energy intake and to assess
feelings of satiety, fullness, and hunger. The study found that
both doses of liraglutide equivalently reduced energy intake

which was accompanied by increased postprandial satiety and
fullness ratings and a decrease in hunger ratings. All groups
had reduced 24-hour energy expenditure which was greater
for liraglutide versus placebo, a difference that was attributed
to a decrease in body weight. A shift toward increased fat
oxidation and decreased carbohydrate oxidation was noted in
the group receiving liraglutide. Measures of glycemic control
were also found to be significantly improved in both liraglutide
treatment groups. The conclusion from these data was that the
mechanism responsible for weight loss induced by liraglutide
was due to a long-term reduction in appetite and food intake,
as opposed to effects on energy expenditure. As mentioned
above, experiments in rodents have shown that repeated doses
of liraglutide result in a diminished ability to delay gastric
emptying;®* however, this does not appear to be the case in
humans, since there were still significant effects on emptying
at the earlier time points with the highest dose. Thus, delays
in gastric emptying may partially contribute to the reduction
in meal intake produced by liraglutide in humans.

While the van Can et al study®® examined liraglutide’s
effects in obese subjects without diabetes, similar parameters
were also evaluated in obese subjects with diabetes. The
results in diabetic subjects were in general agreement with
liraglutide’s effects on weight loss, satiety, gastric emptying,
and energy expenditure in nondiabetic subjects. The failure
of this, and other studies, to observe significant changes in
energy expenditure after GLP-1 analog administration is in
contrast to recent data demonstrating an increase in rest-
ing energy expenditure in obese type 2 diabetic patients.™
The discrepancy in these results may be due, in part, to the
increased length of treatment in this study in which patients
were treated for 1 year with GLP-1 receptor agonists.

As in rodent studies, it has been postulated that GLP-1
receptor agonists may reduce food intake in humans by
modulating the rewarding properties of food. In a study using
functional magnetic resonance imaging, obese type 2 diabetic
patients exhibited increased brain responses to pictures of
food in reward and appetite-related brain regions compared to
lean control subjects. The enhanced response to food-related
images in obese subjects was blocked by administration of a
GLP-1 receptor antagonist, supporting the view that GLP-1
agonists such as liraglutide may promote weight loss by
reducing the hyperresponsiveness to food cues to a pattern
that is consistent with that of lean individuals.®

An interaction between the adipose-derived peptide,
leptin, and GLP-1 has been demonstrated in experiments in
rodents showing that subthreshold doses of leptin increased
the ability of GLP-1 inhibit food intake.®” Furthermore, GLP-1
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receptor agonists can reinstate leptin sensitivity in obese
animals.?®% Asin animals, obese humans have high levels of
circulating leptin but are leptin resistant and therefore do not
respond appropriately to this signal to reduce energy intake.
During weight loss, a drop in plasma leptin levels that results
from decreased fat mass produces a rebound response that
favors increased food intake. Based on animal studies, it was
postulated that administration of a GLP-1 receptor agonist
during diet-induced weight loss would inhibit decreases in
soluble leptin receptor plasma concentrations (one marker
for leptin activity) caused by decreased adiposity and thus
prevent a regain in body weight.”® This study demonstrated
that liraglutide (1.2 mg/day) inhibited the increase in soluble
leptin receptor that is normally seen in individuals undergoing
weight loss. Consequently, free leptin levels were increased,
thereby providing a signal that would prevent an increase in
food intake and a decrease in energy expenditure. Supporting
the hypothesis, the results indicated that the group receiving
the liraglutide, in conjunction with reduced caloric intake,
had greater weight loss during the maintenance period than
the group that did not receive liraglutide. This study has
important implications for the potential use of liraglutide as
an adjunct to more traditional weight loss regimens and for
the long-term sustainability of weight loss treatments. Addi-
tionally, it suggests another avenue through which GLP-1
receptor agonists contribute to weight loss.

Conclusion

In summary, the GLP-1 receptor agonist, liraglutide, has been
demonstrated to reduce food intake, promote weight loss,
and improve indices of metabolic function in both animal
and human studies. The primary mechanisms associated with
these effects are proposed to be due to actions of GLP-1 on
peripheral (vagal) and central pathways that affect food intake
and metabolism via hindbrain and hypothalamic activation,
as well as those brain areas associated with motivation and
reward processes.

With the high prevalence of obesity and its negative
impact on quality of life, there is a critical need for therapies
that will produce a sustainable loss of body weight. Currently,
the most effective treatment option is bariatric surgery.
A recent comparison between the clinical efficacy of bariatric
surgery and liraglutide found surgery to be superior to lira-
glutide for both body weight reduction and improvements in
metabolic parameters.’! Despite this, many individuals are not
ideal candidates for surgery and would benefit from noninva-
sive medical treatments. Liraglutide has been demonstrated to
produce significant weight loss in humans, with and without

type 2 diabetes, while producing minimal side effects and
thus is an attractive treatment option. Additional research is
warranted for its potential in combinatorial weight loss treat-
ments that may further enhance and sustain weight loss.
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