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GLP-1 physiology informs the pharmacotherapy
of obesity
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ABSTRACT

Background: Glucagon-like peptide-1 receptor agonists (GLP1RA) augment glucose-dependent insulin release and reduce glucagon secretion
and gastric emptying, enabling their successful development for the treatment of type 2 diabetes (T2D). These agents also inhibit food intake and
reduce body weight, fostering investigation of GLP1RA for the treatment of obesity.
Scope of review: Here I discuss the physiology of Glucagon-like peptide-1 (GLP-1) action in the control of food intake in animals and humans,
highlighting the importance of gut vs. brain-derived GLP-1 for the control of feeding and body weight. The widespread distribution and function of
multiple GLP-1 receptor (GLP1R) populations in the central and autonomic nervous system are outlined, and the importance of pathways
controlling energy expenditure in preclinical studies vs. reduction of food intake in both animals and humans is highlighted. The relative con-
tributions of vagal afferent pathways vs. GLP1Rþ populations in the central nervous system for the physiological reduction of food intake and the
anorectic response to GLP1RA are compared and reviewed. Key data enabling the development of two GLP1RA for obesity therapy (liraglutide
3 mg daily and semaglutide 2.4 mg once weekly) are discussed. Finally, emerging data potentially supporting the combination of GLP-1 with
additional peptide epitopes in unimolecular multi-agonists, as well as in fixed-dose combination therapies, are highlighted.
Major conclusions: The actions of GLP-1 to reduce food intake and body weight are highly conserved in obese animals and humans, in both
adolescents and adults. The well-defined mechanisms of GLP-1 action through a single G protein-coupled receptor, together with the extensive
safety database of GLP1RA in people with T2D, provide reassurance surrounding the long-term use of these agents in people with obesity and
multiple co-morbidities. GLP1RA may also be effective in conditions associated with obesity, such as cardiovascular disease and non-alcoholic
steatohepatitis (NASH). Progressive improvements in the efficacy of GLP1RA suggest that GLP-1-based therapies may soon rival bariatric surgery
as viable options for the treatment of obesity and its complications.

� 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Glucagon-like peptide-1 (GLP-1) is expressed in the gut, the brainstem,
and to a lesser extent, within the endocrine pancreas and exerts its ac-
tions, including the control of energy balance, through a single well-
characterized GLP-1 receptor (GLP1R) [1]. Multiple studies have sought
to identify key GLP1Rþ brain regions and specific nuclei essential for the
physiological control of food intake and the pharmacological responses to
GLP1R agonists (GLP1RA). The available data suggest that multiple
GLP1Rþ neuronal populations contribute to the anorectic actions of
GLP1RA. Herewe focus on the distinct roles of GLP1Rs in the physiological
control of food intake, as well as the specific brain regions important for
transduction of the anorectic actions of exogenous GLP1RA. Additionally,
we highlight the clinical data supporting the approval of two GLP1RA,
liraglutide and semaglutide, for the treatment of people with obesity.

2. DOES GLP-1 REGULATE ENERGY EXPENDITURE?

Though overwhelming evidence supports the role of GLP-1 in the
reduction of food intake in animals and humans, the effects of GLP-1
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on energy expenditure vary across species. Studies examining mice
and rats reveal that GLP1RA increases energy expenditure, contrib-
uting to weight loss detected in preclinical experiments. These actions
induced by GLP-1 are largely mediated by central nervous system
(CNS) activation of adrenergic and AMP-activated protein kinase
(AMPK) pathways that converge on brown adipose tissue (BAT) acti-
vation [2,3]. Conversely, selective knockdown of the GLP1R in the
dorsomedial nucleus of the rat hypothalamus reduced adipose tissue
uncoupling protein 1 (UCP1) expression, decreased BAT temperature
and energy expenditure, and increased body weight and adiposity [4].
Nonetheless, preclinical studies examining how GLP1RA such as
semaglutide induces weight loss identify a reduction of food intake
without changes in locomotion or energy expenditure, as the pre-
dominant mechanism that contributes to the reduction of body weight
[5]. While GLP-1-regulated energy expenditure pathways are prom-
ising, this mechanism does not appear to meaningfully contribute to
weight loss ensuing from the administration of GLP1RA in humans. For
example, the administration of exenatide (10 mg twice daily) in people
with obesity or type 2 diabetes (T2D) studied for up to 24 weeks
revealed a reduction in food intake, while energy expenditure remained
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Figure 1: Representative targets for GLP-1 action and sites of GLP1R expression within the nervous system, and consequences of GLP-1 therapy in people with obesity.

Review
constant [6]. Similarly, 12 weeks of continuous exenatide (2 mg once
weekly of an extended-release formulation) administration in non-
diabetic men increased BAT glucose uptake; however, no increase
in resting energy expenditure or substrate oxidation was observed [7].
Twenty-six weeks of once-daily liraglutide administration (1.8 mg
daily) in people with T2D and mean body mass index (BMI) of w32,
reduced body weight (4.3 kg) and decreased resting energy expen-
diture, without changing the proportion of fat within BAT [8].
Furthermore, administration of semaglutide (1 mg once weekly) to
people with obesity for 12 weeks moderately reduced food intake by
24%, associated with a w5 kg mean weight loss, reflecting pre-
dominant loss of fat mass, without any change in resting energy
expenditure [9]. Therefore, though GLP1R-regulated CNS pathways
may indirectly augment BAT activity and energy expenditure in mice
and rats, the role of these mechanisms in humans remains poorly
defined.

3. HOW IMPORTANT IS GUT-DERIVED GLP-1 FOR THE
CONTROL OF FOOD INTAKE AND BODY WEIGHT?

As gut-derived GLP-1 circulates at very low levels in the systemic
circulation, considerable uncertainty surrounds the importance of GLP-
1 signals originating from the gut for regulating energy homeostasis.
Genetic deletion of the glucagon (GCG) gene from the distal gut using
Cdx2-Cre, or from the small and large bowel using Vil1-Cre, produces
a partial or near-complete reduction of circulating GLP-1 levels in mice
[10]. Nevertheless, the near absence of circulating bioactive GLP-1 is
not associated with increased food intake or bodyweight under regular
chow diet conditions, nor do these Glp1rGut�/� mice exhibit enhanced
weight gain after high-fat diet (HFD) feeding. Hence, gut-derived GLP-1
is not essential for the control of food intake or body weight.

3.1. Mechanisms and cell types contributing to GLP1RA-mediated
inhibition of food intake and weight loss
GLP1R localization in the brain has been assessed by in situ hybridi-
zation (ISH), ligand binding, including the use of fluorescent GLP-1
analogs for detection of receptor binding, immunocytochemistry, the
use of reporter mice, and single-cell RNA-seq. Interpretation of some
reports detecting GLP1R immunoreactivity is complicated by the use of
non-selective antisera that often do not recognize the authentic GLP1R
[11,12]. Glp1r expression was detected by ISH within multiple nuclei in
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the rat hypothalamus [13], the thalamus, cortex, brainstem, preoptic
area, ventral tegmental area, area postrema (AP), dorsal nucleus of the
vagus, lateral reticular nucleus, and within the spinal cord [14]. The
widespread distribution of CNS Glp1r expression was subsequently
confirmed in studies using reverse transcription-polymerase chain
reaction (RT-PCR), demonstrating Glp1r expression in the cerebral
cortex, cerebellum, hypothalamus, and brainstem in the fetal and adult
mouse brain [15].
A broad distribution of GLP-1 binding sites was detected in the rat
brain using labeled GLP-1 or exendin-4, including the lateral septum,
subfornical organ (SFO), thalamus, hypothalamus, interpeduncular
nucleus, posterodorsal tegmental nucleus, AP, inferior olive, and the
nucleus of the solitary tract (NTS) [16] (Figure 1). Studies of GLP-1 and
the reduction of food intake also identified robust binding of labeled
GLP-1 in the rat hypothalamus, central nucleus of the amygdala, and
anterodorsal thalamic nucleus, with GLP-1 binding competed by
addition of excess exendin (9e39), a GLP1R antagonist [17]. Similar
regional patterns of labeled GLP-1 binding were detected in the mouse
brain, whereas no GLP-1 binding sites were detected in the CNS of the
Glp1r�/- mouse [18]. Subsequent studies confirmed the widespread
distribution of GLP1R mRNA transcripts and GLP-1 binding sites within
multiple regions of the non-human primate brain, especially in regions
of the brainstem and hypothalamus that regulate feeding [19].
Of relevance to the use of GLP1RA for the treatment of obesity, pe-
ripheral administration of fluorescently-labeled liraglutide or sem-
aglutide detects binding in multiple populations of GLP1R þ neurons,
including circumventricular organs, the choroid plexus, the lateral
septal nucleus, the septofimbrial nucleus, the arcuate and the para-
ventricular nucleus, the median preoptic nucleus (MnPO), the NTS, the
dorsomedial hypothalamic nucleus, the medial mammillary nucleus,
the supraoptic nucleus, the tuberal nucleus, and dorsal motor nucleus
of the vagus nerve [5]. In agreement with these findings, peripheral
injection of a fluorescent exendin (9e39) derivative in mice detected
binding in the median eminence, NTS, AP, arcuate nucleus, and
choroid plexus [20]. The mechanisms underlying penetration of
GLP1RA beyond the bloodebrain barrier are incompletely understood
but may involve the interaction of GLP-1 with tanycytes [5].
Multiple GLP1R þ neurons within the hindbrain and the hypothalamus
are functionally important for transducing signals linking GLP1R acti-
vation to reduced food intake and weight loss. Experimental designs
utilized for functional interrogation of the GLP-1 system include central
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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and peripheral administration of native GLP-1, GLP1RA, and receptor
antagonists, the use of cell type-specific GLP1R knockout mice, as well
as an interrogation of GLP1R-regulated neural circuits using chemo-
genetics. The expression of GLP1R in these regions generally corre-
sponded to cellular sites of c-FOS expression following administration
of GLP1RA [21].
Ludwig and colleagues used single-cell RNA-seq to identify pop-
ulations of GLP1Rþ cells within the dorsal vagal complex of obese
mice exhibiting transcriptional responses to a 7-day treatment regimen
of liraglutide or semaglutide [22]. The detected transcriptional re-
sponses showed remarkable similarity in animals treated with lir-
aglutide vs. semaglutide. The Glp1r was co-expressed in some
noradrenergic neurons with mRNAs for two receptors mediating
anorectic activity, with Gfral, predominantly in the AP and Calcr, mainly
in the NTS [22]. Transcriptional responses to semaglutide were
detected in neurons, glial cells, astrocytes, tanycytes, vascular and
leptomeningeal cells, and ependymal cells. The AP exhibited the
largest number of differentially expressed mRNA transcripts, including
Bdnf, Ghrh, Pam, Ptprn, Vgf, Cartpt, and Pdyn. Notably, the majority of
Glp1rþ and glucose-dependent insulinotropic polypeptide receptor
(Gipr)þ cells within the AP did not co-express both receptor mRNAs.
GLP1RA activates subsets of glutamatergic and GABAergic
GLP1Rþ neurons, including populations within the brainstem and
hypothalamus of mice and rats [5,23,24]. Selective genetic disruption
of the murine Glp1r using either vGAT-Cre or vGlut2-Cre to target the
GABAergic or glutamatergic neurons, respectively, generated
vGAT Glp1r�/� and vGlut2Glp1r�/� mice that exhibited no baseline
change in basal food intake or body weight. Liraglutide significantly
reduced food intake in vGAT Glp1r�/� mice; however, the anorectic
actions of liraglutide were partially attenuated and delayed in
vGlut2Glp1r�/� mice [25]. Conditioned taste aversion induced by lir-
aglutide was also blunted in vGlut2Glp1r�/� mice. Consistent with
these findings, a 2-week course of once-daily liraglutide reduced food
intake and body weight in HFD-fed vGAT Glp1r�/� not in vGlut2Glp1r�/�

mice.
A potential role for cytokine signaling in the transduction of anorectic
GLP-1 signals has also been suggested. Co-localization of interleukin-
6 (IL-6) and GLP1Rþ cells has been detected in the hypothalamus,
brainstem, and the lateral parabrachial nucleus, and administration of
exendin-4 increased the proportion of IL-6þ cells in the external
parabrachial nucleus [26]. Acute intracerebroventricular (ICV) injection
of exendin-4 also increased the expression of IL-6 in the brainstem,
and of IL-6 and IL-1b in the rat hypothalamus. Pharmacological or
genetic reduction of hypothalamic IL-1b and IL-6 activity in rats and
mice, respectively, attenuated the anorectic actions of exendin-4 [27].

3.2. Hindbrain PPG GLP-1þ neurons and the control of food intake
Studies using chemogenetics or deletion or knockdown of gut or CNS
Gcg expression in mice have implicated CNS-derived GLP-1, rather
than gut GLP-1, as the predominant source of endogenous GLP-1
controlling physiological anorectic pathways in the brain. Viral
expression of diphtheria toxin to enable ablation of mouse brainstem
preproglucagon (PPG) neurons substantially reduces GLP-1 peptide
content in the brainstem, hypothalamus, and spinal cord, but did not
affect food intake or body weight under regular chow ad libitum
feeding conditions [28]. Nevertheless, PPG-ablated mice did increase
food intake after a prolonged fast or after administration of a liquid diet
preload, findings confirmed independently in separate groups of mice
with chemogenetic inhibition of PPG neurons [28]. Moreover, restraint
stress-associated reduction of food intake required PPG neurons.
Hence, brainstem PPG neurons may serve to limit the extent of food
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intake when the animal is presented with an excess of ingestable
energy or under conditions of stress that are known to induce the brain
GLP-1 system.
Although exogenous leptin administration activates PPG neurons in the
rat hindbrain [29], hindbrain Gcg mRNA transcripts were reduced in
rats treated with liraglutide [30]. Similarly, mice with diphtheria toxin
subunit A-mediated ablation of NTS PPG neurons did not exhibit
attenuation of the actions of liraglutide or semaglutide to reduce food
intake or promote weight loss over 24 h [31]. Chemogenetic activation
of NTS PPG neurons together with pharmacological administration of
semaglutide (60 mg/kg) produced a greater reduction in food intake
than that achieved with either intervention alone [31].
Viral expression of diphtheria toxin in brainstem PPG neurons did not
impact circadian rhythms of food intake, energy expenditure, or
bodyweight, but was associated with transient hyperphagia during
post-fast refeeding in mice [31]. Chemogenetic inhibition of PPG
neurons in the NTS increased meal size during re-feeding of large
meals but had no effect on ad libitum feeding. In contrast, activation
of PPG NTS neurons reduced ad libitum food intake and body weight
over 48 h, without impacting changes in behavior. Chemogenetic or
optogenetic activation of vagal afferent neurons (VANs) produced a
more modest and transient inhibition of food intake and body weight
over a 24 h period [31], as per findings associated with the devel-
opment of conditioned taste aversion. Importantly, activation of
GLP1Rþ VANs did not induce c-FOS expression within brainstem PPG
neurons, whereas a subset of oxytocin receptorþ VANs or peripheral
administration of oxytocin communicated anorectic signals reflecting
gut distension via mechanisms requiring brainstem PPG neurons.
Chemogenetic activation of GLP1Rþ VANs acutely reduced dark phase
food intake in both fasted and fed mice, associated with activation of c-
FOS expression within the NTS and the AP [32], including sub-
populations of neurons that expressed either cholecystokinin (CCK),
Dopamine beta-hydroxylase (DBH), or neuropeptide Y (NPY). Stimu-
lation of these GLP1Rþ vagal circuits was associated with the acti-
vation of calcitonin gene-related peptide (CGRP)þ neurons within the
lateral parabrachial nucleus. Acute chemogenetic inhibition of these
neurons produced a modest increase in food intake, but no detectable
impact on the response to fasting-refeeding. Chemogenetic inhibition
of GLP1Rþ vagal afferents markedly attenuated the acute anorectic
response to lithium chloride and CCK, but had minimal effect on the
anorectic response to liraglutide [32].

3.3. GLP-1 action in the hypothalamus reduces food intake and
body weight
Early studies of the anorectic actions of GLP-1 were focused on the
hypothalamus, demonstrating that ICV administration of GLP-1
inhibited food intake in rats, associated with induction of c-FOS
expression in the paraventricular nucleus of the hypothalamus and the
central nucleus of the amygdala [17]. These actions of GLP-1 were
blocked by the GLP1R antagonist exendin (9e39) and were absent in
Glp1r�/- mice [18]. Secher et al. detected binding and internalization of
fluorescently labeled liraglutide within the arcuate nucleus, but not the
hindbrain of mice and rats. Nevertheless, in subsequent studies by the
same group, peripheral administration of semaglutide enabled the
detection of fluorescent semaglutide within the hypothalamus, brain-
stem, and septal nucleus [5].
Using a combination of in situ hybridization to detect GLP1R and
immunocytochemistry to detect proopiomelanocortin (POMC)/cocaine
and amphetamine-regulated transcript (CART), the majority of arcuate
nucleus POMC/CART neurons were GLP1Rþ [30], supporting a model
whereby exogenous GLP-1 directly activates POMC/CART neurons which
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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inhibit the NPY)/Agouti-related peptide (AGRP) pathway via GABAergic
interneurons. These actions were localized predominantly to the arcuate,
not to the paraventricular nucleus. A functional role for melanocortin (MC)
receptors downstream of the GLP1R was inferred from studies in rats,
where co-administration of the MC3/4 receptor antagonist SHU9119,
administered by stereotactic injection into the rat dorsal vagal complex,
blunted the acute anorectic and weight loss actions of liraglutide
administered by intraperitoneal injection [33]. Consistent with these
findings, studies using wildtype and reporter mice demonstrated that
liraglutide directly activated arcuate POMC neurons, indirectly inhibiting
NPY/AGRP neurons through post-synaptic GABA receptors, and
increasing activity of pre-synaptic GABAergic neurons [34].
Approximately 10% of POMCþ neurons in the arcuate nucleus express
both the Glp1r and the leptin receptor (Lepr), with chemogenetic
activation of POMC/GLP1Rþ neurons leading to acute reduction of food
intake preferentially in male mice, without affecting locomotor activity
or energy expenditure [35]. Genetic inactivation of murine hypotha-
lamic GLP1Rs using Nkx2-Cre, Pomc-Cre, and Sim1-Cre could not
abrogate the anorexic responses to exogenous GLP1RA, emphasizing
the importance of redundant pathways beyond the hypothalamus for
GLP-1 actions on food intake.

3.4. GLP-1 action in the hindbrain controls food intake and body
weight
Considerable evidence supports the importance of hindbrain GLP1Rs
as key targets for both exogenous and endogenous GLP-1 in the
control of food intake. Administration of exenatide acutely induces c-
FOS expression in the AP, NTS, and the dorsal motor nucleus of the
vagus [36]. Experiments using chronic supracollicular decerebrate (CD)
rats demonstrated that ICV or intraperitoneal injection of GLP-1 or
exendin-4 directly into the hindbrain acutely reduced food intake and
inhibited gastric emptying [37]. Consistent with these findings, se-
lective ICV 4th ventricle (targeting the hindbrain) administration of the
GLP1R antagonist exendin (9e39) increased food intake and blocked
the suppression of food intake following acute gastric distension [38].
Conversely, knockdown of NTS Glp1r mRNA in rats using Adeno-
associated virus (AAV)-shRNA increased 24-h food intake, not body
weight in rats [39].
ICV administration of exendin-4 into the rat hindbrain activated protein
kinase A (PKA) and mitogen-activated protein kinase (MAPK) and
decreased phosphorylation of 50 AMP-activated protein kinase (AMPK),
in association with reduction of meal number. Conversely, simulta-
neous co-administration of the PKA antagonist, 30,50-cyclic mono-
phosphothioate (Rp¼cAMPs), reversed the suppressive effects of
exendin-4 on food intake and body weight [40]. Similarly, pretreat-
ment with the MAP kinase/ERK kinase (MEK) inhibitor U0126 attenu-
ated reduction of food intake and body weight observed with ICV
exendin-4. Directed administration of exendin-4 or native GLP-1 into
the NTS acutely inhibited food intake, preferentially through reduction
of palatable food vs. chow [41]. Related experiments showed that
hindbrain exendin-4 also reduced AKT phosphorylation, whereas in-
hibition of hindbrain PI3 kinase activity using LY294002 attenuated the
actions of exendin-4 in the hindbrain to suppress food intake and
reduce body weight [42]. Subsequent studies identified neuronal
populations within the hindbrain essential for transduction of the
anorectic actions of GLP1RA. Moreover, a combination of adenoviral
knockdown of the GLP1R and chemogenetic experiments revealed an
essential role of hindbrain GABAergic neurons in the actions of
liraglutide to reduce food intake and body weight in rats over 3
weeks [24].
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4. MISCELLANEOUS BRAIN REGIONS COMMUNICATING
ANORECTIC ACTIONS OF GLP1RA

Beyond interrogation of the hypothalamus and brainstem, several
other regions in the CNS express GLP1Rs that transduce signals
reducing food intake (Figure 1). For example, administration of GLP-
1 directly into the nucleus accumbens reduced food intake, whereas
exendin (9e39) increases food intake in the rat [43]. Similarly,
hindbrain GLP-1þ neurons project to the lateral parabrachial nu-
cleus, and gain- and loss-of-function studies in rats and mice
demonstrate that acute exendin-4 administration targeted to the
lateral parabrachial nucleus reduced food intake and body weight,
whereas blockade of the GLP1R with exendin (9e39) transiently
increased food intake in rats [44,45]. GLP1Rs within the hippo-
campus may also contribute to the control of food intake. Acute
administration of exendin-4 directly into the hippocampal formation
of rats reduced food intake and body weight over 24 h by reducing
meal size, whereas administration of exendin (9e39) transiently
increased food intake over the first 6 h [46]. The lateral septum also
contains immunoreactive GLP-1 fibers and GLP1Rs and both gain
and loss of GLP1R signaling within the lateral septum, targeted by
microinjection, inhibits and increases food intake, respectively in rats
[47]. Similarly, the GLP1R is expressed in the paraventricular nu-
cleus of the rat thalamus, as well as the lateral dorsal tegmental
nucleus, and administration of exendin-4 or exendin (9e39) directly
into these two areas inhibited or stimulated acute food intake,
respectively, via changes in meal size [48,49]. Furthermore,
administration of GLP-1 directly into the bed nucleus of the mouse
stria terminalis (BNST), which receives GLP-1þ innervation from the
NTS PPG neurons, reduced food intake, whereas exendin (9e39)
increased food intake, actions somewhat attenuated in mice fed on
HFD [50]. Overall, these results reveal that multiple regions within
the CNS transduce pharmacological signals linking GLP1R activation
to a reduction in food intake and body weight.

4.1. The physiological importance of endogenous GLP1Rs for
control of food intake
Whether GLP1R signaling is essential for the control of food intake and
body weight depends on the precise experimental context. Acute ICV
administration of exendin (9e39) into the rat brain increases food
intake [17]; however, Glp1r�/- mice do not exhibit increased food
intake or weight gain on a regular chow diet [18], and exhibit increased
locomotor activity and energy expenditure and resistance to weight
gain after HFD feeding [51,52]. Moreover, deletion of the GLP1R in ob/
ob mice does not impact the extent of hyperphagia or weight gain [53].
Consistent with these findings, broad disruption of the CNS GLP1R
system in mice using Nes-Cre did not lead to increased weight gain or
food intake. Similarly, mice with the elimination of GLP1Rs within the
Wnt1-Cre expression domain, including the brainstem, hypothalamus,
and enteric nervous system, exhibit normal food intake and body
weight [54]. Moreover, postnatal ablation of brainstem PPG neurons
using diphtheria toxin does not impact the control of food intake, meal
size, energy expenditure, or body weight [31].
The importance of hypothalamic GLP1Rs for the control of food intake
is also highly context- and experiment-dependent. Adenoviral knock-
down of GLP1Rs within the lateral hypothalamus of the rat produced a
substantial increase in food intake, body weight, and fat mass, evident
over 25e30 days and predominantly in male rats [55]. Similarly, daily
ICV administration of exendin (9e39) for three days increased food
intake and body weight in rats [56], and peripheral administration of a
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selective acylated GLP1R antagonist daily for one week increased food
intake and body weight in HFD-fed mice [57]. Selective lentiviral-
mediated knockdown of the Gcg gene within PPG neurons in the rat
NTS using RNA interference, or ICV infusion of exendin (9e39)
increased food intake and body weight in HFD-fed rats [58]. Moreover,
knockdown of GLP1Rs in the rat dorsomedial hypothalamus using RNA
interference increased food intake, decreased energy expenditure, and
increased body weight over 11 weeks of observation [4]. In contrast,
Burmeister et al. used Nkx2-Cre, Pomc-Cre, and Sim1-Cre to broadly
or selectively inactivate the GLP1R in the mouse hypothalamus.
Remarkably, no consistent increase in food intake or body weight was
detected [59]. Similarly, the genetic knockdown of the GLP1R in the
ventromedial hypothalamus did not affect food intake or body weight
[60]. In contrast with these findings, postnatal knockdown of the Glp1r
in the paraventricular nucleus (PVN) using targeted injections of AAV-
Cre led to increased food intake and weight gain, without changes in
energy expenditure [61]. Hence, the central importance of endogenous
brain GLP1Rs for control of food intake and body weight appears highly
context- and technique-dependent.

4.2. Role of vagal afferent signals in the GLP-1-dependent control
of food intake
Genetic, pharmacological, and surgical approaches have identified the
role of GLP1Rs in VANs in the control of food intake. Higher doses of
exendin-4 and liraglutide were required to achieve maximal sup-
pression of food intake in acute studies with rats subjected to complete
subdiaphragmatic surgical denervation [62]. Transection of the vagus
below the diaphragm attenuated the induction of c-FOS expression
induced by exendin-4 in the nodose ganglion, the medial NTS, and the
PVN of the hypothalamus [63], supporting the vital role for VANs in
communicating systemic GLP1R-dependent signals to the nervous
system. In contrast, Secher et al. did not detect any difference in
reduction of food intake or body weights in rats subjected to sub-
diaphragmatic vagal afferent vagotomy or sham surgery and treated
with liraglutide 200 mg/kg twice daily for 14 days [30]. Furthermore,
liraglutide retained its ability to reduce food intake and body weight in
rats with surgical ablation of the AP [24,30].
GLP-1 action has also been studied in animal models with the
disruption of the nodose ganglion Glp1r. Nodose ganglion Glp1r
mRNA transcripts were reduced in rats prone to the development of
obesity on an HFD, in association with relative resistance to the
anorectic actions of exogenous exendin-4 [64]. Bilateral knockdown
of Glp1r mRNA transcripts in the rat nodose ganglia did not change
long-term body weight, but increased meal size and enhanced gastric
emptying [65]. Although multiple structurally distinct GLP1RA inhibi-
ted food intake and produced weight loss in mice with inactivation of
the GLP1R within autonomic neurons including VANs, targeted by
Phox2b-Cre, the magnitude of weight loss achieved with chronic
administration of dulaglutide was diminished in Glp1rPhox2b�/� mice
[54]. Moreover, Glp1rPhox2b�/� mice exhibited dysregulated control of
insulin, glucagon, and glucose homeostasis, as well as accelerated
gastric emptying, in the absence of treatment with GLP1RA. Che-
mogenetic activation of VANs also reveals transduction of anorexi-
genic signals to the parabrachial nucleus, enabling meal termination
and the control of glucose homeostasis [32]. Similar results were
obtained in independent chemogenetic experiments to activate VANs
in mice, leading to transient reduction of food intake and body weight.
Collectively, these data highlight the importance of basal GLP1R
signaling in VANs for metabolic homeostasis and suggest that they
convey a subset of signals to the CNS linking systemic GLP1RA to the
control of food intake (Figure 1).
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5. THE ACTIONS OF GLP1RS IN ASTROCYTES

Beyond neurons, several studies report GLP1R expression in astro-
cytes, within the arcuate and paraventricular nucleus of the hypo-
thalamus, the hippocampus, and the hindbrain [66,67]. The acute
inhibitory actions of exendin-4 on food intake and body weight were
attenuated in rats following targeted administration of the astrocyte-
selective Krebs cycle inhibitor, fluorocitrate, into the rat brainstem
[66]. Conditional postnatal deletion of the GLP1R in astrocytes using
GFAP-Cre mice did not perturb basal control of food or water intake,
energy expenditure, or body weight [67]. Hence the available data,
albeit limited does not invoke important contributions for the astrocyte
GLP1R in the physiological control of food intake.

6. GLP-1 REDUCES HUNGER, FOOD INTAKE, AND BODY
WEIGHT IN HUMANS

The finding that acute GLP-1 administration rapidly promotes satiety
and reduces energy intake in humans [68] has prompted extensive
investigation of how GLP-1 communicates with regions of the brain
critical for control of appetite and hunger. Multiple studies have
examined changes in CNS activity in humans following administration
of native GLP-1 or GLP1RAs, often in conjunction with meal ingestion.
Infusion of GLP-1 in the fasting state to healthy non-obese volunteers
increased the sensation of fullness and reduced the perception of
hunger, as revealed by findings correlated with reduced brain acti-
vation in the amygdala, caudate, insula, nucleus accumbens, orbito-
frontal cortex, and putamen as assessed by Blood Oxygen Level-
Dependent (BOLD) functional magnetic resonance imaging (fMRI)
[69]. Changes in BOLD fMRI activation seen with food ingestion were
directionally similar to those obtained in the same subjects during GLP-
1 infusion. Studies of exenatide infusion in people with obesity
demonstrated that changes in functional connectivity within the hy-
pothalamus, assessed by fMRI, correlated with the suppression of food
intake in responder vs. non-responder individuals [70]. The effect of
exenatide infusion on sensations of hunger and the fMRI response to
pictures of food was studied in people with obesity, with or without
T2D. Exenatide reduced food intake and decreased the extent of brain
activation to pictures of food assessed by fMRI [71] in the insula,
amygdala, putamen, and orbitofrontal cortex; these actions were
markedly attenuated by co-infusion of exendin (9e39). Infusion of
exendin (9e39) alone to block endogenous GLP1R activity markedly
attenuated meal-induced insula activation in people with T2D [72]. The
actions of exenatide to inhibit food-induced brain activation appear to
be preserved in people with obesity, yet absent in normal-weight in-
dividuals [73]. Complementary studies using positron emission to-
mography (PET) showed that acute exenatide infusion increased the
rates of CNS glucose metabolism in total gray matter, the cortex, the
frontal, occipital, temporal, and parietal lobes, limbic system, insula,
putamen, and in areas involved in the food reward system such as the
orbitofrontal lobe, thalamus, and anterior and posterior cingulate [74].
In contrast, glucose metabolism was decreased in the hypothalamus
after exenatide administration. Hence, the available data support a role
for both endogenous GLP1R signaling, as well as pharmacological
infusion of GLP1RAs, to attenuate hunger and brain activation in the
context of meal ingestion, particularly in people with obesity and with
heightened sensitivity to food cues.

6.1. Liraglutide and the treatment of obesity
Several decades of preclinical experiments linking GLP1R activation to
weight loss, coupled with a reduction in body weight with the use of
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liraglutide (1.2 and 1.8 mg once daily) in people with T2D, prompted
exploration of higher doses of liraglutide for the treatment of over-
weight and obesity in the Satiety and Clinical Adiposity e Liraglutide
Evidence (SCALE) program (Figure 2). A 52-week trial assessed the
efficacy of liraglutide 3 mg once daily in people with overweight and
BMI >27 and at least one comorbid condition or obesity (BMI >30).
The trial population was predominantly female (78.5%), mean age
45.1 years, baseline BMI 38.3. The mean weight loss achieved was
8.4 kg after 56 weeks, with 33.1% of trial participants losing more
than 10% of their body weight [75]. Rates of study discontinuation due
to adverse events (AEs) were 9.9% vs. 3.8% for liraglutide vs. placebo,
respectively, with nausea, vomiting, diarrhea, and gallbladder AEs
reported more frequently with liraglutide therapy. The effectiveness of
liraglutide was diminished in people with a BMI >40. Fasting lipid
levels, HbA1c, blood pressure, high-sensitivity C-reactive protein,
plasminogen activator inhibitor-1, adiponectin, and physical and
mental health showed improvement in people treated with liraglutide
[75].
The SCALE obesity and prediabetes trial evaluated the effect of lir-
aglutide 3 mg daily vs. placebo plus lifestyle intervention in people with
a BMI >30 and prediabetes, with evaluations of treatment efficacy at
56 and 160 weeks. Among 2,254 randomized subjects, 50%
completed the entire study over 160 weeks. Fewer people were
diagnosed with diabetes in the liraglutide arm (2% vs. 6%, liraglutide
vs. placebo, respectively) [76].
In the SCALE Diabetes trial, 6% weight loss was achieved over 52
weeks in people with T2D treated with 3 mg liraglutide once daily, with
25.2% of the trial subjects experiencing >10% weight loss [77]. The
SCALE sleep apnea trial assessed the effectiveness of liraglutide vs.
placebo, in addition to diet and exercise counseling in reduction of the
apnea-hypopnea index (AHI) in 359 patients (BMI <30, >70% male)
with sleep apnea unable to tolerate continuous positive airway pres-
sure [78]. A mean weight loss of 5.7%, together with a reduction in the
AHI (w6 fewer events per hour), was observed in people treated with
liraglutide 3 mg daily, of whom 74% of people completed the trial. The
majority of subjects experienced improvements in the AHI within the
first 12 weeks of therapy, with greater benefits accruing in individuals
with higher baseline severity of obstructive sleep apnea [78]. Not
surprisingly, greater weight loss was associated with enhanced
improvement in the AHI in subjects randomized to liraglutide or
Figure 2: Summary of categorical weight loss with liraglutide in the SCALE trials. *p <

proportions) with the last observation carried forward (LOCF) at end of the trial. N ¼ numbe
trial entry; z, low-calorie diet (total energy intake 1200e1400 kcal/day). OR¼ Odds Ratio
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placebo. Weight loss at 160 weeks was 6.1% vs. 1.9% for subjects
randomized to liraglutide vs. placebo, respectively.
The SCALE maintenance study assessed the efficacy of liraglutide over
52 weeks in subjects with >5% weight loss following a low-calorie
diet for up to 12 weeks. After a mean weight loss of 6% on diet
alone, subjects randomized to liraglutide lost an additional 6.2% of
body weight while continuing to follow a 500 kcal per day deficit diet
[79]. Trial completion rates were 75% and 69% for subjects ran-
domized to liraglutide and placebo, respectively. More liraglutide-
treated subjects maintained >5% weight loss (81.4 vs. 48.9%, lir-
aglutide vs. placebo, respectively). Gastrointestinal AEs, predominantly
nausea and vomiting, were more common with liraglutide therapy.
Liraglutide has also been approved in several countries for the treat-
ment of adolescents with obesity based on the results of a 56-week-
long randomized controlled trial in male and female adolescents, 12e
<18 years of age [80]. End of trial weight loss >5% or >10% was
observed in 43.3 and 26.1% of liraglutide-treated subjects, respec-
tively, with a mean placebo-subtracted weight loss of 5% of body
weight. Approximately 81% of subjects randomized to liraglutide (vs.
79.4% for placebo) completed the trial. Adverse events, especially
gastrointestinal complaints were consistent with those defined for the
GLP1RA class.
The combination of liraglutide and intensive behavioral therapy (IBT)
produced greater weight loss than either intervention alone in subjects
(n ¼ 50 per arm) maintained on a portion-controlled diet of 1,000e
1,200 calories per day over 24 weeks; however, the benefit of
combining these interventions was not sustained over 52 weeks [81].
In a larger cohort, the SCALE IBT trial randomized 282 subjects
receiving IBT to liraglutide 3 mg or placebo over 56 weeks [82]. Mean
weight loss achieved was 7.5% vs. 4% for liraglutide vs. placebo at 56
weeks, with 30.5% vs. 10.8% of subjects reporting more than 10%
weight loss, liraglutide vs. placebo, respectively.

6.2. Semaglutide and weight loss in humans with overweight or
obesity
Semaglutide, a degradation-resistant, acylated long-acting GLP1RA,
was originally developed for the treatment of T2D at 0.5 and 1 mg
doses (and later 2 mg doses) administered subcutaneously once
weekly, as well as 7 or 14 mg doses administered once daily in a tablet
formulation [83]. Semaglutide was also evaluated for the treatment of
0.001. Data are observed proportions (except SCALE Diabetes, which is estimated
r contributing to the analysis. Data are from [75e79]. y, individuals with prediabetes at
.
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obesity in the Semaglutide Treatment Effect in People with Obesity
(STEP) program at a dose of 2.4 mg once weekly (Figure 3). STEP 1
enrolled 1,961 people with obesity or individuals with a BMI>27 with
at least one weight-related pre-existing condition, and randomized
subjects to lifestyle intervention and placebo or 2.4 mg semaglutide
once weekly, with a trial duration of 68 weeks [84]. Semaglutide was
started at the dose of 0.25 mg once weekly, and dose escalation to the
final dose of 2.4 mg was carried out over 16 weeks. Approximately
94% of study subjects completed the trial and 81.1% of subjects
adhered to the treatment protocol. The mean starting BMI was w38,
just >70% of enrolled subjects were female. The mean weight loss in
semaglutide-treated individuals was 16.9% vs. 2.4% in the placebo
group [84]. Blood pressure, HbA1c, C-reactive protein, and fasting lipid
levels were lower in people treated with semaglutide. Reversion of
prediabetes evident at baseline was noted in 84.1% vs. 47.8% of
subjects treated with semaglutide vs. placebo, respectively. Weight
loss of >15% was achieved by 54.8% vs 5% of the semaglutide vs.
placebo-treated group. The proportion of lean body mass increased
with semaglutide therapy, although absolute lean body mass was
reduced byw3% [84]. The most common AEs were nausea, vomiting,
diarrhea, and constipation, and a slight imbalance in gallbladder events
was also observed in the semaglutide arm, consistent with the well-
described profile of the GLP1RA class. Discontinuation due to AEs
was more common with semaglutide relative to placebo (7.0% vs
3.1%, respectively).
STEP 2 evaluated weight loss in 1,210 people with T2D not treated
with insulin (HbA1c 7e10.5%) and overweight or obesity randomized
to placebo, semaglutide 1 mg or semaglutide 2.4 mg weekly, together
with lifestyle intervention, over 68 weeks [85]. The mean change in
body weight was 9.6% vs. 3.4% for subjects treated with 2.4 vs 1.0
mg of semaglutide, with 49.9% and 28.2% of study subjects achieving
greater than 10% and 15% weight loss, respectively, on 2.4 mg of
semaglutide. The end of study HbA1c achieved was comparable (6.4
vs. 6.6%) with semaglutide 2.4 vs 1 mg once weekly andw10.6% of
subjects treated with 2.4 mg semaglutide once weekly discontinued
therapy due to adverse events, predominantly gastrointestinal [85].
The STEP 3 trial evaluated the effect of semaglutide on weight loss in
individuals assigned to an initial low-calorie diet for 8 weeks and 30
sessions of intensive behavioral therapy plus 200 min of physical
activity, over 68 weeks [86]. Approximately 80% of the 611 ran-
domized subjects were women (mean age 46) with a mean starting
BMI of 38, and 82.7% of subjects receiving treatment at the trial
Figure 3: Weight loss in the STEP trials with semaglutide. Data represent the trial pro
significant vs placebo. BW, body weight; IBT, intensive behavioral therapy. Data are from

MOLECULAR METABOLISM 57 (2022) 101351 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
conclusion. Discontinuation of therapy was reported in 16.7% and
18.6% of subjects randomized to semaglutide vs. placebo, respec-
tively. Mean weight loss on semaglutide was 17.6% vs. 5% in the
placebo arm [86]. The proportion of people with >15% weight loss
was 55.8% vs. 13.2%, and>20% weight loss was 35.7% vs. 3.7% for
semaglutide vs. placebo treatment, respectively. The degree of
physical activity was increased, and blood pressure, waist circum-
ference, HbA1c, and plasma lipid profiles were reduced in subjects
treated with semaglutide [86]. AEs were predominantly gastrointestinal
and more often reported with semaglutide.
The STEP 4 trial examined the consequences of an initial 20 weeks of
semaglutide administered 2.4 mg once weekly followed by either
continued therapy with semaglutide vs. switch to placebo in 803
subjects with overweight or obesity. Study subjects were simulta-
neously maintained on a low-calorie diet and increased physical ac-
tivity while receiving IBT [87]. Approximately 92% of the subjects
completed 68 weeks of treatment. Body weight was reduced by 10.6%
(initial mean BMI of 38.4) during the initial 20 weeks run-in period, and
subjects maintained on semaglutide lost an additional 7.9% of body
weight, vs. weight gain of 6.9% in subjects re-randomized to placebo.
Semaglutide therapy showed association with greater improvements in
physical function scores and reductions in HbA1c, lipids, blood pres-
sure, and weight circumference [87]. The proportion of subjects with
>15% and >20% weight loss at 68 weeks was 63.7% vs. 9.2% and
39.6% vs. 4.8% for semaglutide vs. placebo, respectively. Mecha-
nistically, humans with obesity treated with 2.4 mg semaglutide once
weekly report reduced hunger, decreased cravings, and reduced en-
ergy intake (w35%), with minimal effects on the control of gastric
emptying, assessed after a 20-week-treatment period [88]. The safety
and efficacy of semaglutide 2.4 mg once weekly for weight man-
agement are also being studied in adolescents with obesity.

7. GLP1RA AND CARDIOVASCULAR DISEASE

The safety of GLP1RA in the treatment of people with T2D at high risk
for the development of cardiovascular disease, as well as in individuals
with established cardiovascular disease, has been extensively studied
[89,90]. The results of these trials, which included a substantial pro-
portion of people with overweight or obesity and co-existing T2D,
strongly suggest that the reduction of cardiovascular events seen with
long-acting GLP1RA in these studies represents a class effect for
highly effective long-acting GLP1RAs. The available preclinical data
duct estimand, assuming the medication has been taken as assigned. *Statistically
[84e87].
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demonstrate cardioprotective actions of GLP1RA in animals with
obesity without diabetes [91,92]. Moreover, several GLP1RA such as
albiglutide or efpeglenatide reduce major adverse cardiovascular
events (MACE) in people with T2D despite the achievement of only
modest weight loss [93,94]. The use of semaglutide for the treatment
of T2D has been associated with cardiovascular safety (oral sem-
aglutide) [95], or a reduction in rates of major cardiovascular events
with once-weekly injectable semaglutide [96]. Liraglutide (1.8 mg)
reduced the rates of MACE events in people with T2D; however, the
cardiovascular safety of liraglutide 3 mg daily in people with obesity
has not been assessed in a dedicated cardiovascular outcomes trial.
The safety of semaglutide 2.4 mg once weekly is being evaluated in
the Semaglutide Effects on Cardiovascular Outcomes in People with
Overweight or Obesity (SELECT) trial [97]. This trial will enroll both
male and female subjects (n ¼ 17,500), age >45, BMI >27, with
established cardiovascular disease, and an HbA1c <6.5%. The trial is
event-driven (first report of new MACE event) and is expected to report
by 2023.

7.1. GLP1RA and non-alcoholic steatohepatitis (NASH)
The therapeutic potential of GLP1RA such as liraglutide and sem-
aglutide for the treatment of NASH has been studied in humans. The
safety and efficacy of liraglutide 1.8 mg daily were studied in people
with overweight and non-alcoholic steatosis over 48 weeks [98]. Of the
52 volunteers enrolled in the trial, 39% of liraglutide-treated subjects
demonstrated resolution of NASH, vs. 9% randomized to placebo.
Progression to fibrosis was also observed in fewer subjects random-
ized to liraglutide. The efficacy of 3 different doses of semaglutide once
daily (0.1, 0.2, and 0.4 mg) vs. placebo was evaluated in a larger group
(n ¼ 320) of individuals with NASH, aged 18e75 years, 61% female,
62% with T2D, over 72 weeks [99]. Among volunteers treated with the
highest dose of semaglutide, NASH resolution was detected in 59% of
people, vs. 17% in the placebo arm. In contrast, improvement in
fibrosis was not different between groups, detected in 43% vs. 33% of
people taking 0.4 mg of semaglutide vs. placebo, respectively. The
combined endpoint of NASH resolution and improvement in fibrosis
was observed in 37% vs. 15% of semaglutide vs. placebo-treated
subjects and subjects treated with 0.4 mg of semaglutide had a
mean weight loss of 13% vs. 1% for those treated with placebo [99]. A
phase 3 trial with semaglutide 2.4 mg once weekly for 72 weeks is
going on. The extent to which the improvement in NASH with GLP1RA
is driven predominantly by weight loss or through weight loss-inde-
pendent mechanisms requires additional investigation.

8. GLP-1-BASED CO-AGONISTS AND WEIGHT LOSS

Based on the results obtained with semaglutide, intense interest has
been evinced in exploring whether combining one or more additional
peptide epitopes, together with GLP-1, can produce even greater
weight loss, while maintaining the safety profile of GLP1RA [100].

8.1. Leptin and GLP-1
Leptin receptors have been detected on and activate brainstem PPG
neurons [29], fostering interest in whether PPG neurons mediate a
subset of leptin actions, or whether leptin may be useful in combination
with GLP1RA for weight loss. Notably, Leptin maintains its anorectic
activity in Glp1r�/- mice [101], and chemogenetic activation of
LepRbNTS neurons robustly reduces food intake in mice with ablation of
PPG expression in the NTS [102]. Moreover, administration of GLP1RA
produces weight loss in db/db and ob/ob mice [103]. Acute leptin
administration augments the GLP1RA-dependent reduction of food
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intake in fasted rats [104]. Supporting these findings, additive effects
were reported for hindbrain leptin and GLP1RA administration on
suppression of food intake in rats, whereas hindbrain GLP1R blockade
using exendin (9e39) diminished the inhibitory effects of hindbrain
leptin on food intake [105,106]. Moreover, acute leptin administration
potentiated the inhibitory effects of liraglutide on POMC activation and
food intake in mice [34]. Nevertheless, the potential utility of combining
metreleptin and GLP1R in humans with obesity is not being actively
explored.

8.2. Glucagon-GLP-1 co-agonists
A unimolecular combination of peptide sequences activating both the
GCG and GLP-1 receptors, including the naturally occurring co-agonist
oxyntomodulin [107], has produced compelling weight loss in pre-
clinical studies [108,109]. Studies in mice and rats demonstrate that
glucagon acutely reduces food intake [110], and activates thermogenic
pathways in the liver and adipose tissue to increase energy expendi-
ture [111,112]. Short-term infusion of glucagon also increases energy
expenditure in healthy human volunteers without detectable increases
in metabolic activity of the supraclavicular fat pads assessed by (18) F-
fluorodeoxyglucose uptake using positron emission and computerized
tomography scanning [113]. Oxyntomodulin modestly reduces food
intake and increases activity-related energy expenditure leading to
several kg of weight loss in short-term studies in people with over-
weight or obesity [114].
The therapeutic limitations of native oxyntomodulin have spurred
clinical development of more effective GCG-GLP1R co-agonists, the
best of which to date exhibit up to 10% weight loss in people with
obesity studied for 26 weeks [115]. However, nausea and vomiting
are prominent features associated with the use of glucagon-
containing co-agonists, and it remains undefined whether GCG-
GLP1R co-agonists are more effective for obesity compared to
recently approved therapies such as semaglutide once weekly.
Although the majority of GCG-GLP1R co-agonists produce an
effective reduction of HbA1c, a single agent, JNJ-64565111, failed
to reduce HbA1c in a 12 week clinical trial of people with T2D and
obesity [116]. Hence, optimization of GCG-GLP1R co-agonists will
be required to maximize weight loss, without disrupting glucose
homeostasis, while minimizing gastrointestinal AEs. The actions of
glucagon to reduce hepatic lipid synthesis and promote lipid
oxidation [117] have fostered the repurposing of GCG-GLP1R co-
agonists such as cotadutide for the treatment of non-alcoholic
steatohepatitis [118].

8.3. Amylin-GLP-1 co-agonists
Originally developed as medicines for both T1D and T2D, amylin an-
alogs such as pramlintide generate weight loss in human subjects,
with or without diabetes. A combination of pramlintide (360 mg twice
daily) and metreleptin (5 mg twice daily) produced substantial (w12%
at week 20 in the responder population) weight loss in people with
obesity, with some individuals experiencing 15e20% weight loss
[119]. Cagrilintide is an acylated long-acting non-selective human
amylin receptor agonist [120] that is being evaluated, in combination
with semaglutide, for the treatment of obesity. In a 20-week ascending
dose-escalation Phase 1B safety and pharmacokinetic analysis, in-
dividuals with obesity treated with 4.5 mg of cagrilintide and 2.4 mg of
semaglutide once weekly reported a mean weight loss of 17.1%, with
gastrointestinal complaints, such as nausea and vomiting being the
most common AEs [121]. The efficacy and safety of the cagrilintide-
semaglutide combination for the treatment of obesity is under inves-
tigation in larger clinical trials.
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8.4. The weight-reducing actions of the GIPR-GLP1R co-agonist
tirzepatide
Considerable interest is focused on the mechanisms of action of tir-
zepatide, a highly effective GIPR-GLP1R co-agonist that produces
superior reductions in HbA1c and body weight, relative to that achieved
with 1 mg once weekly of semaglutide in people with T2D [122]. The
GIPR is expressed in multiple regions of the mouse and human brain, in
subsets of neurons and glial cells, with some hypothalamic and
hindbrain cells exhibiting co-expression of the GIPR and GLP1R
[123,124]. Chemogenetic activation of GIPR þ cells in the mouse
hypothalamus acutely reduced food intake; however, co-administration
of exendin-4 did not produce an additive reduction of food intake when
compared to either intervention alone [123]. Therapy with tirzepatide,
5e15 mg once weekly produces 8e12% body weight reduction in
people with T2D, prompting ongoing development of tirzepatide as a
weight loss agent for people with overweight or obesity. The impor-
tance of GIP for the weight loss properties of tirzepatide in humans is
uncertain; however, tirzepatide failed to reduce body weight in Glp1r�/-

mice [125], implicating a dominant role for the GLP1R in the weight
loss observed with this agent. Glucose-dependent insulinotropic
polypeptide (GIP) has been shown to reduce the extent of aversive
responses induced by GLP-1 in mice and rats and decrease nausea
and vomiting in the shrew [126]: however, whether these intriguing
actions of GIP are conserved in humans remains unclear.

8.5. Structurally distinct GLP1RA produces different degrees of
weight loss
The extent of weight loss achieved with different GLP1RA has steadily
improved over time, from a rather modest 1e3% weight loss with
exenatide, lixisenatide, and albiglutide, to 3e4% weight loss with
dulaglutide and liraglutide in people with T2D. The recognition that
higher doses of liraglutide were possible without onerous adverse
events enabled achievement of 5e10% weight loss with 3 mg lir-
aglutide once daily in people with obesity. It can be posited that
structurally larger drugs such as albiglutide, dulaglutide, or efpegle-
natide may be less able to penetrate regions within the brain, relative
to smaller peptides such as liraglutide, semaglutide, or tirzepatide.
What accounts for the even greater weight loss achieved with the
GLP1RA semaglutide? While it is tempting to invoke differentially
greater brain access to GLP-1Rs controlling hunger with semaglutide,
this hypothesis has not yet been convincingly proven in preclinical
studies comparing the activities and localization of semaglutide vs.
liraglutide in the brain. Semaglutide penetrates regions of the brain not
protected by the bloodebrain barrier [5]} and the regional localization
of exogenously administered semaglutide within the mouse brain is
somewhat different, relative to regions accessed by liraglutide [5].
Nevertheless, when administered at doses that produce similar de-
grees of weight loss, liraglutide and semaglutide produce nearly
identical transcriptional responses in multiple regions of the mouse
brain [22]. The available data in humans with T2D suggest that
pharmacokinetics, namely achievement of high circulating levels of
GLP1RA, are highly correlated with the extent of weight loss for most
GLP1RA, including semaglutide [127]. However, it is not possible to
rule out unique molecule-specific interactions at the GLP-1R, that may
also preferentially activate and sustain receptor signaling and enhance
the anorectic actions of various GLP1RA.

9. SUMMARY AND FUTURE DIRECTIONS

The widespread distribution of GLP1Rs within the CNS that reduce food
intake in response to exogenous GLP1RA makes it unlikely that
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targeting one specific population of GLP1Rþ neurons will produce a
unique therapy that produces greater weight loss than non-targeted
agents. Whether differential biased signaling at the GLP1R will allow
for more sustained receptor signaling and greater reduction of food
intake and body weight remains unknown. The introduction of GLP1RA
(twice daily exenatide) into the clinic in 2005 was associated with
considerable nausea and vomiting, limiting adherence, and diminish-
ing enthusiasm for these therapies. Preclinical studies suggest the
possibility of dissociating adverse events from the reduction of food
intake, perhaps leading to enhanced tolerability and persistence. The
realization that gradual dose escalation successfully reduces the fre-
quency of these adverse events, followed by the development of more
effective GLP1RA allowing achievement of greater weight loss, has set
the stage for a new era of obesity therapeutics. From a baseline of
w15% weight loss with semaglutide, tirzepatide, and semaglutide-
cagrilintide combination therapy will likely approach or exceed a
mean weight loss of 20%. Although the majority of clinical studies to
date have focused on people with non-genetic causes of obesity,
emerging evidence also suggests that GLP1RA may be useful for
therapy of some individuals with genetic etiologies contributing to
weight gain and obesity [128].
While the risk: benefit ratio for GLP1RA has been established over 16
years, and cardiovascular safety has been demonstrated in large
outcome studies in people with T2D, there is currently no information
about the long-term safety of GLP-1 combination therapy. Neverthe-
less, one can envisage randomized controlled trials comparing out-
comes for bariatric surgery vs. optimal medical peptide therapy, in
people with obesity. The predicted benefits and safety profile of
therapy with GLP1RA (Figure 1) will be further validated in the SELECT
trial with semaglutide. The results of the SELECT trial may be funda-
mental for determining the benefits and safety of obesity therapy with
semaglutide, potentially overcoming current barriers to treatment and
reimbursement. Moreover, the importance and benefits of combining
lifestyle interventions such as diet and exercise, together with GLP1RA,
should not be neglected in clinical practice [129].
It is important to highlight that successful therapy of obesity extends well
beyond weight loss [130]. Important endpoints measuring the quality of
life, mobility, arthritis, sleep apnea, reproductive health, and pregnancy
outcomes, rates of gestational diabetes and hepatosteatosis, as well as
changes in blood pressure, and health care utilization will be important
to quantify in outcome studies. Overall, the bench to bedside GLP-1 story
[131] illuminates the importance of how understanding mechanisms of
peptide hormone action enabled the development of multiple new
classes of therapies for people living with metabolic disorders, providing
new effective options for individuals with obesity.
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