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The gutebrain axis: Identifying new therapeutic
approaches for type 2 diabetes, obesity, and
related disorders
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ABSTRACT

Background: The gut-brain axis, which mediates bidirectional communication between the gastrointestinal system and central nervous system
(CNS), plays a fundamental role in multiple areas of physiology including regulating appetite, metabolism, and gastrointestinal function. The
biology of the gut-brain axis is central to the efficacy of glucagon-like peptide-1 (GLP-1)-based therapies, which are now leading treatments for
type 2 diabetes (T2DM) and obesity. This success and research to suggest a much broader role of gut-brain circuits in physiology and disease has
led to increasing interest in targeting such circuits to discover new therapeutics. However, our current knowledge of this biology is limited, largely
because the scientific tools have not been available to enable a detailed mechanistic understanding of gut-brain communication.
Scope of review: In this review, we provide an overview of the current understanding of how sensory information from the gastrointestinal
system is communicated to the central nervous system, with an emphasis on circuits involved in regulating feeding and metabolism. We then
describe how recent technologies are enabling a better understanding of this system at a molecular level and how this information is leading to
novel insights into gut-brain communication. We also discuss current therapeutic approaches that leverage the gut-brain axis to treat diabetes,
obesity, and related disorders and describe potential novel approaches that have been enabled by recent advances in the field.
Major conclusions: The gut-brain axis is intimately involved in regulating glucose homeostasis and appetite, and this system plays a key role in
mediating the efficacy of therapeutics that have had a major impact on treating T2DM and obesity. Research into the gut-brain axis has historically
largely focused on studying individual components in this system, but new technologies are now enabling a better understanding of how signals
from these components are orchestrated to regulate metabolism. While this work reveals a complexity of signaling even greater than previously
appreciated, new insights are already being leveraged to explore fundamentally new approaches to treating metabolic diseases.
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1. INTRODUCTION

The gut-brain axis plays an essential role in multiple aspects of
physiology including regulating feeding and appetite, glucose ho-
meostasis, and gut motility. This biology has been exploited to discover
therapeutics for many diseases, including T2DM, obesity, and func-
tional disorders of the gastrointestinal system. More recent research
on the microbiome and other components of the gut-brain axis has
suggested an even broader role for this system, with implications for
discovering therapeutics for Parkinson’s disease, autism, immune-
related diseases, and mood disorders, among others [1e3].
The role of the gut-brain axis has been particularly well established in
regulating appetite and metabolism. Indeed, gut hormones, most
notably GLP-1, have been pursued as therapeutics in multiple drug
discovery programs for diabetes and obesity over the past two de-
cades. While some of the beneficial effects of GLP-1 and other gut
hormones, most notably glucose control, may not involve gut-brain
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circuitry, the importance of this system in the regulation of feeding
has been clearly established. Historically, obesity has been a partic-
ularly challenging area for the identification of safe and effective
therapies. Indeed, the failure rate in this area, largely driven by modest
efficacy and safety issues, has resulted in a de-prioritization of obesity
research at multiple pharmaceutical companies. However, recent
success with GLP-1-based injectable therapeutics and other ap-
proaches that leverage pharmacology of both GLP-1 and other gut
hormones has suggested that clinically meaningful weight loss, in
some cases exceeding 10%, can be safely achieved [4,5].
These advances, together with increasing evidence that the beneficial
effects of bariatric surgery are mediated, at least in part, via an in-
crease in the secretion of a number of endogenous gut hormones
linked to glucose homeostasis and satiety, have motivated increasing
research on the gut-brain axis and its role in regulating glucose control,
feeding, and appetite [6,7]. This work, which has been highly enabled
by new technologies, is resulting in a more detailed mechanistic
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understanding of gut-brain communication that is being exploited to
identify new therapeutic approaches for obesity and related disorders.

2. PRIMARY COMPONENTS OF THE GUT-BRAIN AXIS

Signaling between the gut and brain is bidirectional. Brain to gut
communication, which is mediated by the autonomic (sympathetic and
parasympathetic) nervous system and hypothalamic-pituitary-adrenal
(HPA) axis, regulates several physiological responses including
gastric motility and digestion [8,9]. This review will instead focus on
communication of sensory information from the gut to the brain, which
is mediated by both hormonal and neural circuits.
The gastrointestinal tract presents the largest body surface to the
outside world and is considered a key sensory organ. It responds to a
range of stimuli, including mechanical, nutrients, microbiome me-
tabolites, pathogens, and toxins, and orchestrates a response critical
for maintaining whole-body homeostasis. For example, following the
ingestion of a meal, nutrients pass from the stomach to the duodenum
and jejunum, producing chemo- and mechano-stimuli that the body
has evolved to detect. Specialized chemosensory cells that line the
Figure 1: Major components of the gut-brain axis. The gastrointestinal tract contains the
mouth, pharynx, esophagus, stomach, small intestine (duodenum, jejunum, and ileum), and
200x larger than the surface area of the skin [178]. There are multiple individual compo
communicating sensory information from the gut to the brain and other organs. These incl
endocrine and paracrine signaling, the enteric nervous system (ENS), gut microbiota, the va
gut, and the central nervous system (CNS).
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intestinal epithelium, called enteroendocrine cells (EECs), are among
the first sentinels engaged in the presence of nutrients. They secrete
signaling peptides that both circulate in the blood and are detected by
neighboring sensory cells, including vagal afferents, enteric nervous
system (ENS) neurons, immune cells, and the brain [10,11]. These key
peripheral components of the gut-brain axis are shown in Figure 1 and
described in detail to follow.

2.1. Enteroendocrine cells (EECs)
EECs are specialized trans-epithelial cells that are present throughout
the gut. They constitute fewer than 1% of the epithelial cells that line
the intestines, but combined, they make the gut the largest endocrine
organ in the body [12] and arguably one of the most functionally
complex. Several unique EECs have been described, distinguished by
their location along the gut and the hormones and neurotransmitters
they secrete. EECs in the stomach are categorized into a few subsets
that secrete the orexigenic hormone ghrelin, acid-modulating gastrin
or histamine, and the general inhibitory hormone somatostatin that
feedbacks onto other EECs to regulate secretion [13]. In the intestines,
a different complement of EECs secrete anorexigenic hormones GLP-1,
largest surface area in the body exposed to the external environment. Composed of the
large intestine (appendix, cecum, colon, rectum, and anal canal), its surface area is 50-
nents, each containing highly specialized cells, that are responsible for decoding and
ude enteroendocrine cells (EECs), which produce a variety of hormones involved in both
gus nerve (nodose ganglia) with specific cell types that innervate discrete regions of the
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peptide YY (PYY), neurotensin (NTS), oxyntomodulin (OXM), and
cholecystokinin (CCK), glucose-lowering incretins GLP-1 and glucose-
dependent insulinotropic peptide (GIP), motility hormones motilin and
serotonin, and a spectrum of other hormones that regulate digestion
and gut maintenance, including secretin (SCT) and GLP-2. These
hormones have overlapping functions and the relative roles of each are
still being elucidated. Together they play a fundamental role in regu-
lating energy homeostasis and physiology. This is illustrated by loss-
of-function mutations in a key EEC transcription factor neurogenin 3
(Neurog3) in infants, which results in depleted EEC numbers and a
failure to thrive with severe malabsorptive diarrhea [14].

2.2. Spatial differences between EECs
The small and large intestines can be viewed as having a spectrum of
EECs that gradually change along its axis. The cells in proximal regions
secrete higher levels of GIP, CCK, and motilin, whereas the cells in
distal regions secrete more GLP-1, GLP-2, PYY, and NTS [15]. The
nomenclature used to distinguish different subtypes is based on
detecting individual hormones [16]. The most highly investigated EEC
type to date is the L cell, which is found scattered along the entire
intestine. While the L cell is a broad name to cover all GLP-1-secreting
EECs, recent findings have shown there are many types of “L cells”
depending on their spatial location along the gut and their develop-
mental state as they migrate and mature along the cryptevillus axis, a
process that takes 3e5 days [17].
Based on transcriptional analysis, duodenal L cells and colonic L cells
are in fact distinct cell types, consistent with the different physiological
functions of these gut regions. For example, proximal L cells are
positioned and equipped with receptors that respond to the digested
products of incoming carbohydrates (Sglt1 [18,19]), lipids (Ffar1 and
Gpr119 [20,21]) and proteins (Casr and Pept1 [22]). When nutrients
flood the duodenum and jejunum, these receptors increase intracel-
lular cAMP and calcium levels in EECs, triggering vesicle docking and
hormone secretion [23]. Conversely, a colonic L cell expresses a
unique set of receptors (for example, Tlr4 and Avpr1b) that coordinate
colon-centric functions in response to microbial products and fluid
balance regulators [24,25]. Of note, the distal L cells are equipped with
many nutrient receptors despite their apparent physiological redun-
dancy [26].
The transcriptional differences between L cells as they transition along
the cryptevillus axis are more subtle and highlighted by relative levels
of hormone expression. L cells in the villus tip have higher expression
levels of Pyy, Sct, and Nts compared to those in the crypts that pri-
marily express Gcg [17]. The physiological relevance of this finding is
unclear. When studied at the protein level, secretory vesicles in these
cells can often contain a mixture of crypt and villus hormones, and
selective secretion of vesicles containing primarily one hormone over
another has not been demonstrated [27]. Furthermore, work in isolated
segments of human intestines has shown that carbohydrate, fat, and
protein infusions result in similar rather than different gut hormone
secretions [28,29]. It is likely, therefore, that postprandial hormone
secretion profiles are the result of exposure of stimuli to distinct gut
segments that contain different combinations of hormones rather than
selective secretion of hormones from individual cells.
There are many other overlapping EEC subsets beyond L cells and
different EEC lineages are now being elucidated using single-cell
sequencing as discussed in Section 3. Many of these are stimulated
in unison in response to a meal or other environmental stimuli. One
notable lineage that differs from the others is the ghrelin-secreting cell
type found in the stomach, which is believed to be under neuronal
control from signals that may originate from the brain [30,31]. Unlike
MOLECULAR METABOLISM 46 (2021) 101175 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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other EECs, this cell type secretes signaling peptides between meals
and ghrelin peaks in anticipation of a meal [32].

2.2.1. The sensory function of EECs
The cellular location of nutrient- and metabolite-sensitive GPCRs and
channels expressed by EECs suggest that these cells require ab-
sorption of nutrients to engage their secretory machinery. For example,
TGR5 is a receptor that senses bile acids and is located on the
basolateral membrane, and thus EECs only secrete their complement
of hormones when bile acids cross the gut epithelium [33,34].
Furthermore, glucose stimulates L cells and GIP, producing K cells in
the proximal gut through the transporter SGLT1, which produces a
depolarizing Naþ current as glucose is physically transported from the
lumen into the cell [18,19,35].
The complement of gut hormones detected in the systemic circulation
over time is, therefore, a proxy for when and where certain nutrients
and metabolites are crossing the gut epithelium. For example, in
response to a meal, GIP is observed relatively quickly, consistent with
the location of GIP-expressing EECs in the duodenum where nutrients
are first absorbed [36]. Whereas after Roux-en-Y bariatric surgery,
nutrients rapidly enter the jejunum instead of the duodenum and as a
result, a different profile of hormones is seen following a meal,
including high elevations of GLP-1, which corresponds to the higher
density of L cells in this region [37]. The temporal nature of hormone
secretion is likely important to the physiological response mediated by
feeding centers in the brain as discussed to follow.

2.2.2. Gut hormones: signaling and function
The importance of endocrine vs paracrine signaling of gut hormones
involved in satiety and glucose control is a subject of current debate.
EECs secrete high concentrations of active hormones, including GLP-1,
GLP-2, CCK, SCT, and NTS, and the receptors for these hormones
reside on adjacent EECs, ENS, vagal, immune, and/or myofibroblasts
[10,38,39], suggesting that many of the physiologic effects of these
hormones are mediated via local signaling. This is also consistent with
the observation that many gut hormones have short half-lives and are
rapidly inactivated as they escape from the gut. For example, the
plasma half-life of GLP-1 is 2e3 min and only 10e15% of GLP-1 is
found in the systemic circulation in its intact form [40]. Nevertheless,
receptors for GLP-1 and GIP are expressed on pancreatic beta cells as
well as leaky areas of the brain such as the area postrema and areas of
the hypothalamus that regulate food intake [39]. The signaling routes
used by gut hormones are active research areas, and in Section 3, we
highlight some of the most recent work being done using advanced
techniques to elucidate these circuits.
Research on the relative importance of paracrine vs endocrine
signaling of these hormones is highly relevant to drug discovery.
Specifically, a better understanding of the degree to which the phar-
macology of peripherally administered gut hormones reflects true
physiology or not would inform the design of rational approaches to
directly harness the endogenous machinery of the gut-brain axis. One
such example involves directly activating gut EECs to stimulate the
secretion of endogenous gut hormones that modulate metabolism
(Section 5.2.3.2).
With the major focus being on the hormones themselves rather than
EECs, the functions of EECs have mostly been implied from the results
of studies that analyze the effects of individual hormones when
injected at high levels. These studies have shown that many of the gut
hormones that are co-expressed in the same lineage of EECs have
overlapping functions. For example, the hormone GIP modulates
glucose-dependent insulin secretion as does the hormone GLP-1 [36],
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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and the hormone CCK reduces food intake, similar to the hormones
GLP-1, OXM, NTS, and PYY [27]. CCK and SCT both elicit pancreatic
secretions, while GLP-1, PYY, and CCK all reduce gastric emptying
[41]. EECs are equipped to sense different stimuli in specific gut re-
gions and may transmit different signals depending on the neurons
that innervate different segments, but how these signals are integrated
remains unclear. Experimental approaches that selectively stimulate
different EEC populations along the length of the gut will enable a more
comprehensive understanding of their functions, which may inform a
more rational approach for the discovery of new therapeutics.

2.3. The enteric nervous system (ENS)
The ENS is the intrinsic nervous system of the gastrointestinal tract.
Containing 200e400 million neurons and enteric glial cells, the ENS is
embedded in the intestinal wall and extends along the entire gastro-
intestinal tract from the esophagus to the anus. It integrates sensory
information and in turn modulates multiple aspects of gastrointestinal
function including gut motility, fluid exchange between the gut and
lumen, local blood flow to the intestinal mucosa, regulation of gastric
and pancreatic acid secretion, immune function, and mucosal barrier
function [42,43]. These functions are regulated through local auton-
omous neural circuits and communication with the central nervous
system via the parasympathetic (e.g., vagal nerve) and sympathetic
(e.g., prevertebral ganglia) nervous systems and spinal afferents.
Efforts to dissect the molecular mechanisms by which the ENS in-
tegrates and responds to sensory information are ongoing. The ma-
jority of enteric neurons fall into five historical classes based on their
neurochemical code: intrinsic primary afferent neurons (IPANs), in-
terneurons, viscerofugal neurons, secretomotor neurons, and motor
neurons. The neurons of the ENS are organized in two main plexuses,
the submucosal plexus and myenteric plexus [44]. These neurons
communicate with each other and the other major components of the
gut-brain axis [45]. This communication involves a number of neuro-
transmitters that are also expressed in the brain, including acetyl-
choline, dopamine, serotonin, and others. The ENS is also a major
source of numerous neuropeptides, some of which have been shown
to regulate immune function as well as basic intestinal physiology as
demonstrated in the case of vasoactive intestinal peptide (VIP) and
neuromedin U (NMU) [46e48]. A better understanding of the function
of these neurotransmitters and neuropeptides in the ENS and gut-brain
signaling in general is an area of active investigation.
The ENS is of increasing interest as a potential target to control glucose
metabolism and food intake. Numerous receptors for hormones and/or
neurotransmitters are expressed on enteric neurons, and several of
these ligands are linked to metabolism. These include galanin, CCK,
GLP-1, and ghrelin, although the list is likely to grow with recent high-
resolution dissections of ENS subtype diversity and regional specifi-
cation [39,49e52]. Compared to EECs and gut hormones, it has been
much more difficult to try to elucidate actions of the ENS by simply
administering signaling peptides that they may secrete when activated.
Recently, as described to follow, the results of gain- and loss-of-
function studies of specific enteric neurons have provided compel-
ling evidence for a role for at least some of these neurons in meta-
bolism [52].

2.4. The vagus nerve
The vagus nerve is a composite nerve with both motor (efferent) and
sensory (afferent) components. It plays a key role in the gut-brain axis
by conveying sensory information from the gastrointestinal system and
other major organs to the brain and directing effector functions via
efferent pathways. Also called the tenth cranial nerve, it is the longest
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nerve of the autonomic nervous system in the human body, extending
from its origin in the brainstem through the neck and thorax down to
the gastrointestinal system. The vast majority (80e90%) of neurons
that form the vagus nerve are afferents that communicate sensory
information from multiple organs, including the gut, liver, heart, and
lungs, to the brainstem. Within the brainstem, vagal afferents project
primarily to the nucleus of the solitary tract (NST), but also to the area
postrema and dorsal motor nucleus [53,54]. The NST in turn relays
information to several regions of the CNS, regulating autonomic,
neuroendocrine, and behavioral responses [53]. Clearly established
roles for the vagus nerve include regulation of digestion, satiety, heart
rate, respiration, vasomotor activity, and reflex actions such as
coughing, swallowing, and vomiting [55e58].
Vagal sensory neurons whose cell bodies reside in the nodose ganglia
send their peripheral projections into different segments of the GI
including the esophagus, stomach, and small intestine. Morphological
analysis of the gut terminals distinguishes three subtypes, those that
innervate the mucosal layer, myenteric layer, or have intraganglionic
laminar endings (IGLEs) [59]. The IGLE terminals are thought to allow
neurons to act as mechanosensors that detect gut distension. The
other two subtypes are thought to be chemosensory and terminate in
close proximity to EECs, mucosal immune cells, and neurons of the
ENS [60]. Recent evidence suggests the existence of synaptic contacts
between vagal afferents and a type of EEC that extends a cytoplasmic
process called a neuropod at their basolateral side [11,61] although the
nature of this synapse has yet to be confirmed. Thus, vagal afferents
are poised to receive information through both paracrine signaling and
synaptic transmission.
The vagus plays an integrative role in regulating appetite and, to some
extent, glucose homeostasis [62]. For example, CCK has been well
validated to have direct actions on the vagus to regulate appetite. When
secreted from the proximal intestine, it acts on the CCKAR expressed
by a subset of vagal afferents and causes the activation of NST neurons
[63]. The downstream cells involved in this satiation circuit appear to
include hypothalamic AGRP neurons [64,65]. Gastric emptying is
another gut-brain circuit that has been shown to be modulated by CCK-
responsive afferents [66].
Other hormones have been postulated to send orexigenic or anorexi-
genic signals to the brain via the vagus, which expresses multiple gut
peptide receptors as discussed in more detail in Section 4. Signals that
derive from mechanosensitive afferent activity also play a key role in
regulating food intake [65]. How vagal neurons integrate mechano-
sensory and hormonal signaling to regulate feeding is incompletely
understood.

2.5. Immune cells
As previously noted, the gastrointestinal tract is the largest organ
exposed to external antigens and, as such, is extensively populated by
the immune system. Indeed, the gut is the largest immune organ in the
body, containing the majority of all immune cells [67]. The gut mucosal
immune system is critically important for protecting the host from
infectious pathogens but must also allow cohabitation of commensal
microbiota in the gut and the entry of benign dietary antigens that are
critical for life. This finely tuned balance between active immunity and
immune tolerance is essential for maintaining intestinal homeostasis.
Regarding metabolism, recent findings have indicated that specific
mucosal immune cell types can regulate gut peptides, such as GLP-1
or lipid absorption [48,68]. For example, intraepithelial lymphocytes sit
adjacent to EECs and, in the mouse, express Glp1r [10]. These immune
cells have been shown to gate the amount of GLP-1 available by
regulating the number of EECs and eliminating GLP-1 as it is secreted
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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[68]. Mice that lack these IELs are resistant to obesity, diabetes, and
cardiovascular disease. Furthermore, other hemopoietic-derived cells
express DPP4, the protease that inactivates a number of gut hormones
including GLP-1 and GIP and thus may be responsible for cleavage of
these hormones as they enter the circulation [69]. Patients with in-
flammatory bowel disease have recently been shown to have reduced
expression of EEC markers, including GLP-1 and PYY in the colon,
though it remains unclear whether this is immune mediated [70]. The
potential role of the mucosal immune system in regulating metabolism
is the subject of active research [71].

2.6. The gut microbiome
In recent years, it has become increasingly clear that the gut micro-
biome, the bacteria, fungi, protozoa, and viruses that populate the
gastrointestinal tract, are involved in gut-brain signaling, and the
concept of a microbiomeegutebrain axis is now emerging. Composed
of trillions of microorganisms from thousands of species with unique
microbial genes that outnumber human genes by more than 100-fold,
these organisms produce a variety of metabolites that modulate other
bacteria, bind to protein targets locally in the gut epithelium, and traffic
across the intestinal barrier to influence the host [72e74].
The list of areas of physiology linked to the microbiomeegutebrain
axis is rapidly growing, and there is increasing evidence that dysre-
gulation of this system may be involved in metabolism [75]. Indeed, gut
microbiota dysbiosis has been repeatedly observed in patients with
these disorders, although a definitive causal relationship has not been
established [76]. The ability of microbial products to interact with host
cells involved in metabolism and the gut-brain axis is well docu-
mented. Metabolites including short-chain fatty acids (SCFA), bile
acids, and lipopolysaccharides bind to and modulate L cells in the
colon [27]. As a result, these microbial products can generate hor-
monal signals that may convey long-term dietary status and epithelial
integrity to the brain [77]. The magnitude of metabolic effects these
signals have on human physiology and whether they can cause dis-
ease remains unclear. Given that L cells secrete GLP-1, which mod-
ulates insulin and appetite, it could be postulated that altering the
composition would impact metabolism, but a clinical study using an-
tibiotics to change the composition did not find it led to a clinically
relevant impact on any metabolic parameter studied [78]. However,
fecal transplant studies in germ-free mice have shown that those
inoculated with samples from obese donors gain more weight than
those from lean or mouse donors [79].
Overall, the picture of how the microbiome influences the host is
evolving and has led to a large investment in research in academia and
industry to identify approaches to modulate the gut microbiome to treat
a variety of different diseases. Rapid progress in this area is challenged
by an incomplete census of the microorganisms that inhabit the gut
and the difficulty in translating very clear effects seen in germ-free
mice to the more complex system found in the human gut. In this
regard, there is currently a major push to survey the microbiome at a
molecular level in different disease states to gain a better under-
standing of the molecular mechanisms by which gut-brain circuits are
triggered to enable a more rational approach to the discovery of new
therapeutics.

3. ADVANCED TECHNOLOGIES STUDYING THE GUT-BRAIN AXIS

3.1. Elucidating cell types
The majority of sensory cells along the gut-brain axis have historically
been difficult to isolate and characterize. For example, sensing and
processing ingested nutrients is the most fundamental function of the
MOLECULAR METABOLISM 46 (2021) 101175 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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gut, yet our knowledge of the EECs that coordinate this response was
poor for many decades because they are scattered in the epithelium
and far outnumbered by absorptive and other secretory cells. Several
methods have been employed to elucidate the vast heterogeneity of
EECs.
The first experimental approach involved immunostaining fixed sec-
tions of the gut with antibodies against epitopes of hormones known to
be elevated in postprandial states [80]. This resulted in a map of a
dozen or so cell types characterized by a single hormone. The next
technological advance involved creating transgenic mice that enabled
the purification of primary cells based on a single molecular identity,
that is, a hormone for each EEC type. Gip-expressing K cells [35], Cck-
expressing I cells [81], Gcg-expressing L cells [18], and Sst-expressing
D cells [82] were isolated in bulk and the transcriptomes were studied
by microarray and qPCR. This work indicated that EECs are in fact
plurihormonal, an observation that was solidified using immunohis-
tochemistry and flow cytometry [26].
The unbiased transcriptomic approach made it possible to identify the
expression of previously unknown secreted products, such as INSL5 in
the colon [83] and drug targets expressed by different EEC populations
[15]. Although a major step forward, the resolution was low and entire
EEC lineages were poorly profiled due to the unavailability of transgenic
mice for specific cell types.
The latest technological advance has been single-cell sequencing. This
unbiased transcriptomic analysis allowed subtypes to be elucidated
from all of the major endocrine lineages. Atlases have now been
generated of EECs from mouse and human organoids [17], mouse
small and large intestine [84], and human large intestine [85]. While
this is a major advance, understanding the complete transcriptome is
still limited by the rarity of EECs as many of these atlases consist of
hundreds of cells split into over 20 types. Genetically modified human
organoids have recently been developed to facilitate the purification of
EECs but this is not yet possible with primary human cells [86].
Furthermore, in the mouse, while a comprehensive analysis of colon
EECs has been produced using a Neurod1-Cre mouse line to isolate
pure populations [87], the corresponding small intestine data remain
unavailable. As a result, the full transcriptomic diversity of EECs in
humans and mice is tantalizingly close but remains incomplete.
Nevertheless, it is now clear that there is a spectrum of endocrine cell
types along the small and large intestines that split into w5 lineages.
These lineages primarily express TPH1/SCT, GHRL/MLN, GCG/PYY/
NTS/CCK/INSL5/SCT, GIP/CCK/GAST/SCT, or SST. There are excep-
tions with rare cells expressing hormones from two lineages, for
example SST/GIP or TPH1/GCG. It remains unclear why these subsets
are present; they may be transdifferentiating cells caught between two
transcriptomic states or terminally differentiated subtypes.
Much effort has also been undertaken to profile the ENS and immune
populations along the mouse and human gut [49,51,88]. Given these
cell types also have a spatial axis, and the human gut is over 8 m long,
it is difficult to know if all cell types have been adequately profiled.
Regardless, a high-resolution understanding of the transcriptomic
composition of the ENS will likely facilitate the use of new technologies
that rely on knowing the molecular identities of cell types, which
should enable the discovery of novel ENS biology and aid future
therapeutic targeting of the neural circuits.
Conversely, the vagus has provided a ripe opportunity to perform
single-cell sequencing, with all of the afferent nerve cell bodies
bundled together in the nodose ganglia. Three recently published
single-cell datasets found that there are between 18 and 27 cell types
in the mouse, which express an array of gut hormone receptors
[65,89,90].
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The NST/area postrema (AP) region of the brainstem, which receives
input from both the vagus and circulating gut hormones, has not yet
been fully sequenced. Single-nuclear sequencing has recently been
applied to elucidate cell types in various regions of the mouse and
human brain, and these methods can also be applied to create an atlas
of the NST/AP [91]. An atlas specifically of the mouse AP was recently
published and it highlights unique populations that express the GLP-1
and amylin receptors [92]. Understanding these cell types is particu-
larly relevant in the metabolism field, as many obesity therapeutics
showing success in clinical trials, including GLP-1 and amylin, are
known to engage satiety circuits originating from these neurons, and
this new report highlights the specific neuron subsets that cause
aversion in mice. GLP-1 agonists used in the clinic were shown to
engage these AP neurons, and thus this signaling circuit could account
for the commonly reported nausea and vomiting that is observed with
GLP-1 agonists [39,93e95].

3.2. Circuit tracing
As previously described, single-cell sequencing enables an under-
standing of the molecular identity of all gut-brain cell types, which is
foundational to mapping the circuitry involved in transmitting sensory
information from the gut to the brain. One clear route of communi-
cation is endocrine, as secreted peptides from EECs are thought to
target receptors in circumventricular organs of the brain. However, the
importance of endocrine signaling in normal physiology has been
questioned given the rapid inactivation of at least some of these
peptides as they enter the systemic circulation [96]. The afferent
terminals of the vagus nerve, in comparison, occupy an anatomically
privileged position adjacent to EECs and express an array of hormone
receptors.
Vagal afferents do not directly contact the lumen; therefore, it is likely
that they are mainly second-order chemosensory neurons [97]. Based
on this observation, it is tempting to analyze the transcriptomic data
alone and hypothesize circuits between specific EECs and vagal
neurons. For example, EECs secrete GLP-1 in response to nutrients;
hence, one might predict that Glp1r-expressing vagal afferents are
primarily stimulated by nutrients and innervate the mucosal layer of the
mid to distal intestines, where GLP-1-producing EECs are most
abundant. However, this does not appear to be the case: using a Glp1r-
Cre mouse line combined with nodose ganglion-specific viral trans-
duction, these vagal neurons were selectively labeled with either a
fluorescent tracer to assess innervations or a genetically encoded
calcium indicator to monitor activity in anesthetized mice. Studies with
these animals found that Glp1r neurons primarily innervate the
myenteric layer of the stomach, not the distal intestine, and respond
mainly to stomach stretch, not nutrients [97]. One possible explanation
is that gut hormones relay convergent state-dependent information on
nutrients to the vagus, and so mechanosensory neurons are excited at
lower distension levels when nutrients are abundant. A similar phe-
nomenon has recently been described for CCK [65]. This calls into
question the simplistic view that vagal neurons are either mechano-
sensors or chemosensors.
The analysis of Glp1r-expressing vagal neurons was the first in a
sequence of papers that have started to illuminate the gut innervations
of specific vagal populations using a combination of transgenic mice
and viral-mediated tracing techniques [65,98]. For example, utilizing
this approach, Bai et al. mapped five vagal populations that have
chemosensory terminals and innervate various regions of the stomach
and small intestine and two populations that primarily have mecha-
nosensory IGLEs. They confirmed that one of these two populations
expresses Glp1r and innervates the stomach while the other expresses
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Oxtr and innervates the intestines. Furthermore, they used dual-color
retrograde tracing to show that individual vagal afferents do not
terminate in multiple regions of the gut, suggesting that they deliver
region-specific information [65].
A comprehensive cell-to-cell map of synapses between the vagus and
NST/AP neurons is not yet available. However, an example of how such
circuits can be mapped was provided by a recent study analyzing the
link between peripheral and central GLP-1 [99]. This peptide is pro-
duced both by EECs in the gut and a specific population in the NST
[100]. To determine whether gut GLP-1 stimulates the release of GLP-
1 from the NST, rabies virus-mediated monosynaptic retrograde
tracing from NST Gcg-expressing neurons was performed. They found
that central GLP-1 neurons primarily synapsed onto the Oxtr-
expressing, rather than Glp1r-expressing, vagal afferents. With other
complimentary experiments, the authors concluded that peripheral and
central GLP-1 cells are components of independent satiety circuits.
Circuit-tracing techniques have also begun to be applied to the ENS.
Khomgrit et al. used peripherally restricted delivery of a fluorescent
protein-expressing virus to redefine the traditional classification of
IPANs [101]. In another recent study, local viral delivery was utilized to
anatomically map neuropeptide-positive ENS populations in the distal
gut, leading to the discovery of a glucoregulatory viscerofugal subtype
that is functionally connected to the sympathetic celiac superior
mesenteric ganglion (CG-SMG) [52]. Modern circuit-tracing techniques
will likely aid research into how sensory vagal and ENS populations are
coupled, a connection that has been previously described in the
literature, with potential implications for satiety or metabolism in
general [102].

3.3. Functional studies
The ability to genetically manipulate specific cell types for gain or loss
of function has led to major advances in our understanding of the
physiology mediated by gut-brain circuits. Loss-of-function experi-
ments have historically relied on methods that affect multiple afferent
and efferent vagal neurons, such as vagotomy, local anesthesia, and
pharmacological agents such as capsaicin [103]. It is now possible to
use transgenic animals expressing diphtheria toxin, tetanus toxin light
chain (TTLC) or caspase 3, or local injections of the neurotoxin saporin
conjugated to ligands to cause the loss of function of specific afferent
neurons. To assess gain of function, optogenetics and chemogenetics
can now be used, which provide superior specificity to previously used
methods for cellular activation (pharmacology and electrical
stimulation).
Furthermore, hundreds of elegant studies wherein gut hormones have
been pharmacologically administered alone and in combination have
suggested the physiological function of specific EECs, but studies
validating this have been challenging. This is now possible using
chemogenetics. The ability to activate specific populations of EECs can
now be used to explore the physiology, rather than the pharmacology,
of the hormones they produce, which is important as the two ap-
proaches likely engage different circuitry. We highlight a few examples
of studies that have employed these techniques (Table 1) to gain new
insights into circuits affecting metabolism (Figure 2).

3.4. Examples of applying new technologies to study metabolic
circuits

3.4.1. Selective gut modulation
A chemogenetic approach was used to explore the function of a
specific population of GLP-1/PYY/INSL5 secreting EECs in the large
intestine [104]. Activating this population resulted in better metabolic
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Table 1 e Advanced technologies for studying gut-brain circuits. Key references relate to studies that have applied these technologies to study the gut-brain
axis.

Technique Use Advantages Limitations Key references

Sequencing
Single-cell sequencing Elucidate transcriptome of single cells High resolution, possible to analyze cell

states and trajectories, only requires a
small amount of starting material, and
can profile rare cells

Relatively expensive,
bioinformatic pipelines are still
evolving and often require
tissue digestion that can
perturb cells

EECs: [85,87]
ENS: [49,51,101]
Vagus: [65,89,90]
NST/AP: [51]

Translating ribosome
affinity purification

Profile the translated mRNA complement
of a genetically defined cell population

Does not require tissue digestion, can
analyze early response genes, and
applicable to all cell types

Only useful for bulk sequencing ENS: [52]
Vagus: [52,182]

Circuit tracing
Cholera-toxin beta subunit/
wheat germ agglutinin-
conjugated fluorophore

Tracing of neuronal innervations,
transsynaptic labeling with WGA

Relatively rapid and possible to obtain
regional information

Non-specific uptake by neurons ENS: [52]
Vagus: [65]

Adeno-associated virus
(AAV)

Genetically guided, cell specific, tracing
and delivery of genetic payload, and
anterograde transsynaptic

Stable gene expression, non-toxic and
many serotypes available with different
tropisms

Long lead time, small vector
capacity and few serotypes
transduce gut-brain cell types

Vagus: [65,97,98]

Herpes simplex virus (HSV) Genetically guided, cell or region
specific, tracing Anterograde
transsynaptic, polysynaptic, or
monosynaptic options available

High gene expression and rapid
propagation

High cytotoxicity limits length of
experiment and unclear
sequence of infected cells

Brain: [183,184]

Rabies virus (RV) Genetically guided, cell specific, and
monosynaptic retrograde tracing

Large vector capacity, high gene
expression, and rapid propagation

Cytotoxicity limits length of
experiment

Vagus: [99,108,185]

Pseudorabies virus (PRV) Genetically guided, cell specific,
polysynaptic retrograde tracing

High gene expression and rapid
propagation

Cytotoxicity limits length of
experiment

Brain: [186]

Modulating function
Optogenetics Genetically guided activation of specific

cell types by expression of
channelrhodopsin followed by
illumination of cells with light

Time-locked cellular activation and
specificity from both cell type-specific
transduction of channelrhodopsin and
implantation of light fiber

Supraphysiologic activation,
requires implantation of light
fiber: possible in the brain but
problematic in the gut

EEC: [109]
Vagus: [65,97e99]

Chemogenetics Genetically guided activation of specific
cell types by expression of DREADDs or
PSAMS, followed administration of a
specific ligand (CNO, Compound 21, or
varenicline)

Cell-type specific activation, no
requirement for implantations and ligand
can be dosed in water bottle for
prolonged activation. Ion channel
guarantees depolarization or
hyperpolarization

Supraphysiologic activation,
off-target effects of ligand, and
effects of G protein signaling
may not always activate or
inhibit

EEC: [104]
ENS: [52]
Vagus: [65,98,99]

Targeted recombination in
active populations
(TRAP)

Genetically guided labeling of neurons
activated under specific conditions

Specific labeling of stimuli-responsive
cells and not all cells within a population

Used in neurons that express
early response genes, that is
Fos or Arc

ENS: [52]
NST: [108]

Tetanus toxin light chain
(TTLC)

Genetically guided inhibition of synaptic
signaling in selective neuronal
populations

Cell type-specific silencing without the
potential caveats of cell death

Variable transduction efficiency
with virus, permanent, and may
not prevent neuropeptide
release

Vagus and NST: [108]

Saporineligand
conjugates

Ablation of specific cell type expressing a
receptor with a ligand amenable to
saporin conjugation

Does not require transgenic lines and
rapid

Limited to cell types with
amenable ligands

Vagus: [98,187]

Diphtheria toxin receptor
(DTR)

Genetically guided ablation of specific
cell type by expression of diphtheria
toxin receptor followed by administration
of the toxin

Time-locked ablation of specific cells
and high efficiency

Diphtheria toxin toxicity EEC: [81]

Diphtheria toxin a chain Genetically guided ablation of specific
cell type by direct expression of
diphtheria toxin

Time-locked ablation of specific cells
and high efficiency

Slower ablation kinetics than
DTR approach due to
expression kinetics of the virus

Vagus: [188]
outcomes, including improved glucose tolerance, decreased food
intake, and increased energy expenditure. Chemogenetic activation
was then coupled with systemic inhibition of specific receptors, which
led to findings that improved glucose tolerance was GLP-1 dependent,
whereas the reduced food intake effect was PYY dependent. The
precise circuits used by these hormones to improve the metabolic
parameters remains unclear, as does the physiological relevance of the
findings given that nutrient loads only reach the large intestine in
exceptional situations. However, the role of distal GLP-1 in glucose
handling is further supported by the work of Song et al. who found that
the loss of the proglucagon gene from the distal gut resulted in
decreased fasting GLP-1 levels and impaired glucose tolerance [105].
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Similar techniques have recently been used to assess the role of the
ENS in metabolism. Muller et al. analyzed the function of cocaine- and
amphetamine-regulated transcript (CART)-expressing neurons by se-
lective chemogenetic activation or diphtheria toxin-mediated ablation
of these neurons [52]. They discovered that activating the CART
populations in the ileum and colon increased glucose levels, whereas
lower glucose was observed when this population was ablated. These
neurons were subsequently found to be synaptically connected to the
CG-SMG ganglions and modulated glucose via insulin secretion or
hepatic gluconeogenesis. Further studies are needed to determine how
this population of neurons is activated in normal physiology. This is a
compelling example of how the tools used to elucidate a peripherally
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Figure 2: Examples of gut-brain circuits uncovered using technological advances. Chemogenetic, optogenetic, and loss-of-function studies have elucidated individual cell types
that can regulate feeding in the gut, vagus, and NST/AP [65,99,104,179,180]. One circuit that consists of cells in all three of these nodes integrates intestinal distension and CCK
detection to suppress food intake [65,99]. Another circuit that originates in the gut has also been shown to be sufficient and necessary to signal post-ingestive sugar preference
[108].

Review
restricted circuit can enable the interrogation of other ENS subsets with
unknown functions, work that will be facilitated by single-cell
sequencing that has identified additional molecular subtypes of ENS
neurons [49].

3.4.2. Selective vagal modulation
There has been substantial effort utilizing both chemogenetics and
optogenetics to elucidate the functions of specific populations of vagal
afferent neurons. Bai et al. have shown that specifically activating
Glp1r-expressing afferents (stomach, IGLEþ) reduced feeding by
w50% while activating Oxtr-expressing neurons (small intestine,
IGLEþ) entirely suppressed feeding. Activating either cell types did not
elicit aversive behavior, suggesting that their effects are mediated by a
true satiety circuit. Consistent with this notion, both cell types were
found to inhibit orexigenic hypothalamic AGRP neurons as measured
by fiber photometry in awake and behaving animals. While activating
Glp1r vagal afferents transiently inhibited hypothalamic AGRP neurons,
more sustained inhibition was observed by activating the Oxtr popu-
lation [65].
The complete cessation of feeding observed by activating Oxtr vagal
neurons is consistent with a profound role of the vagus in modulating
feeding. There is evidence to suggest that Oxtr-expressing neurons
respond to mechanical stimuli and, in line with these findings, when
hyperosmolar, non-nutritive solutions were delivered to the gut to
produce large increases in fluid content in the middle intestine, mice
ate significantly less food and the hypothalamic AGRP neurons were
inhibited. This gut-brain circuit could underly some of the profound
metabolic effects of bariatric surgery during which gastric contents
rapidly empty into the intestines and cause distension. Further eluci-
dating this circuit, including upstream central neurons, could result in
new targets for treating obesity and related disorders.

3.4.3. Food preference
Most species have evolved dedicated brain circuits to seek and
consume energy-rich foods, such as those high in sugar and lipids.
Sugar sensing occurs in the periphery, with taste receptors located on
the tongue providing an initial input. Agonizing these receptors with
artificial sweeteners is sufficient to rapidly convey preference. When
given the choice between glucose and artificial sweeteners, however,
animals will ultimately prefer glucose [106]. This preference is not
mediated by sweet taste receptors, as it is also observed in animals
that lack these receptors [107]. Taken together, these observations
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suggest there is a second pathway that modulates post-ingestive
sugar preference. The neural basis for this phenomenon was
recently elucidated by Tan et al. who used a combination of targeted
recombination in active populations (TRAP) to identify sugar-sensing
neurons in the NST, selective chemogenetic activation or TTLC-
mediated inhibition of sugar-sensing neurons in the NST, fiber
photometry, and behavioral studies to demonstrate that a gut-brain
circuit was sufficient and necessary to convey preference [108]. This
circuit requires glucose sensing by the glucose transporter SGLT1 and
vagal signaling to Penk-expressing neurons in the NST. Similar work
has focused on the gut side of a vagal sugar circuit [109] and gut-brain
circuits have also been proposed for lipid preference [110]. Further
elucidating these circuits could allow the development of a new class
of diet products that activate both the taste system and gut-brain axis
to help moderate the strong drive to consume sugar and other high-
energy foods.

3.4.4. Other metabolic traits
The vagus nerve has been studied for its effect on a variety of other
metabolic phenotypes beyond food intake and post-ingestive prefer-
ence. These include modulating energy expenditure, hepatic glucose
production, and insulin secretion [2,69,111,112]. It is unclear if these
are primarily modulated by gut-derived signals or afferents that project
to the pancreas or liver, although there is evidence showing that
exposing the proximal gut to lipids is sufficient to modulate some of the
effects [113]. The approaches described herein should facilitate an
understanding of vagal nerve physiology that can be harnessed to
identify new approaches to these therapeutic areas.

4. EMERGING VIEW OF THE ROLE OF THE GUT-BRAIN AXIS IN
REGULATING APPETITE AND GLUCOSE

The role of the gut-brain axis in regulating appetite has been the
subject of decades of research; however, the previously described
technologies are now enabling a more comprehensive understanding
of this circuitry. The emerging picture of the role of the gut-brain axis in
feeding and meal termination follows.
First, in anticipation of food, EECs in the stomach secrete ghrelin,
which modulates orexigenic signaling to the brain [31]. Some evidence
suggests that ghrelin uses a vagal circuit to increase appetite; how-
ever, the latest mouse vagus single-cell sequencing data are notably
absent of Ghsr expression [65,89,90], and functional studies with
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chemo- and optogenetics have not revealed an orexigenic vagal cell
type [65]. Ghrelin is detected at high levels before meals and thus it is
likely that the circulating form of ghrelin directly engages the hindbrain
and ARC to promote appetite [31].
Once the meal is ingested, complex forms of fat, proteins, and car-
bohydrates enter the upper GI tract and undergo digestion to release
the basic nutrient components. These rapidly enter the duodenum and
are absorbed. Endocrine cells in the stomach that secrete ghrelin are
inhibited, and studies have shown this requires entry of nutrients into
the small intestine [114]. The gastric walls expand as the meal ac-
cumulates in the stomach, with the pyloric sphincter regulating
nutrient entry into the small intestines. The expansion of the stomach
has been shown to be detected by IGLE þ vagal afferents, specifically
the Glp1rþ type that innervates the gastric myenteric layer [97]. These
nerves have the potential to send the first satiation signals to the
brainstem [65].
Nutrients flow from the stomach into the duodenum and are absorbed
across the epithelium in sufficient concentrations to engage a variety of
chemosensory receptors on EECs, including FFAR1, CaSR, and SGLT1
[27]. The combinatorial effect of engaging these receptors results in an
increase in intracellular cAMP, calcium, and depolarization. The cells
then secrete a number of hormones, including CCK, GIP, and SCT. All
three hormones are co-localized in a subset of duodenal EECs in the
villus tip [17]. CCK acts on vagal terminals to enforce contraction of the
pyloric sphincter and reduce gastric emptying [66] while also engaging
a vagal afferent subset defined by Oxtr expression [65]. These affer-
ents also possess IGLE terminals and respond to small intestinal
stretching, so they possibly integrate both chemo- and mechano-
signals. This vagal subset synapses onto GLP-1-producing neurons
in the NST as well as other neurons [99]. This circuit has been shown
to ultimately reduce the activity of AGRP neurons in the hypothalamus,
resulting in a diminished drive to consume additional food [64,65].
CCK also promotes pancreatic enzyme secretion and gall bladder
emptying to aid digestion, although it is unlikely to be via a vagal-brain
circuit, as recent functional work on gut-innervating vagal cells did not
show any to induce gall bladder contractions when specifically acti-
vated [65]. SCT also promotes secretion of pancreatic digestive en-
zymes. Its role in brain signaling has yet to be fully elucidated, but Sctr
was found by transcriptomics on a discrete vagal afferent type [89,90].
The exact function of this cell has yet to be determined.
GIP, which is also secreted from the duodenum, does not appear to
signal to the brain through the vagus based on transcriptional analysis.
Instead, its receptor is expressed by cells in several metabolic target
organs, including pancreatic beta cells, the AP, and hypothalamus
[115]. Upon secretion, it acts as an incretin to reduce circulating levels
of ingested glucose by amplifying insulin secretion from beta cells that
express the GIP receptor [36]. It also promotes adipocyte fat storage
and could directly induce satiation through the hypothalamus, as
recent work demonstrated that chemogenetic activation of Gipr-
expressing neurons in this region resulted in reduced food intake
[115].
As nutrients and bile acids pass through the duodenum and into the
jejunum, multiple EECs containing GLP-1, PYY, and NTS as well as
CCK, GIP, and SCT are activated. All of the receptors for these peptides,
with the exception of GIP, are expressed by vagal afferents [65,89,90].
GLP, PYY, and CCK receptors have been detected in the ENS [49]. GLP-
1, GIP, PYY, and NTS receptors are expressed in central feeding
centers. How these hormones signal to the brain alone and in com-
bination after a meal has yet to be fully determined, but when co-
infused, they produce strong satiety effects [116].
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GLP-1 is secreted from this region of the gut and is implicated in both
satiety and insulin secretion. The stomach-projecting vagal afferent
that express Glp1r may become sensitized to the distal intestinal ab-
sorption of nutrients via circulating GLP-1 [97]. Increased cAMP levels
caused by GLP-1 receptor engagement could allow the neuron to
activate at lower stomach distension levels and transmit satiety signals
to the brainstem. This pathway has been shown by retrograde virus
tracing to engage a circuit separate from the central GLP-1 circuit
engaged by the CCK-sensitive afferents innervating the small intestine
[99]. GLP-1 also acts as an incretin to amplify insulin secretion and
reduces glucagon secretion to lower blood glucose either through
direct actions on beta and delta cells or a neuronal circuit [39,69]. Beta
cells also secrete amylin, a hormone with a receptor expressed in the
AP, and can further induce satiety [117].
As nutrients continue to flow through the small intestine and into the
ileum, GLP-1 and PYY levels work in combination as the “ileal break”
to further contract the pylorus and prevent more food from entering the
small intestine [118]. This further reduces glucose absorption and thus
is a second mechanism by which GLP-1 modulates blood glucose
levels [119]. Both hormones induce satiety and, in combination with
CCK, NTS, and mechanosensitive vagal afferents, modulate meal
termination.
As undigested nutrients, fiber, and bile acids from the meal pass into
the large intestine, the microbiome communities that are best adapted
to utilizing the available substrates are thought to thrive and
outcompete neighboring microbes. They release metabolites such as
short-chain fatty acids, indole, and secondary bile acids that interact
with EECs to elicit additional hormone secretion [27].

5. HARNESSING THE GUT-BRAIN AXIS TO TREAT METABOLIC
DISEASES

There is a clearly unmet need for new agents that are safe, efficacious,
and can be combined with current therapies to treat metabolic dis-
orders. The obesity epidemic is widespread and will only worsen over
the next decade [120]. It will be accompanied by increases in obesity-
related complications, including T2DM, cardiovascular disease, NASH,
osteoarthritis, and several types of cancers. The COVID-19 epidemic
has further highlighted the importance of addressing this problem, as
obesity, T2DM, and hypertension are major risk factors for severe
illness and mortality [121].
Efforts to directly target the brain to reduce appetite to treat obesity
have largely failed, as have approaches that directly increase energy
expenditure, largely due to mechanism-based toxicities (Figure 3).
However, there has been significant progress in exploiting gut-derived
hormones to treat both T2DM and obesity (Figure 4). Indeed, GLP-1-
based therapeutics that include GLP-1 analogs and DPP-4 inhibitors
have dominated the therapeutic discovery landscape of T2DM for more
than two decades, and recent clinical studies with GLP-1 analogs have
shown that obesity is a tractable therapeutic area, that is, that clinically
meaningful body weight loss can be achieved with an acceptable
safety profile.
Of note, these major advances in treatment have occurred despite a
detailed mechanistic understanding of the biology of endogenously
secreted GLP-1 and other gut hormones that are being pursued as
therapeutics. It is also the case, as previously noted, that while the
efficacy of GLP-1 analogs on weight loss is mediated by the gut-brain
axis, this is likely not the case for controlling glucose. Nevertheless, the
success of these approaches, together with the more intimate un-
derstanding of hormone signaling enabled by new technologies, is
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Figure 3: History of obesity therapeutics. Historically, attempts to develop safe and effective therapeutics to treat obesity have been challenging [181]. The first obesity agent,
dinitrophenol, a respiratory chain uncoupler that increases the metabolic rate, was withdrawn only a few years after it was introduced for safety reasons, including mortality. For
several years thereafter, amphetamine derivatives such as amphetamine itself, phentermine, and fenfluramine dominated the landscape. Amphetamine and fenfluramine were later
withdrawn for safety reasons, and FDA restrictions have been placed on the use of phentermine (limited to 12 weeks of use). Other efforts to directly target the brain, including
monoamine re-uptake inhibitors (sibutramine), CB1R inverse agonists (rimonabant), 5HT2C agonists (lorcaserin), and combinations of central mechanisms (topiramate/phentermine
and naltrexone/bupropion), have been withdrawn or have limited use. Orlistat, a lipase inhibitor, has also had limited success due to modest efficacy and tolerability issues. Despite
the historical failures in this therapeutic area, more recent efforts with GLP-1 analogs have demonstrated that clinically meaningful weight loss, in some cases >10%, can be
achieved with an acceptable safety profile.

Review
fueling numerous efforts to further harness gut-brain circuitry for
therapeutic benefit.

5.1. Injectable gut peptide hormones as therapeutics

5.1.1. First-generation GLP-1-based therapies for T2DM and
obesity
GLP-1 was the first gut-derived factor to be developed and approved
as a therapeutic to treat T2DM. This hormone derived from the post-
translational processing of proglucagon was discovered in the early
1980s (for a review of the history of GLP-1 therapeutics, see [40,122]).
GLP-1 is one of two incretin hormones, the other being glucose-
dependent insulinotropic peptide (GIP), which stimulate glucose-
dependent insulin secretion from the pancreas [123]. GLP-1 also
indirectly inhibits glucagon secretion, most likely by activating delta
cells that express glp1r, and has been shown to inhibit food intake and
promote weight loss in humans potentially via direct effects on GLP-1
receptors in the hindbrain, vagus, and hypothalamus [124]. GLP-1
analogs are also associated with delayed gastric emptying and
modest blood pressure reductions [125].
Exenatide, a GLP-1-related peptide that was isolated from the Gila
monster’s saliva, was the first GLP-1R agonist to be approved for
T2DM in 2005. Several GLP-1 analogs followed soon after, including
liraglutide, lixisenatide, and albiglutide. All these agents require in-
jection and are accompanied by nausea and vomiting, which are
mechanism-based adverse effects of this class of therapies. Recent
work has suggested that Glp1r-expressing neurons in the AP are the
main mediator of this effect in mice [92]. These side effects can be
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mitigated in part with careful titration over weeks or months up to the
therapeutic doses. Some GLP-1 analogs have been shown to improve
cardiovascular outcomes in patients with T2DM [126].
First-generation GLP-1 analogs produce modest weight loss in patients
with T2DM. For example, the maximal approved dose of liraglutide for
T2DM (1.8 mg once daily) results in an approximately 2% placebo-
corrected weight loss [127] in patients with T2DM. While this dose
results in near-maximal glucose-lowering efficacy, higher doses have
been shown to produce greater weight loss, with a once-daily injection
of 3 mg leading to a 4.5% improvement over placebo in obese/over-
weight patients and a 3.7% improvement in obese/overweight patients
with T2DM in a 1-year study [128]. Liraglutide 3 mg is the first FDA-
approved GLP-1 analog indicated for treating chronic weight man-
agement and is currently the leading branded agent for treating
obesity. The success of this therapeutic agent has demonstrated that
patients and prescribers will value relatively modest efficacy if the
safety profile is acceptable.

5.1.2. Second-generation GLP-1-based therapies
Building on the success of first-generation GLP-1 analogs, subsequent
efforts have focused on improving efficacy and convenience [124,129].
A long-acting exenatide formulation (once-weekly exenatide) was
approved by the FDA in 2012 [130]. A second once-weekly GLP-1
analog, dulaglutide, was approved for T2DM in 2014 [131]. Dulaglutide
has been shown to reduce cardiovascular outcomes [132]. Sem-
aglutide, a once-weekly GLP-1 analog, has been approved for T2DM at
doses up to 1 mg [133]. While weight loss at this dose is relatively
modest, a higher dose (2.4 mg once a week) is currently being
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Figure 4: Evolution of T2DM and obesity therapeutics harnessing the gut-brain biology. For the last 15 years, the branded therapeutic market for T2DM has been dominated by
GLP-1-based therapies, including DPP-4 inhibitors and GLP-1 analogs. While DPP-4 inhibitors are weight neutral (and thus not shown in this figure), GLP-1 analogs are associated
with weight loss and thus have been explored to treat obesity. First-generation GLP-1 analogs are injectables that are dosed once daily or more frequently and are associated with
relatively modest weight loss. Second-generation GLP-1 analogs, including once-weekly exenatide, semaglutide, dulaglutide, and oral semaglutide, which have been approved for
T2DM have more convenient dosing regimens (1 weekly, oral) and high-dose semaglutide and dulaglutide have shown the potential for > 10% weight loss in clinical studies. All
these analogs are associated with tolerability issues (nausea/vomiting). Next-generation approaches that are being investigated in the clinic include injectable agents that exploit
dual pharmacology and oral small molecule GLP-1R agonists. Future approaches currently being explored include directly targeting gut EEC and vagal circuits with small molecule
oral therapeutics.
investigated to treat obesity, and a cardiovascular outcome study is
also ongoing. At the higher 2.4 mg dose, 12.4% placebo-corrected
weight loss was observed in obese/overweight patients without
T2DM [134]. Semaglutide is also being investigated to treat NASH.
While tolerability remains an issue, high-dose semaglutide data
demonstrated that >10% weight loss can be achieved with an agent
that has an acceptable safety profile. This is a breakthrough in treating
obesity.
An oral formulation of semaglutide has also been approved for T2DM.
In head-to-head studies, HbA1c decreases were superior those ach-
ieved with the DPP-4 inhibitor sitagliptin [135] and non-inferior to
liraglutide [136]. Modest weight loss (up to 2.3 kg) was achieved with
the oral formulation in a monotherapy study in patients with T2DM
[137,138]. Tolerability remains an issue, and the dosing regimen is
relatively complex. It remains to be determined whether improved
formulations can result in greater convenience and efficacy.
The collective data strongly suggest that the weight loss observed with
GLP-1R agonists in humans is largely mediated by a reduction in food
intake, although the molecular basis for the differential efficacy of
different analogs on weight loss is not fully understood [125]. GLP-1R
is expressed in the brain, particularly in areas involved in food intake,
and in the periphery, including the gastrointestinal system, pancreatic
islets, portal vein, and vagus nerve, but these receptors’ relative
contribution to the pharmacology of various GLP-1 analogs remains
unknown. Indeed, first- and second-generation GLP-1R agonists
achieve high systemic bioavailability but are thought to engage central
targets to varying degrees. To begin to address the importance of
engaging central GLP-1 targets, brain penetration of both liraglutide
and semaglutide has been explored in rats. The distribution of
MOLECULAR METABOLISM 46 (2021) 101175 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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fluorescently labeled agonists suggest that neither cross the bloode
brain barrier but instead have access to targets in the circum-
ventricular organs and selected sites adjacent to ventricles. Neurons
expressing Glp1r in the hindbrain and hypothalamus in particular have
been explored for their role in modulating satiety [139]. While it has
been shown that both semaglutide and liraglutide have access to
neurons in these regions, albeit to various degrees, semaglutide has
been demonstrated to have preferential access to two other regions of
the brain, the septofimbrial nucleus and lateral septal nucleus, which
have densely populated Glp1r-expressing neurons [139]. Moreover,
semaglutide induces c-fos activation in brain areas expressing GLP1R
and in regions that do not express the receptor, suggesting secondary
indirect effects in regions implicated in meal termination [139]. It has
yet to be determined whether signaling through these neurons is the
major reason why semaglutide achieves greater weight loss vs lir-
aglutide, and the results of future studies with GLP-1 receptor agonists
that preferentially target these neurons may be enlightening. Of note,
there are many other central GLP-1 receptors that reside beyond the
bloodebrain barrier that are unlikely to be engaged by currently
available agonists. These are likely targets of GLP-1 released centrally
from cells located in the NST.

5.1.3. Clinical studies with other gut peptides
As previously noted, a number of gut peptides are secreted from EECs
in response to nutrients, and several have been pursued as potential
therapeutics. OXM, another product of the proglucagon gene, is co-
secreted with GLP-1 and has dual activities, activating both GLP-1
and glucagon receptors, although it is only a weak agonist of the
latter. As such, this peptide has the potential to modulate glucose
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 11

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Review
control and food intake via its effects on the GLP-1 receptor and energy
expenditure via its effects on the glucagon receptor. Indeed, OXM has
almost identical effects on food intake in Gcgr�/�mice [140]. Proof of
concept (POC) for weight loss for OXM was achieved in a 4-week study
wherein subcutaneous administration was shown to result in a 2.4%
reduction in body weight [141]. As a consequence of this result,
multiple GLP-1/glucagon co-agonists have been studied in the clinic as
further described to follow.
CCK was one of the of the first satiety hormones to be isolated from the
gut (review [142]) and has been shown to elicit satiety via vagal
signaling pathways. Indeed, multiple studies have shown that infusing
CCK in humans can lead to reduced food intake and appetite
[143,144]. A small molecule CCK was also shown to be effective at
reducing food intake in humans. However, only modest efficacy was
observed due to dose-limiting tolerability issues including nausea and
vomiting. Pancreatic and gallbladder adverse effects are also a
concern with this mechanism [145].
PYY, another EEC-derived gut hormone, has been pursued to treat
obesity. Infusions of the gut hormone fragment peptide YY3-36 (PYY)
were shown to reduce 24-hour food intake in human subjects [146].
An intranasal formulation of PYY3-36 was tested in obese adults [147],
but dose-limiting tolerability issues precluded further development.

5.2. Next-generation approaches
Despite the success of current therapies targeting gut hormone
pathways, there is ample opportunity for improvement, particularly for
treating obesity. Although impressive efficacy has been demonstrated
with injectable agents, modes of administration, dose-limiting tolera-
bility, and costs remain significant issues. New approaches that have
the potential for efficacy comparable to or better than current agents,
superior tolerability, more convenient administration, lower costs, and
the potential for a dual T2DM/obesity indication would be highly valued
by physicians and patients. Some of the most promising approaches
are described to follow.

5.2.1. Dual pharmacology
As previously described, regulating glucose homeostasis and food
intake involves integrating signals from multiple hormones that are
released from EECs in response to postprandial nutrients. This has led
to the hypothesis that activating complementary pathways modulated
by these hormones may result in more robust and sustained glucose
control and weight loss vs single-agent approaches, and multiple
ongoing studies are exploring this concept.
As previously noted, OXM has pharmacological activity against the
GLP-1 and glucagon receptors. Based on promising results from
preclinical research [148e151] and an initial POC study with co-
administration of these peptides in humans [152,153], multiple pro-
grams have been initiated to develop a dual glucagon and GLP-1
agonist to treat T2DM and obesity and several are in clinical devel-
opment [154]. Although weight loss and glycemic control were
demonstrated in short clinical studies, results to date have suggested
that achieving an optimal ratio between GLP-1 and glucagon signaling
is critical to maximize efficacy on body weight. Investigation with these
agents has been hampered by lack of a reliable biomarker showing
glucagon receptor target engagement in clinical studies [155,156].
A novel dual agonist of the GLP-1 and GIP receptors, tirzepatide, is also
being pursued and has recently entered phase III clinical studies to
treat T2DM. In a phase 2b study, this agent caused dose-dependent
reductions in HbA1c and body weight at 26 weeks (10e15%), with
efficacy on HbA1c and body weight superior to dulaglutide and a
comparable but significant incidence of gastrointestinal adverse events
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[4,157]. Phase III studies with tirzepatide are ongoing to support in-
dications for T2DM and obesity and assess potential cardiovascular
benefits. The contribution of GIP agonism to tirzepatide’s overall profile
is not completely understood.
Combinations of gut peptides are also being pursued. AM833 is an
acylated long-acting analog of the human amylin hormone that is being
developed as a combination therapy with the GLP-1 analog sem-
aglutide. The sponsor recently reported w8% placebo-corrected
weight loss with AM833 in a 26-week study. In a 20-week study,
AM833 resulted in a 17.1% reduction from baseline body weight when
combined with semaglutide compared to 9.5% for semaglutide alone
(there was no placebo arm in this study). The potential additive
anorectic effects of amylin and GLP-1 are believed to be mediated by
activating distinct neuronal subpopulations in the hindbrain [93].
There is a strong rationale and multiple lines of evidence to support a
combination of PYY and GLP-1 agonists. Co-administration of PYY3-36
and GLP-7-36 amide in obese human subjects elicited at least additive
effects on food intake at doses that were tolerated [158,159].
Furthermore, a functional MRI study showed changes in brain activity
following infusion of PYY3-36 and GLP-7-36 in fasted states that were
similar to those observed following a meal in humans [160]. A PYY
analog, NNC0165-1875, is currently being tested in phase I studies in
monotherapy and in combination with semaglutide in overweight or
obese subjects.

5.2.2. Oral small molecule GLP-1 agonists
The clinical landscape for T2DM and obesity is currently dominated by
injectable gut peptides. However, oral agents for T2DM, including
metformin, DPP-4 inhibitors, and SGLT2 inhibitors, are often preferred
by physicians and patients because of the convenience of oral
administration. Cost is also a potential issue with injectable therapies.
As previously noted, an oral formulation of semaglutide has been
approved for T2DM, and there are ongoing efforts to develop oral small
molecule GLP-1 agonists. Weight loss was achieved in a small 4-week
phase 1 study with PF-06882961, an oral GLP-1 agonist that is
administered twice daily [161]. These data suggest, as with sem-
aglutide and liraglutide, that doses needed for weight loss will be
several-fold higher than those needed for maximal glucose control. As
with all GLP-1 analogs, GI tolerability remains a potential issue with
this approach.

5.2.3. Direct targeting of the gut-brain axis
With an increased understanding of the biology of the gut-brain axis,
there is a potential to harness this knowledge to directly target this
system using the approaches described as follows:

5.2.3.1. Direct targeting of the vagal nerve, NST, and area postrema.
As previously described, the vagus is intimately involved in modulating
feeding by integrating mechanosensory and hormonal signaling, and
the previously described technologies enable an understanding of the
specific neurons involved in this process. A notable example is the
Oxtr-expressing vagal population, which is able to completely inhibit
feeding when stimulated in transgenic mice using chemogenetics. The
transcriptome of this cell type has been elucidated by single-cell
sequencing of the nodose ganglion and thus it is now possible to
identify targets that specifically stimulate this circuit. These targets
have the potential to be more tractable than many previously studied
obesity approaches that require directly engaging central neurons
behind the bloodebrain barrier. Indeed, because these targets may
reside on vagal afferents, gut-restricted pharmacology could poten-
tially be used to engage this circuit with limited systemic exposure.
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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Similarly, there is ongoing research to better understand the molecular
identity of neurons in the NST and AP, regions that are also involved in
hormonal signaling and have specialized capillaries more permeable
than those of the bloodebrain barrier. These neurons, which contain
receptors for the satiety hormones GLP-1, amylin, and GDF15 and/or
have been implicated in metabolism via loss or gain-of-function
studies, are potential direct targets for discovering new therapeutics
[93,117,162]. In addition, recent work elucidating the role of AP
neurons in GLP-1-induced aversion could be harnessed to reduce the
nausea and vomiting seen with GLP-1 receptor agonists, potentially via
targeting inhibitory neurons [92]. Conversely, other targets expressed
by these cell types could be avoided to reduce the likelihood of these
side effects.

5.2.3.2. Modulation of endogenous satiety circuits: targeting the
brain via the gut. The knowledge that multiple gut hormones are
secreted in response to nutrients to modulate feeding, together with
the promising results of clinical studies with dual pharmacology and
combinations of gut hormones, have led to efforts to stimulate the
release of multiple gut peptides simultaneously via selective activation
of EECs that express these hormones. This approach is also supported
by research exploring the mechanisms that mediate weight loss
following bariatric surgery. Postprandial secretion of gut peptides is
blunted in obese patients. However, following bariatric surgery, post-
prandial levels of multiple gut peptides are profoundly elevated [163e
165], and this is believed to contribute, at least in part, to the profound
weight loss and improved glucose control observed in these patients.
The concept of “bariatric surgery in a pill” is of increasing interest and
currently being explored.
To harness the endogenous machinery of the gut to elicit secretion of
incretin and satiety hormones to levels observed after bariatric surgery,
EECs that contain these hormones can be selectively modulated via
receptors and transporters that reside on the luminal and/or baso-
lateral surfaces of these cells. Transcriptomics can be used to inform
the selection of the cell types, their corresponding targets, and the
location of these targets along the gastrointestinal tract [15], which
further informs the optimal strategy for achieving maximal target
engagement. Using this approach, one can also contemplate the use of
“gut-restricted” oral therapeutics, that is, small molecules with
negligible systemic absorption. This approach has the potential to have
a high degree of safety relative to systemically absorbed therapeutics
and/or molecules that traverse the bloodebrain barrier to directly
modulate circuits in the brain.
There are several candidate targets for this approach. GPCRs involved
in sensing nutrients such as proteins, lipids, and bile acids include
CaSR, GPR40, GPR119, and TGR5. Transporters involved in sensing
proteins and carbohydrates include SGLT1 and PEPT1. All have been
shown to elicit the secretion of GLP-1 [166,167] in preclinical models
and reside on EECs that contain a number of other satiety hormones
(e.g., PYY, GIP, NTS, and CCK). While several of these targets have
been studied extensively to treat T2DM in both preclinical and clinical
studies [168e172], their potential as gut targets for treating both
T2DM and obesity has not been thoroughly explored.
To achieve glucose control and weight loss efficacy comparable to that
achieved with injectable therapies or bariatric surgery, available pre-
clinical data suggest it will be necessary to engage multiple signaling
pathways simultaneously by modulating more than one target.
Co-stimulation of TGR5 and GPR40 or of GPR119 and GPR40 in crypt
cultures and in vivo leads to additive or synergistic effects on GLP-1
secretion [173,174]. An alternate combination strategy leverages
recent findings on the mechanism of somatostatin (SST) inhibition of
MOLECULAR METABOLISM 46 (2021) 101175 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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GLP-1 secretion: GLP-1 receptor is found on SST-expressing EECs,
and the SST receptor 5 is localized on GLP-1-producing cells [175].
Evidence that this paracrine crosstalk can be leveraged using com-
bination approaches is supported by the finding that super physio-
logical endogenous GLP-1 levels can be achieved with combinations
including an SSTR5 inhibitor [176].
Overall, the concept of triggering multiple endogenous satiety circuits
simultaneously, analogous to what occurs after nutrient ingestion or
during bariatric surgery, holds promise as a new therapeutic approach
for both T2DM and obesity. This more physiological approach has the
potential to achieve at least comparable efficacy and superior tolera-
bility to what is observed with pharmacological administration of in-
dividual or combinations of gut hormones, although the latter remains
to be demonstrated in the clinic.

5.3. Other areas of active exploration
New insights into the biology of the gut-brain axis are prompting
additional areas of exploration to identify novel therapeutics. The
increasing evidence that the microbiome may play a key role in
regulating metabolism suggests that rational manipulation of this
system could be therapeutically beneficial. Similarly, efforts to better
understand signaling mediated by microbiome metabolites could
reveal potential new targets on gut-brain components, including EECs
and vagal neurons. Finally, as previously noted, there is research
ongoing to identify molecularly defined subsets of ENS neurons and
explore their potential role(s) in metabolism, which could identify
additional novel therapeutic targets.

6. FUTURE DIRECTIONS

Although gut-brain communication has been recognized for centuries,
we have only recently begun to grasp the true complexity of this
system. Single-cell sequencing enables us to build a comprehensive
atlas of the specialized cell types that comprise the gut-brain axis, and
this will likely be available for both murine and human systems in the
next few years. The challenges that will remain are to contextualize this
information with a better understanding of the circuitry of this system
and how signaling from these cell types is integrated to mediate
physiology. Using a systems biology approach that employs tools
including viral tracing, imaging, and gain- and loss-of-function tech-
nologies to assess this biology, one can anticipate significant advances
in this area over the next decade.
A second major area of future investigation is the extent to which gut-
brain biology is conserved across species, and particularly mouse to
human translation. A comparison of murine and human single-cell
atlases of the gut-brain axis components will be informative in this
regard. Efforts to answer this question are also facilitated using ex vivo
systems, most notably organoids, to study signaling in the gut-brain
axis. Both murine and human gut organoids are being used exten-
sively to explore the conservation of cell types and biology, including
hormone secretion. Technologies that enable gain- and loss-of-
function studies in this system enable a mechanistic exploration of
signaling pathways and paracrine circuits. These efforts are being
expanded to build even more physiologically relevant models, including
gut-ENS organoid systems [177]. Advances in human genetics and
efforts to map trait-associated variants onto gut-brain circuits could
also help inform the conversation of this biology between mice and
humans.
All of this work will facilitate identifying new therapeutics in multiple
diseases with high unmet need. Despite impressive progress identi-
fying new therapeutics for T2DM and obesity, the disease burden in
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this space is only increasing. Clearly, new therapeutic approaches are
needed that can safely achieve greater and sustained efficacy and/or
be safely combined with existing therapies to achieve greater efficacy.
The gut-brain axis is an untapped system that should enable the
discovery of therapeutics, particularly for weight loss, that work in a
fundamentally new way. Finally, while this review focused on the role
of the gut-brain axis in metabolism, it is clear that this circuitry is
fundamental to many other important physiologic processes, and it is
likely that there are multiple other functions yet to be identified,
suggesting that this will be a lucrative area for discovering new
therapeutics in multiple disease areas for years to come.
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