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Abstract

Sections

Glucose-dependentinsulinotropic polypeptide (GIP) and glucagon-
like peptide 1(GLP1) exhibit incretin activity, meaning that they
potentiate glucose-dependentinsulin secretion. The emergence of
GIP receptor (GIPR)-GLP1receptor (GLPIR) co-agonists has fostered
growing interestin the actions of GIP and GLP1in metabolically
relevant tissues. Here, we update concepts of how these hormones

act beyond the pancreas. The actions of GIP and GLP1 on liver, muscle
and adipose tissue, in the control of glucose and lipid homeostasis, are
discussed in the context of plausible mechanisms of action. Both the
GIPR and GLP1R are expressed in the central nervous system, wherein
receptor activation produces anorectic effects enabling weight loss. In
preclinical studies, GIP and GLP1reduce atherosclerosis. Furthermore,
GIPR and GLPIR are expressed within the heart and immune system,
and GLPIR within the kidney, revealing putative mechanisms linking
GIP and GLPIR agonism to cardiorenal protection. We interpret the
clinical and mechanistic data obtained for different agents that enable
weightloss and glucose control for the treatment of obesity and

type 2 diabetes mellitus, respectively, by activating or blocking GIPR
signalling, including the GIPR-GLPIR co-agonist tirzepatide, as well as
the GIPR antagonist-GLPIR agonist AMG-133. Collectively, we update
translational concepts of GIP and GLP1action, while highlighting gaps,

areas of uncertainty and controversies meriting ongoing investigation.

Department of Medicine, Lunenfeld-Tanenbaum Research Institute, Mt Sinai Hospital, University of Toronto,
Toronto, Ontario, Canada. < e-mail: drucker@lunenfeld.ca

Introduction

Muscle, liver and adipose
tissue

Potential actions in bone

Haematopoietic and immune
systems

Renal biology

Cardiovascular actions

Neural actions

Combinatorial incretin therapy

Conclusions

Nature Reviews Endocrinology


https://doi.org/10.1038/s41574-022-00783-3
http://crossmark.crossref.org/dialog/?doi=10.1038/s41574-022-00783-3&domain=pdf
http://orcid.org/0000-0001-6688-8127
mailto:drucker@lunenfeld.ca

Review article

Key points

o Glucagon-like peptide 1 (GLP1) receptor and glucose-dependent
insulinotropic polypeptide (GIP) receptor are widely expressed
in multiple organs beyond the pancreas.

o GIP and GLP1reduce appetite by signalling through their receptors
that are expressed in multiple regions of the central nervous system.

o GIP suppresses macrophage-dependent inflammation, whereas
GLP1reduces gut inflammation through its receptor on intraepithelial
lymphocytes.

e Both GLP1and GIP act indirectly on white adipose tissue, whereas
GIP directly regulates fat and amino acid metabolism and inflammation
within brown adipose tissue.

o GIP and GLP1 are neuroprotective in preclinical models
of neurodegenerative disease.

e Current insight into the cardiovascular biology of GIP is limited,
whereas GLP1reduces major adverse cardiovascular events
in humans.

Introduction

Theincretin concept stems from observations that insulin responses
are higher following ingestion of meals or glucose into the gut, relative
totheidenticalisoglycaemic exposure achieved throughintravenous
glucose administration”. The first incretin hormone to be identified,
glucose-dependentinsulinotropic polypeptide (GIP), was purified from
pig gut extracts”. Human GIP is a42 amino acid peptide, and physiologi-
cal studiesin healthy individuals demonstrated that circulating levels of
GIP rise briskly following a meal or glucose ingestion. The majority
of GIPis synthesized within enteroendocrineK cellsinthe duodenum
andjejunum, although GIP* endocrine cells are detected more distally
in the human small bowel and colon®. Mature GIP is cleaved from pre-
pro-GIP (a153 amino acid protein) in the Golgi network and secretory
vesicles by prohormone convertase1(ref.*). Nutrientsin the gut lumen,
such as glucose, amino acids and fatty acids, stimulate GIP synthesis
and secretion.

A second incretin hormone, glucagon-like peptide 1 (GLP1), was
identified followed the cloning of the cDNAs and genes that encode
proglucagon’. Two bioactive isoforms of GLP1 circulate: an amidated
30 amino acid form, GLP1(7-36amide), and a 31 amino acid non-
amidated moiety, GLP1(7-37). Although GLP1-producing enteroendo-
crine L cells are distributed throughout the small and large bowel, the
greatest density of L cellsis found within the distal small bowel and colon’.
GLP1is also synthesized within the brain, predominantly in hindbrain
neurons. Pancreatic injury and inflammation induce local islet a-cell
GLP1 production; however, the majority of circulating GLP1 is derived
fromenteroendocrine cells and secreted following nutrient exposure®.

GIPand GLP1exert their actions through two distinct yet structur-
ally related class B G protein-coupled receptors (Fig. 1), GIP receptor
(GIPR) and GLP1receptor (GLPIRY’, firstidentified inislet B-cells (Box 1).
Inhumanislets, GIPR expression is detected in B-cells, a-cells®, 5-cells’
and pancreatic polypeptide cells (formerly known as y-cells). Similarly,
GLPIRis expressed in most 3-cells, yet low-level GLPIR expression has

also been detected in subsets of a-cells and §-cells'®. Of note, the two
circulating GLP1isoforms are equipotent at the GLPIR. Detection of
incretinreceptor expression has been challenging owing to low levels
of cellular expression, discordance between sensitivity of detection of
RNA and protein and the use of insufficiently validated reagents™ ™.
Multiple studies have demonstrated extrapancreatic expression of
bothincretinreceptors, and their expression patterns are summarized
inFig.1(refs.>"),

Importantly, the activation of islet GIPRs augments glucose-
stimulatedinsulinsecretionand, toalesserextent, theglucose-dependent
control of glucagon secretion in healthy people and individuals with
type 2 diabetes mellitus (T2DM)'®, Similarly, activation of islet GLP1IR
signalling stimulates insulin and inhibits glucagon secretion”. These
physiological actions of GIP and GLP1 are transient, reflecting degra-
dationand inactivation of both hormones by the enzymatic activity of
dipeptidyl peptidase 4 (DPP4) and renal clearance. For example, circu-
lating GIP has ashort half-life of 5-7 min®>?. Inhibition of DPP4 prevents
N-terminal inactivation of GIP and GLP1and potentiates endogenous
incretin activity, actions supporting the development of multiple
chemically distinct DPP4 inhibitors for the treatment of T2DM°.

Theactions of GIP and GLP1to reduce glycaemia through glucose-
dependent control ofinsulin secretion provided theinitial rationale for
exploring the feasibility of incretin-based peptide therapies for T2DM.
These are pharmacological incretin receptor agonists that circulate
at levels several-fold higher than the native peptides. In individuals
with T2DM, the insulinotropic actions of GIP and GIPR agonists are
diminished, yet these acute insulinotropic actions are partially restored
following brief periods ofimproved glucose control, as exemplified in
studies using insulin?. In contrast, GLP1R agonists (GLP1RAs) effec-
tively lower blood levels of glucose in individuals with hyperglycae-
mia, supporting the development of multiple degradation-resistant
GLP1RAs for people with T2DM?’. GLP1RAs also reduce appetite and
body weight, providing the rationale for the development of two
GLPIRAs, liraglutide and semaglutide, for weight loss in adolescents
and adults with overweight and obesity**. Importantly, GLP1RAs
reduce the rates of major adverse cardiovascular events (MACEs) in
peoplewith T2DM, which underscores their utility in the prevention of
myocardialinfarction, stroke and deathin people at risk for cardiovas-
cularevents®. More recent studies over the past 5 years have examined
the potential for GIPR-GLPIR co-agonists to exert favourable metabolic
effects beyond those seen with pure GLPIR agonism alone?”.

In this Review, we discuss extrapancreatic actions attributable
to GIPR and GLP1R. We contrast physiological functions with actions
detected using pharmacological agonists and compare preclinical
and clinical data.

Muscle, liver and adipose tissue

GIPR and GLP1R are not expressed in skeletal myocytes, adipocytes or
hepatocytes (Fig.1), yet actions for both GIP and GLP1are described for
muscle, adipose tissue and liver®®. The indirect effects of GIP and GLP1
on these organs might be related in part to neural signals, circulating
effectors or vascular actions, as GLP1 and GIP regulate muscle and
adipose tissue blood flow, respectively®>*°.

Skeletal muscle

In the rat soleus muscle, GIP directly increases glucose uptake and
GLUT4 expression through a PI3-kinase-dependent pathway. This
effect was not blocked with the partial GIPR antagonist Pro(3)-GIP, and
Gipr mRNA was detected at extremely low levels in skeletal muscle.
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Fig.1| Tissue-specific expression of GLP1IR and GIPR. The GIPR is expressed
withinthe pancreas, adipose tissue, blood vessels, bone, the heart, haematopoietic
and immune cells and the central nervous system”. GIPR expression has also
beenreported in the adrenal and pituitary glands from people with food-induced
Cushing syndrome or acromegaly'**** (not shown in figure). The GLP1R is

o Cardiomyocytes
o Pericytes
* Adipocytes

o B-cells
e a-cells
o d-cells

o B-cells

« a-cells

e d-cells

¢ Pancreatic
polypeptide cells

* Osteocytes

» Osteoblasts
» Osteoclasts
* Myeloid cells
o Tcells

expressed inthe pancreas, heart, kidneys, gut, blood vessels, liver, lungs and the
central and peripheral nervous systems'**, ATII, alveolar epithelial type II; GIPR,
glucose-dependent insulinotropic polypeptide receptor; GLPIR, glucagon-like
peptidelreceptor; IEL, intraepithelial lymphocyte; VSMC, vascular smooth
muscle cell.

Hence, the signalling mechanisms that link GIP to augmentation of
muscle glucose transport remain unknown®.

GLP1 regulates muscle blood flow in vivo, but whether GLP1
directly stimulates muscle blood flow is less clear and depends on
the experimental context. Local skeletal muscle perfusion of GLP1
(10 uM) for 80 mininthe gastrocnemius muscle of healthy volunteers
had no effect on muscle blood flow™. In contrast, systemic delivery
of native GLP1 acutely enhanced muscle microvascular blood flow
inrats and humans; however, indirect contributions from hormones

such as insulin or bioactive GLP1 degradation products cannot be
excluded®”****, Whether degradation-resistant clinically approved
GLPIRAs directly increase muscle blood flow, independent of insulin,
in people with T2DM and/or obesity remains unclear.

Liver

Although GIPR expression is not identified in the liver, GIP indirectly
modulates hepaticlipid metabolism via unclear mechanisms. A 6-day
infusion of native GIPinlean menwith type 1diabetes mellitusincreased
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Box 1

Incretin receptors

Structurally related glucose-dependent insulinotropic
polypeptide receptor (GIPR) and glucagon-like peptide 1 receptor
(GLP1R) mediate the physiological and pharmacological actions of
glucose-dependent insulinotropic polypeptide and glucagon-like
peptide 1, respectively’. Notably, both peptides are degraded into
smaller fragments by dipeptidyl peptidase 4 and other proteases,
including neutral endopeptidases. These fragments exert unique
biological activities transduced through signalling pathways
independent of the known canonical incretin receptors.

Splice variants of GIPR differentially regulate receptor activity,
including a carboxy-terminally truncated isoform that acts in a
dominant negative manner to diminish receptor signalling in
B-cells™®. Multiple GIPR variants have also been identified in human
visceral adipose tissue and subcutaneous adipose tissue, the
majority of which remain incompletely characterized'®’. Emerging
evidence published in a preprint publication suggests a loss of
function phenotype for the GIPR variant (E354Q) linked to reductions
in BMI, body weight, weight and hip circumference, levels of
insulin and bone formation. These findings correlated with reduced
receptor activation and decreased (3-arrestin recruitment in cells
ex vivo'®. Preliminary data published in a preprint paper suggest
that GIPR interacts with a subset of receptor activity modifying
proteins for modulation of GIPR activity (cellular localization and
the temporal profile of signalling)'®®. However, the importance of
receptor activity modifying proteins for the extrapancreatic actions
of gastric inhibitory polypeptide is not known.

A different preprint communication reported more than a
hundred different missense variants in GLPIR, many with altered
signalling properties'’; however, whether these GLPIR variants
modify the physiological actions of endogenous glucagon-like
peptide 1or the pharmacological responses to GLP1R agonists
(GLP1RAS) in various tissues is not definitively established. In
addition, a fourth preprint paper indicates that the GLPIR variant
rs6923761G>A (Gly168Ser) was associated with a modestly greater
reduction in HbA,; in response to GLP1RA (0.9 mmol/mol), whereas
several low-frequency variants in ARRBT (encoding [3-arrestin) were
also associated with a much greater 2.7mmol/mol HbA,, reduction
in people with type 2 diabetes mellitus, relative to individuals
treated with a non-GLP1RA glucose-lowering agent'®.

hepatic lipid content, with no effect on the white adipose tissue (WAT)
transcriptome, circulating lipid species, the plasma proteome or cir-
culating biomarkers of inflammation®. In obese mice, antagonism or
genetic knockout of GIPR or ablation of gut Gip expression improves
metabolic outcomes, reduces hepatic lipid accumulation and lowers
expression of markers of liver inflammation*® . Interestingly, the
GIP-GLP1 co-agonist tirzepatide (discussed later) also exerts beneficial
liver effects in mice and humans, but its hepatic actions beyond those
indirectly associated with weight loss and indirect effects on insulin
and glucagon secretion are unknown.

GLP1RAs reduce hepatic steatosis and liver inflammation in ani-
mals and humans, and semaglutide is being studied in phase Il trials for

the therapy of non-alcoholic steatohepatitis (NASH)*. Hepatocytes do
notexpress the canonical GLP1IR"*°, but a small subset of intrahepatic
Y& T cells express afunctional GLP1R and might contribute to some of
the anti-inflammatory actions of GLP1IRA in mouse liver*. However,
these GLP1R"intrahepatic T cells have not yet been identified in human
studies.

Adipose tissue

The expressionand activity of GIPRin adipose tissue cell typesis some-
what controversial (Fig. 2). GIP acutely increases abdominal adipose
tissue blood flow and enhances adipose tissue triglyceride clearance
in humans studied under hyperinsulinaemic-hyperglycaemic clamp
conditions, designed to mimic post-prandial physiology*. The aug-
mentation of adipose tissue blood flow by meals or GIP is blunted in
people with obesity and partially restored by weight loss induced by
caloric restriction or bariatric surgery***. Direct lipogenic actions of
GIP have been demonstrated using primary adipocyte cell cultures
and adipocyte-like cell lines**. In human adipocytes cultured ex vivo,
GIP promotes activation of lipoprotein lipase, an enzyme involved
in triglyceride hydrolysis and uptake of circulating free fatty acids®.
GIP also promotesinsulin sensitization, glucose uptake, de novo lipo-
genesis as well as lipolysisin isolated rat adipocyte-like cells*® (Fig. 2).
However, inrodents and non-human primates, loss of GIP function via
pharmacological antagonism or whole-body genetic knockout reduces
accumulation of adipose mass and is protective against diet-induced
obesity“'”'“"‘g.

Although GIPR expressionis detected in cultured human or mouse
adipocyte-like cells ex vivo, detection of GIPR expression within adi-
pocytes studied in vivo is more difficult. One study attributed the
overlapping beneficial metabolic phenotypes of enhanced versus
blocked GIPR signalling to aloss of adipocyte GIPR activity that occurs
with sustained GIPR activation. However, in this study, adipocyte GIPR
expression was not demonstrated using mouse adipose tissuein vivo,
only in adipocyte-like cells studied ex vivo*. In another study, Fab4-
Cre was used to inactivate GIPR in mouse adipose tissue, resulting
in high-fat diet (HFD)-fed mice with a phenotype of reduced insulin
resistance and decreased hepatic steatosis®. Surprisingly, no major
changes in adipose tissue mass or function were detected in these
mice, despite exhibiting 90% knockdown of adipose Gipr expression.
In contrast, findings from a third study showed substantial reduction
ofboth adipose and brain Giprexpression using Fab4-Cre toinactivate
Gipr, yet failed to detect reduction of adipose tissue Gipr expression
using multiple lines of Adipog-Cre mice’'. Moreover, single nucleus
RNA-sequencing (RNA-seq) studies did not localize GIPR expression to
adipocytes within adipose tissue; rather, GIPR expression was detected
in mouse and human pericytes and human mesothelial cells®.

The canonical GIPR is detected in brown adipose tissue (BAT),
predominantly in pericytes. GIP but not GLP1directly regulates ather-
mogenic gene expression profileinmouse BAT*? and upregulates lipid,
amino acid and glucose catabolic processes in obese insulin-resistant
mice®>*. Mice with Gipr-deficient BAT (Gipr®AT/") exhibit increased
body temperatures after an acute cold challenge; however, body
weight, energy expenditure, glucose metabolismand lipid metabolism
are not different in HFD-fed Gipr®™" versus Gipr®™* mice*. Hence,
the loss of BAT GIPR does not recapitulate the resistance to obesity
phenotype of whole-body Gipr”~ mice. The putative importance of
GIPR signalling in human BAT has not been ascertained.

GLP1-regulated central nervous system (CNS) pathways might
indirectly drive BAT activation and augment thermogenesis and energy
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expenditureinmice* but notin humans® (Fig. 2). GLP1IRA administra-
tion augments glucose uptake and substrate flux in muscle, adipose
tissue and liver, probably through indirect mechanisms, reflecting
improved blood flow, enhanced insulin secretion, neural commu-
nication and changes in energy substrate flux reflecting weight loss
over time.

Potential actions in bone

GIP acutely stimulates bone formation and inhibits bone resorption
in animals®~*® and humans, independent of changes in insulin or glu-
cose*. Furthermore, genetic variation within the human GIPR associates
with differences in BMD and fracture risk® (Fig. 1). Notably, the anti-
resorptive actions of GIP in people with type 1 diabetes mellitus were
not sustained after 6 days of continuous GIP infusion®. In contrast, GLP1
regulates calcitonin secretion in mice and rats but not in humans®*,
In addition, GLP1IRAs have had littleimpact on BMD or fracture rates,
eveninolderadultswith T2DMwhoinitiate GLP1RA therapy®.Hence, itis
interesting to assess whether the use of GIP-based therapies (co-agonists
orantagonists) alters clinically meaningful musculoskeletal endpoints
inlarge outcome trials.

Haematopoietic and immune systems

GIPR

GIPR is expressed by myeloid lineages, including monocytes and
macrophages and some bone marrow T cells®*“* (Fig. 3). Whole-body
Giprdeletionin mice impairs haematopoiesis, evidenced by decreased
numbers of bone marrow-derived myeloid-progenitor cells, circulating
monocytes and macrophages®*. In HFD-fed mice, myeloid cell-
specific deletion of Giprleads to upregulated SI00A8-dependent pro-
inflammatory signalling in adipose tissue, impaired insulinaction and

[ GIPR
[ GLPIR

Neuron
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1 Thermogenesis

1 Glucose, BCAA and
lipid catabolism
M TCA cycle

1 Insulin sensitivity
1 Circulating BCAA
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Fig.2|Therole of GIP and GLP1in white adipose tissue-related and brown
adipose tissue-related metabolic processes. GIP receptor (GIPR), but not
GLP1receptor (GLP1R), is expressed within adipose tissue. In white adipose
tissue (WAT), GIPRis expressed in endothelial cells, macrophages, pericytes

and mesothelial cells. GIP stimulates blood flow to WAT, lipoprotein lipase

(LPL) activity, insulin sensitization, glucose and free fatty acid uptake, de novo
lipogenesis as well as lipolysis. GIP also regulates WAT macrophage-dependent
inflammation. In brown adipose tissue (BAT), GIP regulates thermogenesis-related

reduced energy expenditure®®, Whole-body ablation of Giprin mice,
or more selectively in haematopoietic lineages, revealed a role for
GIPRsignallinginthe modulation of the expression of genes encoding
Toll-like receptors and Notch proteins within the bone marrow®.

Administration of GIP reduces inflammation in adipose tissue.
For example, HFD-fed mice treated with the long-acting GIP ana-
logue [d-Ala(2)] GIP for 8 weeks have increased lipid storage, yet
reduced expression of pro-inflammatory cytokines and chemokines
anddecreasedmacrophageaccumulationin WAT, associatedwithreduced
insulin resistance, compared with control HFD-fed mice not treated
with a GIP analogue®. Similarly, widespread transgenic Gip expres-
sion under the control of the metallothionein promoter decreased
adipose tissue mass, reduced macrophage infiltration and attenuated
the expression of Ccl2, Serpinl, ll4ra and Ikbkb, genes encoding pro-
inflammatory proteins, in WAT of HFD-fed mice®®. Taken together, these
experiments imply that GIP agonism decreases body weight, reduces
inflammation and indirectly enables healthy adipose tissue expansion,
whichmight have the consequence of preventing excess ectopic lipid
accumulation and inflammation associated with obesity.

On the contrary, GIPR agonism without meaningful weight loss
might also promote adipose tissue inflammation. For example, intra-
peritoneal administration of GIP twice daily for 1-4 weeks increased
Ccl2and ll6 mRNA transcripts in multiple adipose depots of db/db mice,
withincreased WAT macrophage infiltrationin retroperitoneal adipose
tissue®. Infusion of GIP (4 h) into otherwise healthy individuals with
obesity (achieving circulating levels of GIP of 120 pM) induced a pro-
inflammatory gene signature in subcutaneous WAT, with induction of
mRNAs encoding the chemokines CCL2 and CCLS, and IL-6, together
withincreased circulating levels of CCL2 (ref.”). Similar findings were
detected following infusion of GIP into healthy male individuals with
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genes and upregulates lipid, amino acid and glucose catabolic processes.
Conversely, GLP1indirectly promotes BAT activation and thermogenesis via
central nervous system pathways in mice and rats. GIP-GIPR-affected processes
are highlighted in red and GLP1-GLPR1-affected processes are highlighted
inblue. BCAA, branched-chainamino acid; BCKA, branched-chain keto acid;
FFA, free fatty acid; GIP, glucose-dependent insulinotropic polypeptide;

GLP1, glucagon-like peptide 1; TCA, tricarboxylic acid.
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Fig.3|The actions of GIP and GLP1 on the haematopoietic and immune
systems. GIP receptor (GIPR), but not GLP1 receptor (GLPIR), is expressed by
cells of the myeloid lineage, including macrophages, monocytes and myeloid-
progenitor cells, as well as some T cells. Bone-marrow-expressed GIPR regulates
myelopoiesis as well as systemic and adipose tissue-specific inflammation.
Inthe gut, the cellular localization of GIPR remains unknown, whereas GLP1R

is detectable within intraepithelial ymphocytes (IELs) and enteric neurons.
Sepsis, elevated circulating inflammatory cytokines or microbiome-dependent
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inflammation, stimulates the L cells within the gut to release GLP1, which acts
onits corresponding receptor on IELs to blunt the inflammatory response.
Activation of IEL GLP1R also inhibits gut dysbiosis. GLP1acts pharmacologically
to reduce inflammation in multiple tissues, such as the central nervous system
(CNS), that do not contain GLPIR" immune cells. GIP-GIPR-affected processes are
highlighted in red and GLP1-GLPR1-affected processes are highlighted in blue.
GIP, glucose-dependent insulinotropic polypeptide; GLP1, glucagon-like
peptidel.

aBMI>28 kg/m?under hyperinsulinaemic-euglycaemic clamp condi-
tions, findings not replicated by hyperinsulinaemia alone. In addition,
GIP directly increased levels of /I5 and //6 mRNA in mouse brown adi-
pocyte-like cells cultured ex vivo, whereas acute administration of GIP
increased plasma levels of IL-6 in wild-type mice®. Conversely, reduc-
tion of Giprin micetissues, achieved through use of Fabp4-Cre, reduced
adipose expression of IL-6 and cytokine signalling-3 (SOCS3)*°. As GIPR
expressionis not detected within mouse or humanadipocytesinvivo,
these disparate consequences of gain versus loss of GIPR signalling on
adipose tissue might reflect indirect actions on vascular and immune
cells, as well as differences in experimental methods and endpoints.

GLPIR

Expression of GLP1R within the immune system (Figs. 1,3) is detected
within intestinal intraepithelial lymphocytes (IELs)” and at much
lower levels in a subset of hepatic y5 T cells*. Inflammation, microbial

metabolites and cytokinesinduce the secretion of GLP1, but not GIP, in
miceand humans’> 7. Indeed, the L cell functions as a sensor of patho-
gens and inflammation, integrating signals from microbial metabolites
and cell wall products to augment GLP1secretionin response to infec-
tion or sterileinjury. Notably, circulating levels of GLP1rise rapidly after
myocardial infarction in animals and humans and correlate with the
extent of myocardial injury”. In addition, plasmalevels of GLP1correlate
withthe severity of illness and survivalin people hospitalized for critical
illness, including sepsis’”’®. Although GLP1serves as abiomarker reflect-
ing the severity of inflammation, little evidence is available to support
atherapeutic role for pharmacological administration of GLPIRAs to
improve outcomesin people with acute myocardial infarction or sepsis.

GLP1RAs reduce systemic and tissue inflammation in mice, often
independent of changes inbody weight’*°, through poorly understood
mechanisms®. Although some studies link GLPIR activation to reduc-
tion of macrophage-dependent inflammation®, localizing canonical
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GLPIR expression within macrophages is difficult”. GLP1RAs also exert
anti-inflammatory actions in people with T2DM, both acutely®? and fol-
lowing sustained administration, independent of weight loss*>. Mecha-
nistically, very low levels of GlpIr mRNA transcripts can be detected
in immune cells within mouse lymph nodes or spleen®; however, the
major site of immune cell GLP1R expression is intestinal IELs”. Direct
activation of GLP1R on mouse IELs reduces inflammation, whereas
failure to develop a normal population of GLPIR* IELs in /tgh7 " mice
resultsinincreased GLP1secretion,improved metabolism and reduc-
tion of experimental atherosclerosis®. Interestingly, these phenotypes
are not recapitulated in mice with T cell deficiency or more selective
ablation of GIpIrin T cells®.

IEL GLPIR also regulates microbiome-dependent inflammation
through calibration of GLP1 secretion. Notably, Glp1r”’ mice exhibit
gut dysbiosis” and the actions of GLP1 on modulating the gut micro-
biota independent of changes in glucose or body weight are medi-
ated in part through IEL GLPIR®. The IEL GLPIR is also important in
T cell-dependent gut inflammation, but this cellular site of immune
cell GLP1R signalling is not essential for the anti-inflammatory actions
of GLP1RAs in the context of systemic inflammation induced by
lipopolysaccharide in mice®°.

Microorganisms such as Akkermansia muciniphilia secrete one or
more proteins that directly enhance GLP1 secretion in mice®. Micro-
bial metabolites, including bile acids, activate the gut-brain axis after
experimental bariatric surgery in mice viaenhanced GLP1secretion®’.
Furthermore, in HFD-fed mice, gut microbial dysbiosis is associated
with acquired GLP1 resistance, findings characterized by elevated
levels of portal vein GLP1 and reduced GLP1R expression within the
enteric nervous system®®, Notably, the normal circadian control of
GLP1secretion is disrupted in germ-free or antibiotic-treated mice®.
The extent of hypothalamicinflammationis alsoreduced ingerm-free
versus conventionally housed HFD-fed mice, with elevated circulating
levels of GLP1detected in germ-free mice, findings that are dependent
onthe presence of functional GLP1Rs in astrocytes’®. Hence, both local
and systemic enhancement of microbiota-dependentinflammationis
regulated in part by GLP1R signalling. Whether treatment with GLP1RAs
consistently modulates the composition and diversity of gut micro-
biota in people with T2DM, independent of changes in glycaemia or
body weight, remains uncertain®.

GLP1alsoreduces hepaticinflammationin preclinical studies and
in humans with NASH, actions that might be partly independent of
weight loss*?>°?, Clinical studies examining the actions of liraglutide
and semaglutide in people with NASH demonstrated reduction of
inflammation without progression of fibrosis, as inferred from liver
biopsies taken before and after therapy with GLP1RAs™*, Hepatocytes
do not express the canonical GLPIR*, However, in mouse liver, GLPIR
expression has been localized to hepatic endothelial cells, as well as a
subset of y5 T cells*. Genetic disruption of GlpIr within haematopoi-
etic and endothelial cells partially attenuated the anti-inflammatory
actions of semaglutide in the liver of HFD-fed mice*. The actions of
once weekly semaglutide are being studiedin1,200 people with NASH
inaphaselll trial (NCT04822181).

Renal biology

The circulating levels of endogenous GIP and GLP1 are dependent on
renal metabolism and are increased in people with chronic kidney
disease (CKD) and renal failure°, GIP action on the kidney has not
been carefully studied, in keeping with alack of detectable renal GIPR
expression®.

GLP1Risexpressedinthekidney, localized to asubset of vascular
smooth muscle cells (VSMCs) within afferent arterioles”® (Fig. 4). GLP1
acutely enhances sodium and water excretion and reduces albumin
excretioninbothrodentand humanstudies, inthe presence or absence
of diabetes mellitus®'"'; however, the natriuretic actions of liraglutide
arediminished with sustained use in people with T2DM'”". GLP1RA are
renoprotective in mice and rats with experimental kidney disease'*.
The anti-inflammatory, anti-fibrotic and renoprotective actions of
GLP1RAsin mice with experimental nephrotoxic nephritis'® have been
attributed to GLP1R expression within T cells, enabling direct inhibition
of T cell proliferation'®*.

The use of GLP1RAs in people with T2DM has been associated
with rare reports of reversible acute kidney injury, mostly detected
earlyinthe course of therapy. This serious adverse effectis secondary
tonausea, vomiting and dehydration, leading to hypovolaemia, often
in people with pre-existing kidney disease'®. Although short-acting
exendin-based GLP1RAs are not utilized for glucose control in people
with T2DM and CKD, the human GLP1RAs liraglutide, dulaglutide and
semaglutide are effective and safe to use for the reduction of glucose
inpeople with T2DM and reduced estimated glomerular filtration rate
(eGFR), including those with CKD'%,

GLP1RAsreduceblood pressurein people with T2DM or obesity
and hypertension, which mightindirectly contribute to renoprotec-
tion. In large prospective studies of individuals with T2DM, GLP1RAs
have not yet been shown to meaningfully reduce renal outcomes,
beyond reduction of albumin excretion'””. However, post hoc analy-
ses of individuals with T2DM treated with liraglutide, semaglutide
and dulaglutide in the LEADER, SUSTAIN-6 and REWIND cardiovas-
cular safety trials, respectively, reveal a modest reduction in the
rate of decline in eGFR, most notable in people with eGFR <60 ml/
min/1.73 m? (refs.'°®1°°), Furthermore, analysis of real-world data
in Scandinavia demonstrated reduced rates of serious renal events
(consisting of renal replacement therapy, renal death and hospital-
ization for renal events) in people treated with GLP1RAs from 2010 to
2016 (ref."°). The long-term renal safety and renoprotective poten-
tial of semaglutide are being assessed in a clinical study of people
with T2DM, reduced eGFR and elevated urinary albumin excretion
(NCT03819153).

Cardiovascular actions

GIPR

GIPRis expressed within some blood vessels (endothelial cells) and in
the mouse and human heart™ (Fig. 4). Whether increased plasmalevels
of GIP are associated with atherosclerosis in humansis controversial?,
asdistinct variants within GIPR differentially associated with increased
levels of GIP and therisk of heart disease™*. Loss of whole-body Giprand
selective loss of cardiomyocyte Gipr expression are cardioprotective
inmice'”, whereas GIPR agonism reduces atherosclerosis in sensitized
animal models"*. Conversely, studies of Gipr”’~ mice reveal increased
aorticinflammationand enhanced atherosclerosis™>. Human genetics
associates glucose-lowering alleles of G/Pand G/IPR with reduced BMI,
triglycerides and lower rates of heart failure™.

Mechanisms linking the action of GIP to cardiovascular out-
comes remain unclear. Studies of animal models of atherosclerosis
or hypertensive cardiomyopathy or myocardial infarction describe
arolefor GIPinthe suppression of macrophage-driven inflammation
and foam cell formation"*"""%, GIP also reduces VSMC proliferation,
arterial remodelling and nitric oxide synthesis’, cardiomyocyte
hypertrophy, cardiac fibrosis and myocardial fatty acid metabolism
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Fig.4 | The actions of GIP and GLP1in the cardiovascular and renal systems.
GLP1hasdirect and indirect effects in the reduction of cardiovascular disease
risk viaits cardioprotective, nephroprotective and anti-inflammatory actions.
GLP1receptor (GLPIR) is expressed at low levels in cardiomyocytes and
endothelial cellsin the heart. Within the cardiovascular and renal systems,

the GLPIR has been localized to a subset of cardiomyocytes, endothelial cells
and vascular smooth muscle cells (VSMCs). GIP receptor (GIPR) is expressed
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in cardiomyocytesin the heart and in some endothelial cells within blood
vessels. GIP might have anindirect role in atherosclerosis, via the regulation of
macrophage-driven inflammation and foam cell formation, VSMC proliferation
and arterial remodelling. GIP-GIPR-affected processes are highlighted in red and
GLP1-GLPR1-affected processes are highlighted in blue. GIP, glucose-dependent
insulinotropic polypeptide; GLP1, glucagon-like peptide 1; NO, nitric oxide.

and storage''?°. Nevertheless, whether these actions are direct or
indirect, and conserved in humans, is not currently known.

GLPIRAs

GLP1RAsreduceblood levels of glucose, blood pressure, body weight,
systemicinflammation and post-prandial lipaemia in multiple animal
species and humans, actions consistent with a favourable reduction
in cardiovascular risks''. GLP1 might also reduce platelet aggrega-
tion; however, expression of the canonical GLPIR in platelets remains
uncertain'?. Of note, GLPIR activation is linked with reduction of gut
lipoprotein secretion, but the mechanisms are not well understood.
Enterocytes do not express GLPIR, and genetic ablation of neural GLPIR
pathways does not attenuate the GLP1R-dependent reduction of gut
chylomicron secretion in mice'”. Within the cardiovascular system,
GLP1Rs are expressed in subsets of endothelial cells, VSMCs and in
cardiac atriaand ventricles®®" (Fig. 4). Preclinical studies demonstrate
that administration of GLP1RAs reduces infarct size, while improving
ventricular function and survival in mice with experimental myocar-
dialinfarction'. Similarly, liraglutide improved ventricular function
independent of changes in body weight in mice with HFD-associated
cardiomyopathy”. The GLP1R is expressed in some human cardiomyo-
cytes and mouse endocardial endothelial cells™'*. Genetic targeting of
endothelial cell, but not cardiomyocyte GlpIrexpression, attenuated

the cardioprotective actions of liraglutide in mice with ischaemic
cardiac injury'>'?°,

GLP1RAs also reduce plaque burden and aortic inflammation in
mice with experimental atherosclerosis'*'?%, Notwithstanding the
sparse expression of the canonical GLPIR in vascular cells*, the vaso-
protective and blood pressure-lowering actions of GLP1IRAs were abol-
ished in mice with endothelial cell-selective inactivation of GlpIrthat
were treated with angiotensin II'. GLPIR is expressed in endothelial
cellswithinthe mouse aorta; however, semaglutide treatment attenu-
ated the development of atherosclerosis in mice with genetic ablation
of GLP1R in endothelial and haematopoietic cells*.

Cardiovascular safety studies of long-acting GLP1RAs in peo-
ple with T2DM have demonstrated reductions in MACE, principally
myocardial infarction stroke and death from cardiovascular causes®.
Hospitalization for heart failure is also reduced by ~11% with GLP1RAs
in cardiovascular outcome trials*. The cardiovascular benefits of
GLP1RAs become evident within 12-24 months of trial initiation™°. In
contrast to findings with sodium-glucose cotransporter 2 inhibitors,
GLPIRAs consistently reduce the rates of stroke in people with T2DM?,
Real-world and clinical trial data suggest that the cardiovascular ben-
efits of sodium-glucose cotransporter 2 inhibitor and GLP1RAs are
additive in people with T2DM""*2, Whether GLP1RAs reduce the rates
of MACE and heart failure in people with obesity in the absence of
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T2DM is not yet known and will be informed in part by the results of
the SELECT trial™.

Mechanistically, administration of liraglutide for 26 weeks to
people with T2DM had no effect on vascular inflammation assessed
by ['*F]-fluorodeoxyglucose PET scanning of the carotid arteries and
aorta®*. However, a substudy of the same individuals demonstrated
attenuated coronary artery inflammation as visualized by [**Cu]Cu-
DOTATATE uptake and PET scanning, findings that correlated with
reduction of C-reactive protein'. Administration of exenatide once
weekly for 18 months to people with T2DM reduced body weight and
HbA,,, but had no effect on carotid plaque volume or composition®.
Similarly, liraglutide (1.8 mg daily for 26 weeks) had minimal effect
on inflammation-related gene expression in white blood cells from
people with T2DM'. Hence, whether GLP1RAs meaningfully reduce
vascular and/or systemic inflammation and atherosclerosis in people
withT2DM, independent of changesinglucose or body weight, remains
uncertain and will require longer periods of study.

Neural actions
CNS expression of GIP, GLP1 and their receptors
GIP is detected by immunohistochemistry in multiple regions of the
ratbrain, including the hippocampus (dentate gyrus), olfactory bulb,
brainstem, cerebral cortex and cerebellum™*"*, whereas GIPR expres-
sionhasbeen detected in the cortex, hippocampus, olfactory bulb and
hypothalamus” (Fig. 5). A GIPR-YFP reporter mouse revealed GIPR* tran-
scriptional activity withinthe paraventricular, dorsomedial and arcuate
nuclei of the hypothalamus'. Single-cell RNA-seq analysis of mouse
hypothalamicneuronsidentified co-expression of Gipr with mRNA tran-
scripts encoding appetite and energy expenditure regulatory neuro-
peptides, including somatostatin, vasopressin and cocaine-regulated
and amphetamine-regulated transcript protein, as well as neuro-
hormone receptors for GABA, glutamate, histamine, acetylcholine,
serotonin, somatostatin, calcitonin, ghrelin and cholecystokinin'.
Notably, GIPR" cells within the hypothalamus are not exclusive
to neurons. Single-cell RNA-seq analysis of isolated GLP1R* and GIPR"
hypothalamic cells from reporter mice revealed that GLP1R" cells are
evenly distributed among neuronal and non-neuronal hypothalamic cell
types, including VSMCs. In contrast, the majority of GIPR" cells were non-
neuronalincluding oligodendrocytes and vascular cells, predominantly
pericytes'*. Transcriptional interrogation of GLPIR' cellsin the brains of
miceand non-human primatesidentified multiple noradrenergic GLPIR*
neuronal subtypes. Furthermore, exogenous GLPIRA administration
regulated gene expression profiles within cells of the area postrema
and in calcitonin receptor” cells in the nucleus of the solitary tract'.
Specifically, semaglutide upregulated genes (including Bdnfand Mc4r)
and pathways in glutamatergic GLPIR' neurons and suppressed gene
transcriptioninglial cells. In humans and mice, a subset of hypothalamic
cells within the arcuate nucleus and the dorsal medial hypothalamus
and other brain regions co-express GIPR and GLP1R™° (Fig. 5).

GIP, food intake and body weight
Both gain and loss of GIPR signalling reduce body weight. HFD-fed
whole-body Gipr’~ mice exhibit less weight gainand improved insulin
sensitivity compared with wild-type mice, although this phenotype
takes several months to emerge®**’. Plasma levels of glucocorticoids
are decreased in Gipr’~ mice; however, resistance to weight gain is
maintained despite physiological glucocorticoid replacement.
Multiple studies demonstrate that selective GIPR antagonism
attenuates weight gain. Sustained systemic GIPR blockade reduced

body weight gain and food intake in mice and non-human primates,
findings independent of the B-cell GIPR as shown in Gipr**''~ mice’®.
Similarly, whole-body GIPR antagonism with a GIPR antibody (Gipg013)
reduces food intake and attenuates weight gainin HFD-fed mice, with-
out changes in energy expenditure. However, systemic GIPR antago-
nism using once weekly peripheral administration of Gipg013 was
less effective at reducing body weight in mice with established diet-
induced weight gain*®. Centralintracerebroventricular administration
of the Gipg013 antagonist also reduces body weight and adiposity in
mice with diet-induced obesity, findings associated with decreased
hypothalamic levels of SOCS3, an inhibitor of leptin signalling**.

A key role for the CNS in the resistance to obesity phenotype
observed in Gipr’~ mice was further established in studies using
Nestin-Cre to selectively ablate GIPR signalling in the CNS'*. Elimina-
tion of Giprin the CNS was sufficient to recapitulate the resistance to
diet-induced obesity phenotype seen in whole-body deficient mice.
However, HFD-fed CNS-specific Gipr’- mice showed an attenuated ano-
rectic and weight-loss response to the GIPR agonist acyl-GIP, whether
given by peripheral injection or intracerebroventricular administra-
tion'*.Hence, both gain andloss of GIPR signalling reduces body weight
through mechanisms that require the CNS GIPR.

GLP1, appetite, gut motility and body weight
GLP1 action in the brain engages multiple circuits linked to stress
responses, aversion, anorexia, hypothalamic pituitary function,
neuroinflammation and neuroprotection®'¢ (Fig. 5). GLP1RAs also
inhibit gastric and small bowel motility in multiple species, actions
mediated through CNS-dependent and myenteric neuron-dependent
mechanismsin mice*'”. Notably, the actions of GLP1 to inhibit gastric
emptying are subject to tachyphylaxis withinafew hours of sustained
GLPIR signalling*®, Physiologically, autonomic GLP1R* neurons are
required for the basal control of gastric emptying in mice'>. By con-
trast, GLPIR" neurons within the WntI expression domain and vagal
neurons are critical for the inhibition of gastric emptying in response
to pharmacological GLPIR agonism in mice'* and humans'’.
Humans treated with GLP1RAs exhibit reduced food intake and
weight loss, supporting the approval of liraglutide and semaglutide
for weight loss in people with overweight or obesity****'*¢, Although
nausea and vomiting might be dose-limiting and prompt discontinu-
ation of GLP1RAs in some individuals, these adverse events exhibit
rapid tachyphylaxisand arelesscommonwithgradual versus more rapid
dose up-titration. Multiple distributed GLPIR* neurons within at least
10 different regions of the mouse and rat CNS, including the hypo-
thalamus and hindbrain, transduce pharmacological signals from
GLP1RAs and couple them to the behavioural outcome of reduction
of food intake™". Consistent with these findings, selective targeting of
GLP1R" neuronsin the hypothalamus or hindbrain does not completely
attenuate the weight-reducing actions of GLP1RAs in mice or rats"'*%,

Neuroprotection

Arole for GIP in the control of hippocampal neurogenesis has been
identified in the rat and mouse brain. GIP induces the proliferation of
rat hippocampal granule cell layer neural progenitor cells, whereas
Gipr’~ mice show evidence of reduced cell proliferation in the gran-
ule cell layer of the adult hippocampus™®. GIP is also neuroprotec-
tive in experimental animal models of dysregulated metabolism and
neurodegenerative diseases such as Alzheimer disease, Parkinson
disease and Huntington disease™’. GIP might elicit its neuroprotec-
tive effects in mice in part through the promotion of neurogenesis™*.
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Fig. 5| Therole of GIP and GLP1in central energy regulation and
neuroprotection. Within the mouse and human brain, expression of GLP1
receptor (GLPIR) and GIP receptor (GIPR) is localized to the hypothalamus,
including the arcuate nucleus (ARC), dorsomedial hypothalamus (DMH)

and paraventricular nucleus (PVN). Neurons within the hypothalamus have
distinct GIPR and GLP1R expression profiles, with some neurons co-expressing
bothreceptors. The receptors are also expressed in the dentate gyrus (DG)
ofthe hippocampus, nucleus tractus solitarius (NTS) and area postrema (AP).
GLP1R is also expressed within the ventral tegmental area (VTA), bed nucleus
of the stria terminalis (BNST) and nucleus accumbens (NaC). GLP1R and GIPR
have beenidentified in neurons and oligodendrocytes. In addition, GIPR is

4 Gut motility

expressed in pericytes and GLPIR is expressed in astrocytes. GIP and GLP1 elicit
neuroprotective effects in the brain. GLP1also decreases gastricemptying

and motility via vagal afferent and efferent signals to the dorsal vagal complex
(DVC). GIP-GIPR-affected processes are highlighted in red and GLP1-GLPR1-
affected processes are highlighted in blue. 3V, third ventricle; DMV, dorsal motor
nucleus of the vagus; GIP, glucose-dependent insulinotropic polypeptide;

GLP1, glucagon-like peptide 1; LHA, lateral hypothalamic area; OLF, olfactory
bulb; POMC-CART, proopiomelanocortin-cocaine-regulated and amphetamine-
regulated transcript; PVN, paraventricular nucleus; VMH, ventromedial
hypothalamus; VTA, ventral tegmental area.

The GIP analogue d[Ala2]-GIP administered for 4 weeks in mice that
had been fed a HFD for 5 months improved the recognition index
and attenuated the impairment in long-term potentiation, in the
absence of weight loss'”. Treatment of mice for 5 weeks with once
daily d[Ala2]-GIP attenuated the development of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine-induced Parkinson disease, inassociation
with reduced loss of dopamine neurons and decreased a-synuclein
expressionin the substantia nigra pars compacta®™®. Similarly, a14-day
course of d[Ala2]-GIP reduced the appearance of neurobehavioural

deficits and preserved levels of striatal monoamines in rats with quin-
olinic acid-induced Huntington disease-like pathology™’. Multiple
studies have demonstrated that GIP analogues such as d[Ala2]-GIP
reduce the burden of amyloid plaque and decrease levels of oxidative
stress and the extent of neuroinflammation, while enhancing long-
term potentiation in experimental models of Alzheimer disease,
including APP/PS1 mice™®. In contrast, much less information is avail-
able on the impact of GIPR blockade in the context of experimental
neurodegeneration.
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Substantial preclinical datademonstrate that GLP1RAs are neuro-
protective in experimental models of stroke, Parkinson disease or
Alzheimer disease”"”. Several small, randomized trials examined the
effects of twice daily or once weekly exenatide versus conventional
therapy for 12 months in people with moderate Parkinson disease
without T2DM and demonstrated improved motor activity scores
that persisted following discontinuation of exenatide'**'®', Longer
and larger ongoing studies are examining the efficacy of once weekly
exenatide over 96 weeks in 200 individuals with mild-to-moderate
Parkinson disease'®’.

The neuroprotective actions demonstrated in preclinical studies
mightreflectbothdirect and indirect actions of GLP1IRAs, encompass-
ing enhanced neuronal proliferation and survival, reduced oxidative
stress, decreased neuroinflammation and improved barrier function™.
Moreover, HFD-fed germ-free mice exhibit increased levels of circu-
lating GLP1 and reduced hypothalamic inflammation, findings that
are mediated by the astrocyte GLPIR*°. Human studies of 12 weeks of
liraglutide administration revealed improved brain connectivity in
individuals with normal cognitive function but a history of subjective
cognitive complaints'®. These experiments have prompted examina-
tion of whether the use of GLPIRAs might prevent cognitive declinein
people with or without T2DM. Analysis of people with T2DM treated
with dulaglutide inthe REWIND trial revealed a14% reduction in cogni-
tiveimpairment, as assessed through serial testing at baseline and dur-
ing follow-up'®*. Similarly, reported rates of dementia were decreased
in people randomized to GLPIRA therapy in the LEADER, SUSTAIN-6
and PIONEER-6 cardiovascular outcometrials, as well asin real-world
populationregistry dataamongindividuals with T2DM treated with a
GLP1RA for atleast Syears'®. Two randomized controlled trials, EVOKE
(NCT04777396) and EVOKE+ (NCT04777409, the latter enrolling at
least 20% of the study population with established cerebrovascular
disease), have beeninitiated to examine the therapeutic effect of oral
semaglutide on the change in a dementia rating scale over 2 years in
people at highrisk for developing Alzheimer disease.

Combinatorial incretin therapy

Multi-agonist peptide therapies

The success of GLP1RAs for the treatment of metabolic disorders
reflects the preservation of the glucoregulatory and anorectic actions
of GLP1RAs in people with T2DM and obesity. Although GIP is physi-
ologically important for incretin action in animals and humans'®®, the
insulinstimulatory actions of GIP are diminished in the setting of experi-
mental and clinical diabetes mellitus®. Nevertheless, administration
of insulin for 4 weeks to lower HbA,.improved the 3-cell response to
GIPinpeoplewithT2DM. This finding implies that the hyperglycaemia-
associated reductionin GIP responsivity is partially reversible*>. More-
over, theremarkable reductionsin HbA,.and weight loss achieved with
the GIPR-GLPIR co-agonist tirzepatide in people with T2DM'®” have
rekindled enthusiasm for understanding the biology and mechanisms
thatunderlie the effectiveness of combined GIPR and GLP1R agonism?.
Tirzepatide achieved double-digit percent total body weightlossinthe
SURPASS trials in people with T2DM™° and more than 20% placebo-
subtracted body weight loss in people with obesity treated with 15 mg
once weekly inthe SURMOUNT-1 trial'®®, Studies in mice demonstrate
that weight loss achieved with tirzepatide is predominantly mediated
through the GLPIR®’; however, tirzepatide is a suboptimal agonist at the
mouse GIPR*. Tirzepatide therapy also reduces hepatic steatosis'®’, and
clinical trials of tirzepatide in people with metabolic liver disease are
underway. Whether the reduction of hepatic steatosis observed with

tirzepatide isindependent of weight loss in humans, perhaps reflecting
neural or immune mechanisms and interorgan communication, has
not yet been conclusively addressed in preclinical or clinical studies.

Although GIPR agonism does promote reduction of food intake
and weight loss in preclinical studies, the magnitude of the effect is
modest'*"7%"!_ Furthermore, GIPR agonism does not seem to be addi-
tive as modelled using combined chemogenetic activation of GIPR*
and GLP1R" neurons™°. Similarly, in menwith overweight or obesity, co-
infusion of GIP and GLP1over 4 hdid not additively reduce food intake
during a test meal, beyond that achieved with GLP1 infusion alone'””.
Mechanistically, central administration of a GLPIR-GIPR dual agonistin
mice had agreater effect on reduction of food intake relative to GLPIR
agonism alone. Additionally, the superior efficacy of the co-agonist
was lost in mice with elimination of the GIPR in the CNS', Studies of
tirzepatide action in HFD-fed mice reveal that tirzepatide-induced
weight loss requires the GLPIR, whereas tirzepatide enhanced insulin
sensitivity through GLPIR-independent pathways, possibly reflecting
contributions fromactivation of BAT™. Interpretation of these findings
requires acknowledgement that tirzepatide is asuboptimal agonist at
the mouse GIPR, relative to the human GIPR>.

Combinatorial therapy with GIPR-GLPIR dual agonists and GIPR-
GLP1R-glucagonreceptor tri-agonists has also shown superior neuro-
protective effects relative to GLPIRA monotherapy in rodent models of
Alzheimer disease and Parkinson disease'”>'"*. However, little attempt
was made to tease out the relative mechanistic contributions of each
receptor in these multi-agonist studies. Moreover, no information is
available on the neuroprotective potential of GIPR-GLPIR dual ago-
nists in humans. Intriguingly GIPR agonism reduces GLP1RA-induced
aversive behaviours in mice and rats and emesis in musk shrews'”.
Additionally, genetic and pharmacological activation of GIPR" neurons
suppressed nausea-related behaviours through area postremainhibi-
tory circuitsinmice", raising the possibility that GIPR agonism might
improve the tolerability of a co-administered GLP1RA (Fig. 5).

Clinical evidence from phase Il studies shows that treatment with
tirzepatide reduces biomarkers of cardiovascular disease, includ-
ing chitinase-3-like protein 1, intercellular adhesion molecule 1 and
high-sensitivity C-reactive protein, in people with T2DM"’. Whether
tirzepatide reducesinflammationindependent of changesinglucose
orbody weight has not been studied. The cardiovascular safety of tirze-
patide across the SURPASS programme was reported in a pre-specified
meta-analysis, revealing hazard ratios of 0.8 for four-point MACE,
0.9 for cardiovascular death and 0.8 for all-cause mortality'®. A dedi-
cated cardiovascular outcome trial, SURPASS CVOT (NCT04255433),
isexamining the safety of tirzepatide relative to dulaglutide in people
with T2DM and established cardiovascular disease, with an expected
completion date in the fourth quarter of 2024.

GIPRantagonism

Notwithstanding the enthusiasm for GIPR-GLPIR co-agonism, exten-
sive data show that Gipr’~ mice are resistant to diet-induced obesity"”,
findings mediated in part through enhanced energy expenditure®’. Of
note, HFD-fed mice and non-human primates treated with GIPR antago-
nists, alone or in combination with GLP1RAs, resist weight gain and
exhibitimproved metabolic control®®. Consistent with these findings,
a GIPR antagonist-GLP1RA single antibody produced robust reduc-
tions in body weight and adipose tissue mass in obese mice and mon-
keys, achieved predominantly through a reduction in food intake'.
Moreover, ahumanized GIPR antagonist-GLP1RA antibody (AMG-133)
isbeingstudiedin clinical trialsin people with obesity (NCT04478708).
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Conclusions

Although GLP1action has beenstudied extensively in the clinic, mecha-
nisms underlying the GLP1-dependent control of inflammation, athero-
sclerosis, blood pressure, gut chylomicron secretion and hepatocyte
lipid metabolism remain incompletely understood. Furthermore,
mechanisms might differ in animals versus humans. The interest in
GIPbiology hasbeenre-energized by the clinical development of tirze-
patide. Interpreting the actions of GIPR multi-agonists in humans can
be challenging owing to limited investigational exposure of humans to
GIP and GIPR agonists. GIP has direct actions on bone, f-cells, a-cells
and theimmune system (Fig. 6); however, datainforming the sustained
actions of GIP in humans, with or without cardiometabolic disorders,

1™ Neuroprotection
v Appetite

1™ Neuroprotection
v Appetite
Vv Nausea

are limited. Moreover, accurate ascertainment of expression of the
canonical GIPR in cells and organs remains challenging owing to low
levels of expression and the limitations of available reagents”. Whether
GIPR agonism produces substantial weight loss in humans remains
uncertain. Studies in mice link GIPR signalling using mono-agonists
ortirzepatide toreduced food intake and robust activation of BAT*>*>,
However, analysis of human BAT activity and its potential contribution
toinsulin sensitivity or weightlossin humans treated with GIPR agonists
or co-agonistsis limited, and such studies would be of interest.

New unimolecular agents, such as AMG-133 that combines GLP1R
agonism with GIPR antagonism, have been developed, which have
the potential to induce effective weight loss with only once monthly
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Fig. 6 | A simplified summary of the biological actions of GIP and GLP1.
Beyond the incretin actions of GLP1and GIP to control insulin secretion and
glycaemia, GLP1and, to alesser extent, GIP, exert multiple extrapancreatic
actions. These actions affect inflammation, cardiovascular and renal function,
gastrointestinal motility, bone and mineral homeostasis and neurological
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function. Of note, these actions are relevant for the treatment of cardiometabolic
disorders. GIP-GIP receptor (GIPR)-affected processes are highlighted in red

and GLP1-GLP1receptor (GLP1R)-affected processes are highlighted in blue.

GIP, glucose-dependent insulinotropic polypeptide; GLPIR, glucagon-like
peptidel.
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dosing (NCT04478708). How can one reconcile the competing data
supporting GIPR agonism versus GIPR blockade as effective strategies
for weight loss? Evidence supports GIP acting directly on GIPR in the
CNS to inhibit food intake and perhaps also indirectly by enhancing
the anorectic effect of GLP1. Chronic GIPR agonism might theoretically
elicit some of its anti-obesity effects in the brain and the periphery
via receptor desensitization, a hypothesis that is consistent with the
favourable metabolic phenotype described for Gipr’~ mice*®; how-
ever, this theory has not yet been convincingly established. Although
evidence for desensitization of the GIPR hasbeen reportedinadipose
tissue®, limited evidence exists so far for GIPR desensitization in the
brain. GIPR agonism might also enhance the tolerability and hence
the efficacy of GLP1RAs by lowering the associated nausea and aver-
sive response to GLP1RA treatment, potentially improving patient
compliance'",

Ultimately, the utilization of GIP-GLP1-based co-agonists for the
chronic treatment of metabolic disorders willbe influenced toalarge
extent by the assessment of safety. Ongoing cardiovascular outcome
trialsin people with T2DM or obesity will be extremely informative for
assessing the benefits of these therapies beyond traditional metabolic
endpoints, such as HbA,  reduction and weight loss. Given the thera-
peutic trajectory for GLP1RAs, one might also expect the emergence
of orally available co-agonists, as well as the interrogation of GIP-based
therapies in people with NASH, heart failure with preserved ejection
fraction or neurodegenerative disorders. The available data strongly
suggest that understanding the long-term benefits and mechanisms
ofaction for GIP-GLP1combinations will be of substantial interest and
clinicalimportance to the metabolism community in the years to come.
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