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Abstract
Incretins are horm@nes secreted from enteroendocrine cells after nutrient intake that stimulate
insulin secneti m [ cells in a glucose-dependent manner. Glucose-dependent insulinotropic

polypeptid d glucagon-like peptide-1 (GLP-1) are the only two known incretins.
Dysregulation of incretin secretion and actions are noted in diseases such as obesity and diabetes. In

this revie summarize our traditional understanding of the physiology of GIP and GLP-1,
and our cur, wledge of the relationships between GIP and GLP-1 and obesity and diabetes.
Next, we pfes e results from major randomized controlled trials on the use of GLP-1 receptor
agonists fo ng type 2 diabetes, and emerging data on treating obesity and prediabetes. We

conclu i impse of the future with possible complex interactions between nutrients, gut
microbi endocannabinoid system, and enteroendocrine cells.

IntroductiL

The study of ins has undergone tremendous growth over the past 50 years culminating in the

use of incré g¢d therapy for managing and treating two of the most pressing global public

health cris ity and type 2 diabetes. The ability of crude extract from porcine upper intestine
to Iowemse in humans was first reported in 1902." In 1932, La Barre and colleagues
coined tM:oncept to describe as yet unknown humoral factors released from the intestine
in respons al that lowered blood glucose.>* However, a quantitative demonstration of this
phenomenmot possible until the development of radioimmunoassay technology to assay

circulating in ree decades later.” McIntyre and colleagues observed that for the same amount

pral route of administration induced a much greater insulin secretion than did the

This is the author manuscript accepted for publication and has undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1111/nyas.14211.

This article is protected by copyright. All rights reserved.

") Check for updates


https://doi.org/10.1111/nyas.14211
https://doi.org/10.1111/nyas.14211
https://doi.org/10.1111/nyas.14211
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fnyas.14211&domain=pdf&date_stamp=2019-08-07

intravenous route.®’ The first incretin was described in 1973 when glucose-dependent insulinotropic
polypeptide (GIP) was found to potentiate glucose-induced insulin secretion.® Glucagon-like
peptideWhe second incretin, was discovered later in 1987.°* In 1979, Creutzfeldt gave the
criteria nec o classify a substance as being an incretin: (1) has to be a gastrointestinal factor,
(2) must b@ nutrients, and (3) must stimulate insulin secretion in a glucose-dependent

mannen@at physielegical levels.'” To date, GIP and GLP-1 are the only two enteroendocrine hormones

[

that satisf iteria.
In r t, we first review the classical view of the physiology of GIP and GLP-1 and the

enteroendoeni lIs that secrete them. We then summarize the current knowledge of the

G

relationshigs'b en GIP and GLP-1 with obesity and diabetes, and we follow with a review of the

results fro j@randomized controlled trials on the use of GLP-1 receptor (GLP-1R) agonists for

S

managing type betes and obesity. The recent advances in the area of dual incretin (GLP-1 and

U

GIP) recep onism is also addressed. We conclude with a glimpse of where this exciting field

is headed the latest findings in the possibility of the same enteroendocrine cell switching

n

hormone pending local cues; and the likely complex interactions among nutrients, gut

microbiotajye % nabinoid system and enteroendocrine cells.

a

Physiol incretins

Where do LP-1 come from and what do they do? The classical view is that when digested

M

food re estine, it stimulates GIP and GLP-1 secretion from K and L cells respectively. GIP

and GLP-1 in turn stimulate glucose-dependent insulin secretion from  cells. Incretins are estimated

.

to account % of total insulin secretion after a meal.”>**
G/ucose-deDinsulinotropic polypeptide
Where is and how is it secreted? GIP is a 42-amino acid peptide first isolated from

intestin pigs in 1971 and was initially named gastric inhibitory peptide for its property in

th

dogs of id and pepsin secretion.” Later, GIP was found to potentiate glucose-induced

insulin sec odents and humans, which was considered to be the more important function of

U

the hormo e the alternative name of “glucose-dependent insulinotropic polypeptide” was

introduced.< is localized to enteroendocrine K cells mainly within the crypts and mid-zones of

17-19

glands in odenum and to a lesser extend in the jejunum. The K-cell density in human

A

duodenal mucosa has been estimated at about 13 per 1000 total duodenal cells.” In addition to

enteroendocrine cells, GIP protein has also been found in mammalian pancreatic o cells in the form
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of GIP,_3on12 and is speculated to have a paracrine effect modulating islet development and
function.”! GIP gene expression has been detected in mammalian salivary glands, eye, and brain.”**

GIP sechells outside of the intestinal tract is unlikely to contribute significantly to the

circulating Is.
In docrine K cells, GIP secretion is regulated by intraluminal nutrients, neural

stimuli andelemmemes. Glucose, fat, and protein given orally or intraduodenally increase GIP
secretion imdependent manner.”*>? Fat was found to be a more potent GIP secretagogue
than isocalwse.33 Exactly how GIP secretion is regulated is still an area of active research.

Perfusion s isolated rodent intestine showed that K cells detect carbohydrates via the
sodium-de lucose transporter 1 (SGLT-1).>*3> GIP secretion is inhibited by the SGLT
inhibitor ph¥8¥dA#, > while increased by alpha-methylglucopyranoside (a¢MG), a substrate of SGLT-
1.%° Taste mubunit a-gustducin, a key G-protein involved in taste sensing, was discovered in
human du

both GIP ag GLP-1 (K/L cells).*® More than 90% of L cells contain o-gustducin, but <50% of K cells
r

cells and L/K cells.*” Up to 75% of enteroendocrine cells in duodenum contain

did so.*” Furthermore, a-gustducin knockout mice are characterized by deficiencies in GIP and GLP-1
secretion miated decreased in insulin responses and impaired glucose tolerance.*” *
Glucose and Tow=Calorie sweeteners were reported to induce GIP secretion from enteroendocrine L
cells, th 16 cell line and GLUTag cells.*” > However, human studies investigating possible
induction =1 and GIP secretion by low-calorie sweeteners have shown negative results. Most
human studies have been single exposure experiments in which low-calorie sweetener is given once
in the formeof diet soda.*®** Recently, in an observational study, regular consumption of low-calorie
sweetenerLociated with greater increase in GIP secretion following an oral glucose load in

humans.* ks between low-calorie sweetener use and enteroendocrine hormones in
jee

humans ha n systematically investigated, and interactions between low-calorie sweetener

and gut miSoslo:a may be involved.*
»'through lipid receptors such as G,4-coupled lipid receptors (GPR40 and GPR120)

and GQSMd receptors (GPR119), have also been shown to play an important role in

regulating incretimMgecretion.***® Additionally, the autonomic nervous system plays a role in
regulating etion because vagotomy and pyloroplasty are associated with higher GIP
secretion. 4 ever, altered gastric emptying following vagotomy or pyloroplasty as a cause of

altered G jon cannot be ruled out.”® GIP secretion may also be under hormonal influence.

Somatostatin-containing D-cells are located in close proximity to K and L cells and somatostatin has

52,53

been shown to inhibit GIP secretion in vitro,”* and in vivo. Insulin and glucagon infusion has been
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shown to reduce intraduodenal and oral glucose-stimulated GIP secretion.”* >®

Recently, cannabinoid
receptors (CBRs) were shown to exert tonic control over GIP secretion in humans because a CBR

agonist M increased the fasting levels of GIP in healthy men thus raises the possibility that

gut hormo influenced by endocannabinoids.®®
On into the circulation, GIP is degraded by dipeptidyl peptidase-4 (DPP4), which

cleaves hesfimstatwo amino acids (Tyr and Ala) at the N-terminus of GIP into a biologically inactive
metabolitewm is also bound to endothelial cells of blood vessels of gut and liver, and to

Iymphocyt@present in the circulation in soluble form.*®®® The half-life of intact GIP is 5-7
57

min in hum 36,61

dney is the major site of GIP elimination. Intact biologically active GIP levels
in both heMects and diabetic subjects are similar at about 55% of the “total” GIP
concentrati r a mixed meal ingestion.®

Biological ;f GIP. Once secreted, GIP activates specific GIP receptors (GIPR) on target tissues
to induce gysm:ogical effects. GIPR gene expression has been found in pancreas, stomach, small

intestine, ssue, adrenal cortex, pituitary, heart, testis, endothelial cells, bone, trachea,

spleen, thm' kidney, thyroid, and different regions of the central nervous system.>*>*® |n
humans, high c ntration of GIPR expression is found in 3, a, and pancreatic polypeptide (PP)

cells.®” al GIPR gene knockout (Gipr”") mice exhibit impaired oral glucose tolerance.®
However, ic B cell-specific Gipr”™ mice on low-fat diet, were reported to have lower meal-
related tion, decreased adipocyte mass, and better insulin sensitivity and glucose
tolerance when compared to controls. On high-fat diet, these [ cell-specific Gipr"/"mice exhibited
Les, glucose tolerance and adipocyte mass compared to those of control mice.*®

similar ins

-dependent property of GIP regulation of insulin secretion is well documented

8 ¢ clamps. Under basal euglycemic state with plasma glucose around 5 mM (90
mg/dL), Glg:usmn did not induce insulin secretion. With progressive hyperglycemia, GIP
stimula cretion occurred in a glucose concentration-dependent manner. Insulin

secretioW/ely increased when plasma glucose was increased from basal euglycemic level to

54 mg/dl a al followed by 143 mg/dl above basal.®’ Furthermore, GIP released in response
to the oral of fat does not stimulate insulin secretion unless simultaneous intravenous

. . . 68, 69 ey . . . . .
glucose is 0 increase plasma glucose levels. In addition to inducing insulin secretion from

B cells, G en shown to increase glucagon secretion from pancreatic a cells. In isolated
perfused rat pancreas, GIP increased glucagon secretion at glucose concentration less than 5.5 mM

(100 mg/dL), while it increased insulin secretion at glucose levels greater than 5.5 mM.” Similar
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results have been reported In healthy humans where GIP was found to dose-dependently stimulate
glucagon secretion at basal euglycemia.”* In type 2 diabetes however, GIP administered at

concentWes that of physiological levels, increased glucagon secretion which offset any

glucose-lo fects of GIP through insulin secretion.®
Gl hysiological effects in addition to its insulinotropic action as suggested by the

presenqa ofsGiRRmeN rat adipocytes and 3T3-L1 cells.”” GIP has been shown to increase plasma

triglyceridwe following meals, to increase lipoprotein lipase activity, and to promote fat
storage by@es.”75 Blocking GIP signaling by genetic means as occurs in Gipr”’™ mice causes

preferentia on of fat and results in less triglyceride deposition in liver, which eventually

contribute ession of hepatic glucose output and improvement in insulin sensitivity.” ’®

However, r t®ata suggest that GIP may have anti-obesity effects. Transgenic mice

overexpressing :5were shown to not only have improved B cell function and glucose tolerance, but

also have d insulin sensitivity, and were protected from high-fat diet-induced obesity.”’
Furthermoffe, in human adipose tissues, GIPR gene expression was negatively correlated with

adiposity a ely correlated with insulin sensitivity.”® The molecular mechanisms of action of

GIPR have mewed in detail.”> ®

how is it secreted? GLP-1 is a 30 amino-acid peptide first discovered in

1081 1n 1987, meal-induced GLP-1 secretion was found in humans, rats and

pigs.” 8! (:!‘LP-l exists in two equally bioactive forms, glycine-extended GLP-1 (GLP-1 [7-37]) and

amidated P-1 [7-36]).**® GLP-1 is localized to L cells mainly within the crypts and mid-
zones of gl increasing density from the duodenum to the colon.®* In addition to

enteroend cells, GLP-1 protein has also been found in the nucleus of the solitary tract of the
brain stemE:xonkeys and humans, and in taste cells within taste buds.®*®’ Additionally, GLP-1
produc a cells within islet of Langerhans.®

HIP, GLP-1 secretion from enteroendocrine L cells is regulated by intraluminal
nutrients,mmuli and hormones, and, similar to GIP, the underlying mechanisms of its

secretion
whereas oes not appear to be as effective.’? Following the ingestion of nutrients, a rise in
the plas ntration of GLP-1 is observed within minutes.”® In healthy subjects, fasting levels of

plasma GLP-1 range from 5-10 pmol/L and increase by two- to three-fold after meal ingestion.”

area of active research. Oral carbohydrates and fat induce GLP-1 secretion
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GLP-1 levels peak about 20 min after oral glucose and about 60 to 90 min after mixed meal
ingestion, and the levels subsequently gradually decline toward fasting levels.® 2

WIP, glucose-induced GLP-1 secretion involves SGLT-1, and GLP-1 secretion is
ablated by ibitor phlorizin.” Taste receptor subunit a-gustducin, a key G-protein involved in
taste sensimvered in human duodenal L cells and L/K cells. As mentioned earlier, more

than 90% ofemeslisstontained o-gustducin, and a-gustducin gene knockout mice are characterized

1

by deficien i P and GLP-1 secretion with associated decrease in insulin responses and

37,39

impaired gl@#€osetalerance. Glucose and low-calorie sweeteners was reported to induce GLP-1

secretion f 37,39

C

roendocrine L cells, and from the NCI-H716 cell line and GLUTag cells.

However, i GIP, human studies investigating possible induction of GLP-1 secretion by low-

S

calorie swe e¥s have shown negative results. Several G protein-coupled receptors (GPCRs) have

been identified inWcells: GPR40, GPR41, GPR43, GPR 119, and GPR120 are a few of the notable

t

ones.”” Ho , the role of these GPCRs in regulating GLP-1 secretion and their therapeutic

potential f@f regulating GLP-1 secretion in humans are not clear and is an area of active research.®

N

Autonomi system also plays a role because both vagotomy and pharmacological ablation of

94, 95

vagus nerv carinic receptor antagonists abolished nutrient-induced GLP-1 secretion.

e

Hormones afso late GLP-1 secretion. For example, somatostatin inhibits GLP-1 secretion.”®

Intrave usion of GIP does not stimulate GLP-1 release in humans and at supra-physiological

doses it ac ds to suppression of GLP-1 secretion.®® "

M

GIP, once secreted, GLP-1 is rapidly degraded by DPP4.> The half-life of GLP-1 is

58,99

only 1-2 mjn. DPP 4 cleaves the N-terminal dipeptides (His’—Ala®) from GLP-1 (7-36) and renders

concentra r a mixed meal ingestion or oral glucose challenge

I

the resulti metabolite GLP-1 (9-36) insulinotropically inactive.”®® ' Only 10-15% of

endogeno ed GLP-1 reaches the systemic circulation.?” Intact biologically active GLP-1

levels in bo

y subjects and diabetic subjects are similar at about 40-50% of the “total” GLP-1

2 .
d.>*® And again, analogous to

GIP, GL etabolites are rapidly cleared via the kidneys.'”

th

Biological f GLP-1. Once secreted, GLP-1 exerts its activities through the GLP-1 receptor

L3

(GLP-1R) i tissues including the pancreas, kidney, heart, lung, adipose and smooth muscle,
as well as ic nuclei in the central nervous system. The widespread distribution of the GLP-1R

througho rent tissues suggests that GLP-1 has other physiological effects in addition to

A

glucose regulation. In the pancreas, GLP-1R is expressed on 3, 8, and likely a subset of a. cells. 1%'%

GLP-1 stimulates insulin secretion in a glucose concentration dependent manner at glucose level

This article is protected by copyright. All rights reserved.
6|Page



above 4.3 mmol/L (77 mg/dL).105 Furthermore, GLP-1 also increases insulin gene transcription,
insulin biosynthesis, and increases 3-cell mass by stimulating -cell proliferation and suppressing 3-

cell apoMst in young rodents.'® ' Unlike GIP, GLP-1 is a strong inhibitor of glucagon

secretion. agon-suppression effect is also glucose-concentration dependent and only occurs
at glucose &n above 3.7 mM,'® and likely mediated through direct effect on pancreatic o
cells an@lals@liA@iFECt effects through increase in somatostatin and insulin levels from neighboring &

and 3 cellsk

Sir@obal Gipr”™ mice, global GLP-1R gene knockout (Glp1r”") mice exhibited

108

impaired gl lerance and insulin secretion following oral glucose challenge.”™ Following 12

weeks of hWt, the impairment of glucose tolerance in Glp1r”’™ mice was more severe than
remi

that of Gip e [ cell-specific GLP-1R knockdown mice had normal glucose tolerance after oral

glucose challenge But the response was blunted by GLP-1R antagonism suggesting a role of

109

extrapancreatic GLP-1R in glucose homeostasis. In addition, double incretin receptor knockout

(DIRKO) mige were not impacting insulin levels during oral glucose challenge after 12 weeks of high-

fat diet.”® The complex molecular mechanism of action of GLP-1R has recently been reviewed.” 8% '

food intake

dose-depeSent manner in humans.'"! Peripherally, GLP-1 has pronounced effect on gastric motility

-1 has been shown to decrease satiety measures and ad libitum food intake in a
and emptyfg fect known as the “ileal brake”.™? The passage of nutrients into the distal small

intestine, i articular which is rich in L cells, induces GLP-1 secretion leading to delayed

gastric emptyimgiand nutrient absorption and therefore reduced postprandial glucose excursions.™

114

N

pancreatic effects of GLP-1 may include increase in hepatic glucose uptake and

{

decreas glucose production. In humans, GLP-1 infusion during a pancreatic clamp study

115

resulted in reductign of endogenous glucose production.™ In dogs, GLP-1 infusion into the portal

Ul

vein increa -hepatic glucose uptake without changing insulin and glucagon levels, indicating

that a he al sensor may be regulating the effect of GLP-1 on peripheral glucose

metabolisme wever, controversy remains over the presence of GLP-1R in adipocytes, skeletal

A

muscle and liver and any possible effects and their underlying mechanisms need further research.®*

117,118
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Dual GIPR and GLP-1R activation
Under Wology, GIP and GLP-1 work in synchrony to regulate postprandial insulin and

glucagon s in maintaining glucose homeostasis. However, research has mainly focusing on
studying t nes separately, especially with the development of GLP-1R agonists in

treatingsty pes2adialetes. GIP had not been used for treating type 2 diabetes because of its lack of

1

insulinotro and possible glucagonotropic action in type 2 diabetes during

hyperglyce

In ies have shown that co-administration of GIP and GLP-1 induced synergistic

G

effect by s intracellular cyclic adenosine monophosphate (cCAMP) levels in RINm5F

S

insulinoma €@ls. ¥ Incubating isolated human pancreatic islets (both nondiabetic and diabetic

human islets) wi IP alone induced greater glucose-stimulated insulin secretion than with GLP-1

U

alone, and tion of both GIP and GLP-1 provided some additive effect on insulin secretion.'*

GIP and GUP-1 co-infusion studies in rodents yield mixed results in terms of glucose regulation or

£

121

body weig ompared to GIP or GLP-1 alone.™ " In healthy humans, acute co-infusion of GIP

and GLP-1 fias gistic effect on insulin secretion when compared with GIP and GLP-1 alone."** '

dl

However, actit infusion of GIP and GLP-1 in patients with type 2 diabetes did not show any

124

added i ropic effect to that of GLP-1 infusion alone.”™ Recently, there are significant

interests in ing unimolecular dual agonist of GIPR and GLP-1R (dual incretin receptor) with

125-127

A

activity titutive receptor. This dual incretin receptor concept was recently

reviewed.'*

Incretin h n obesity and diabetes

Obesity

or

What hap cretins physiology in disease state such as obesity and diabetes? GIP levels are

N

elevate h fasting and after oral glucose challenged in obesity.>® Studies showed that K-

. . . . . 12
cell nu reased in small intestine of obese ob/ob mice compared to lean control mice. &

1

2 When o e were chronically fed a high-fat diet, the density of K-cells in the small intestine

130

U

increased mpared to control diet.”™ The increased K-cell density and circulating GIP levels
foundino Ight be the result of chronically increased stimuli from the gut lumen, such as an

increase ndocannabinoid tone. Notably, rodents fed a diet high in linoleic acid, which

A

promoted weight gain, were found to have increased endocannabinoid levels in liver and gut.*! . |

n
humans, plasma endocannabinoid levels are positively associated with GIP levels, although gut-

specific endocannabinoid levels were not assessed.*? In healthy lean individuals, a cannabinoid
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receptor agonist, nabilone, exerted tonic control over non-stimulated GIP secretion because fasting
GIP levels in the circulation were increased by 80%.°

Wf GIP signaling using different animal models—Gipr_/" mice, GIP/DT mice lacking
GIP-producj treatment with Pro3-GIP (a GIPR antagonist), and vaccination against GIP—
appears to&h-fat diet-induced obesity and insulin resistance. " *****® [t is clear that
dietary fat issmpetent stimulus to GIP secretion and GIP plasma levels are increased in obese

137,138 \Whether there is a causal link between increased GIP signaling and obesity in

individuals
humans is cl however. As mentioned earlier, GIPR gene expression in human adipocytes was
negatively ud with adiposity.”

Thmdifference in fasting GLP-1 levels between lean and obese healthy subjects but
GLP-1 secr i®educed is response to an oral glucose challenge® and there are reports of
reduced CIEGLPJ levels after a meal.***** The lowered GLP-1 response to luminal nutrients
in obesity be attributed to elevated GIP and endocannabinoid tone as shown in a recent
study whet€ increased GIP secretion due to a CBR agonist was associated with significantly reduced

GLP-1 rele a glucose challenge.®. Furthermore, exogenous GIP infusion at high doses led

toa diminmLP-l secretion during a mixed-meal challenge in obese subjects with type 2
e

diabetes.” ew findings support the conclusion that incretins are influenced by

endoca§
Type 2
Since the discovery of incretins, the status of GLP-1 and GIP secretion in response to nutrients in

type 2 diatLe been marred by inconsistent findings and conflicting data. Earlier studies

reported a rease in GIP secretion and reduced GLP-1 secretion in type 2 diabetes.®” %% |t
appears th on and state of glucose control is an important factor in incretin secretion. In
newly diag e 2 diabetes mellitus with relatively good glycemic control (Hemoglobin Alc
[Alc]~ IP and GLP-1 secretion in response to oral glucose and mixed meal challenges

are simiHy increased when compared with healthy subjects.’® °* However, in longstanding
type 2 diatﬂy poor glycemic control (Alc ~ 8-9%), the GLP-1 response is decreased, whereas
i

GIP secreti hanged.® ** 1% Recent meta-analysis of 23 trials with 28 different stimulation
tests concl at GIP secretion in response to glucose and meals is preserved in type 2 diabetes
with two : high BMlI is associated with increased GIP levels while aging and higher Alc are

associated with reduced GIP response.'** Similar meta-analysis was done in 22 trials for GLP-1
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secretion, with 29 different stimulation tests showed that type 2 diabetes in general is not

associated with reduced GLP-1 secretion except on a background of poor glycemic control.**®

With type 2 diabetes, insulin secretion by oral glucose is no longer substantially
greater tha ponse to intravenous glucose.**’ GIP and GLP-1 secretion appear not to play a
causal role t as their secretion has been noted to be preserved in type 2 diabetes as

stated alovemGiRahns a more significant contribution to insulin secretion over GLP-1 in healthy

]

humans.* diabetes, pancreatic islets remain responsive to GLP-1 but are no longer
responsive g8 GIPRInsulin response to exogenous GLP-1 is 3- to 5-fold lower in type 2 diabetes;

however, a -1 administration is able to increase insulin secretion to normal levels and to

G

123,149

lower plas e effectively. As elimination of GLP-1 is unchanged, the reason for the

3

reduced incrétin Bffect in type 2 diabetes can be explained in part by reduced B-cell sensitivity to

150

GLP-1 in addition 8 loss of insulinotropic activity of GIP.”" Exogenous GIP, even at

U

supraphysi doses, has markedly reduced insulinotropic actions with little or no glucose-

lowering effects in type 2 diabetes, and the metabolic consequence is compounded by increased

N

63,97,123

glucagon s uring mixed meals and hyperglycemic clamps. Animal studies suggest
that exoge -1 has the ability to increase islet size, enhance B-cell proliferation, inhibit B-cell
apoptosis, alid late islet growth, at least in young rodents.’® ' ! These effects have

tremen lication in the treatment of type 2 diabetes because they directly address one of the

fundamen s in type 2 diabetes, i.e., B-cell failure.

M

Bariatric surgeries and incretins

I

Several ba

of type 2 dj @

studies witf

gical techniques are designed to promote weight loss and bring about remission

A meta-analysis of 136 studies included 22,094 patients (1846 patients were in

s of diabetes resolution) who underwent various bariatric surgeries for treatment

of morbid sity and followed for 1-3 years. Within studies showing resolution of diabetes after

n

bariatri WHe rate of diabetes resolution for laparoscopic adjustable gastric banding, vertical

banded

[

, Roux-en-Y gastric bypass, and bilio-pancreatic diversion were 48%, 68%, 84%

and 98%, r ly."* Interestingly, another meta-analysis included 94,579 patients (4944 with

U

type 2 dia owed remission rates were equivalent in patients with BMI < 35 kg/m? and
patients n baseline BMI > 35 kg/m?, 72% versus 71% respectively.”® Eleven recent

randomiz rolled trials compared bariatric surgery versus medical management of type 2

A

diabetes in nearly 800 patients with follow-up duration of 1-5 years, and bariatric surgery achieved

superior diabetes remission rate (33-90%) compared to medical management (0-23%)."*
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Diabetes remission after surgical manipulations of the gastrointestinal tract, Roux-en-Y
gastric bypass or biliopancreatic diversion procedure, is often observed within days after surgery,
even beWant weight loss occurs; whereas with gastric banding, a restrictive procedure
involving pl adjustable gastric band fitted around the stomach near the esophageal junction,
diabetes re&ht not occur for several months.”® **® The physiological and molecular
mechanismsameentying the beneficial glycemic effects of bariatric surgery are complex, involve
altered entnaling that result from surgical manipulation of the gastrointestinal tract, and
are still not@mpietely understood.’® Pories and colleagues were the first to suggest that incretins
might play rapid diabetes remission after gastric bypass.”’ It seems evident that bypassing
the upper mstine and excluding it from contact with nutrients would result in alteration in
GIP and/or -
prandial leecrease, while GLP-1 levels increase, attributed to rapid gastric emptying and/or

d

ecretion. Indeed, after gastric bypass or biliopancreatic diversion surgery, post-

direct acce 1>8-162

GIP levels g‘e associated with obesity,>® '®* it is not known whether decreased GIP secretion is

elivery of nutrients to the L-cell-rich distal intestine. Although increased

related to remission in gastric bypass surgery because some studies reported improvement

in glucose Stasis with increase in plasma GIP levels (1 month after surgery) or no change in
plasma GIP 6 months after surgery) after gastric bypass surgery.***'® Post-prandial GLP-1
levels, r, are markedly elevated after Roux-en-Y gastric bypass and biliopancreatic diversion,
and vertical astrectomy.™® Hypersecretion of GLP-1 occurs early in the first six months post-
surgery ) report, normalized by 12 to 15 months.™®® The hypersecretion of GLP-1 post-

167

surgery is ciitical for the improvement in 3-cell function and glucose homeostasis as demonstrated

by in thei For

patients wed sustained diabetes remission for greater than 2 years, other factors are likely
‘ G

exendin-4 (9-39), a GLP-1R antagonist, which reversed this effect.

involved gi LP-1 secretion returns to normal after approximately one year and
adminisﬂendinA (9—39) only marginally impaired post-prandial glucose homeostasis
despite insulin secretion.'®® Comprehensive reviews of the role of gut hormones after

bariatrié# available.®% 70

Clinical ap:of GIP and GLP-1 in obesity and diabetes
Glucose-d t insulinotropic polypeptide
Given th glucose-dependent insulinotropic effect of incretins, their therapeutic potentials

for diabetes treatment has been vigorously pursued since their discovery. Although GIP has similar

insulinotropic action to that of GLP-1, it soon became clear that GIP lacks insulinotropic and glucose-
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97,147,171,172

lowering effects in patients with type 2 diabetes. Exogenous GLP-1 but not GIP

administration augmented insulin secretion in patients with type 2 diabetes.'?* "

have bew be elevated in obese individuals, as mentioned above, and to have obesogenic

effect, at le imal models.>® 6% 174175
In tes, B cells develop resistance to GIP and this GIP resistance might be

improved hymedweing hyperglycemia. In the VDF Zucker rat, an animal model of type 2 diabetes,
GIPR mRNMtein levels were found to be down-regulated in the presence of hyperglycemia;
A

Furthermore, GIP

and GIPR protein levels, hence B-cell sensitivity to GIP, were restored when high blood
glucose lev lowered with phloridzin.”® In patients with type 2 diabetes, one-month
treatment uride reduced blood glucose levels and increased GIP sensitivity."”” A supra-

physiologicatdos€”of GIP, at five-fold higher than normally observed post-meal, was shown to have a

short—livedmropic effect in type 2 diabetic patients, but this increase in insulin did not
translate t ing blood glucose levels as there was a concomitant glucagonotropic effect on a
cells.®® GIAWas reported to increase glucagon secretion from the isolated perfused rat pancreas.”
Further el of the mechanism of GIP resistance and glucagonotropic effect of GIP in patients

may present a caveat to GIP as a therapeutic agent. Furthermore, with elevated

and effect of GIP in promoting fat storage in adipocytes, blocking GIP signaling

163,174

sed as a treatment for obesity. Animal studies have shown promising results: in

ob/ob mic ent with Pro®-GIP (GIPR antagonist) prevented development of diabetes and

related metabolic abnormalities;* **°

body weig! gain despite the animals being fed a high-fat diet;"* genetically deleting GIPR or

vaccinating C57BL/6 mice with antibodies against GIP reduced
targeting K tion in mice both protected against obesity and associated metabolic
dysregulati a high-fat diet.”” *> However, GIP antagonism might not be the best route
forward be en though it appears to be effective in treating and preventing obesity in animal
modelsﬂnism also reduces glucose-induced insulin secretion in non-diabetic

conditid¥eH search is currently being pursued in engineering GIP analogs that would
seIectivWB-cell function but have reduced adipogenic and glucagonotropic actions. For
example, spemngineered GIP analogs, such as D-Ala’-GIP, 3, demonstrated equivalent potency

to GIPy.4i f B-cell function and survival but greatly reduced lipogenic actions.’®! The

develop IPR antagonists has recently been reviewed.®

Glucagon-like peptide-1
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In type 2 diabetes, exogenous GLP-1 administration increases insulin secretion and lowers plasma
glucose effectively even though insulin response is 3- to 5-fold lower when compared to healthy

individuw Furthermore, continuous intravenously administered GLP-1 completely
normalized levels of glucose in patients with type 2 diabetes.’® At pharmacological doses,
GLP-1 also n-insulinotropic effects: suppressing glucagon secretion in the presence of

hyperglycemiamamese uglycemia, but not hypoglycemia, leading to improved hepatic insulin resistance

1

;1% ¥ slowing of gastric emptying and gut motility, causing delayed nutrient

and glyce
absorptionghd pening postprandial glucose excursion;**> and increasing the duration of
postprandi igf, leading to reduced food intake, weight loss, and improved insulin resistance;**"

186187 a1l of @i rmed the foundation of GLP-1-based treatment of type 2 diabetes.

USG

GLP-1R ag type 2 diabetes. One major drawback of using native GLP-1 in treating diabetes is

its short hdlf-life of about 2 min due to DPP4 activity, as discussed above. After removal of histidine

n

and alanin e N-terminus, GLP-1 is further hydrolyzed by neutral endopeptidases (NEP) 24.11

at six diffef€n s."® Due to its biological short half-life, bolus subcutaneous injections of GLP-1

189

a

resulted in Ofl ansient effect on insulin secretion and plasma glucose levels.”™ Several
approa ve been used to develop GLP-1R agonists to circumvent degradation of GLP-1 by

DPPA4. GLP- sts can be classified as short-acting or long-acting compounds based on their

i

pharm rofile — whether they provide intermittent or continuous activation of GLP-1Rs,

respectively. Seven GLP-1R agonists, with half-lives ranging from 2.4 to 165 hrs, were approved by

§

the US Foo g Administration (FDA) for use in treating type 2 diabetes. Exenatide (twice
de are the two short-acting GLP-1R agonists; exenatide (once weekly), liraglutide,

daily) and I'
albiglutide, gifitide, and semaglutide are the five long-acting GLP-1R agonists. Albiglutide is

currently di ed because of low volume sales.™ Two GLP-1Rs with different mode of

h

deliver or via implantable, subdermal, osmotic titanium mini-pump—are currently

awaitin al.

[

Sh GLP-1R agonists. The first strategy was the use of exendin-4, a 39-amino acid

1]

peptide pr the salivary glands of Gila monster (Heloderma suspectum) with 53% amino acid
homology ngth GLP-1. Exendin-4 is not a substrate for DPP4 because it has a Gly® in place of

an Ala%. cks some of the target bonds for NEP, and its secondary and tertiary structures may

A

also prevent NEP hydrolysis. Exenatide, the biosynthetic version of exendin-4, must be injected
subcutaneously. It is renally cleared through glomerular filtration, has a terminal half-life of about

2.4 h, has biological effects up to 8 h after dosing, and is still detectable in the plasma 15 h after one
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1193 1t needs to be dosed twice a day, however, to maintain glucose-

subcutaneous injection.
lowering effects. To increase the half-life of exenatide, lixisenatide was developed by deleting Pro®

and addWinal lysine residues. This modification increased the half-life of native exenatide
to about 3 d twice daily administration is not advised."* %

In & GetGoal-X trial, the efficacy and safety of exenatide twice daily versus
lixisenatirl caassammaeld-on to metformin for treating type 2 diabetes were compared.'*® Lixisenatide
lowered AW% compared to 0.96% for exenatide twice daily and reached the predefined
noninferiorif maRgin criteria of 0.4%. Weight reduction was less in the lixisenatide group compared
to the exeru

fewer gastmal adverse effects (43.1% vs. 50.6%) and experienced fewer episodes of
t lycemia (2.5% vs. 7.9%).

ice daily group (—2.96 kg vs. —3.98 kg). Patients treated with lixisenatide had

symptoma
Long—ac:/: GLP-1R agonists. Several approaches have been used to increase the half-life of
native GLP e: modifying the native GLP-1 amino acid sequence to prevent DPP4

degradatiof; utilizing a fatty acid chain to delay absorption from subcutaneous tissue after injection;

or using pr ding to prevent renal elimination. Four of the FDA-approved GLP-1R agonists are
derived frm GLP-1 peptide that use one or more of these approaches: liraglutide,
albiglutide, dul ide, and semaglutide. The fifth GLP-1R agonist is extended release exenatide

(once

s a long-acting GLP-1R agonist with a substitution of Lys>* with Arg** and an
attach ™6 free-fatty acid derivative via a glutamoyl spacer to Lys**. The hydrophobic
properties of the free-fatty acid derivative result in heptamer formation and delayed absorption
from subc injection sites. It also enabled formation of noncovalent binding of liraglutide to

albumin; t increasing plasma half-life by preventing renal clearance. After subcutaneous

Oor

injection,

life of 11— §l57, 138

plasma concentrations of liraglutide are reached after 10-14 h, and it has a half-

n

jdienis generated by the genetic fusion of two sequential copies of DPP4-resistant

199

t

GLP-1 Ibumin.”™” Modification is made to the amino acid sequence of native GLP-1 at

position 8 ion of Ala® with Gly®) to protect it from DPP4 hydrolysis."*® This intrinsic design

U

significantl ed the half-life of albiglutide to about 5 days and it can be administered once

2 201
weekly.?*% %

ide consists of two DPP4-resistant GLP-1 analogues that have been covalently linked

N

to a constant fragment (Fc) of a human immunoglobulin class 4 (IgG4). The size of ensuring
compound, at 59.7 kDa, reduces its renal clearance. Furthermore, the amino acid sequence of the

GLP-1 analog has been modified at 3 positions—substitution of Ala® with Gly®, Gly** to Glu®?, and
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Arg*® to Gly**—to prevent DPP-4 hydrolysis.”® Similar to albiglutide, these modifications extended
the half-life of dulaglutide to about 5 days allowing for once weekly administration.’®®

is of semaglutide was based on liraglutide. Semaglutide has two amino acid
substitutio pared to native GLP-1 (Ala® by Aib® and Lys* by Arg*®), and similar to liraglutide, is
attached a longer linker and a longer fatty acid chain of C18 instead of C16.** These

205

{

modificatiomsiimenease the half-life of semaglutide to about 7 days.”” The current FDA-approved

1

semagluti jnistered via subcutaneous injection. An oral form of semaglutide is under

developmeg® wh@e semaglutide is co-formulated with the absorption enhancer sodium N-(8-[2-

G

hydroxybe ino) caprylate (SNAC) to facilitate its absorption across the gastric epithelium.?®

Similarto i semaglutide, oral semaglutide has a half-life of about 7 days, and an FDA New

S

Drug Applica@onWas submitted in March 2019.%% %%

The fift g-acting GLP-1R agonist is a sustained-release formulation of exenatide

U

consisting able microspheres of exenatide and poly (D,L lactic-co-glycolic acid), a common

biodegraddble medical polymer with established use in absorbable sutures and extended release

208, 209

n

pharmace ,that allows gradual drug delivery at a controlled rate.

GL w nist via infusion pump. ITCA 650 is a drug-device combination product in which a

al

continuous Stibt@aneous delivery of exenatide can be achieved for up to 12 months using a
titaniu stick-sized osmotic mini-pump placed in the subdermis of the abdominal wall.”*° A

recently pu hase 3 double-blind, placebo-controlled trial demonstrated that ITCA delivery of

M

exenati tly reduced Alc (—1.2%) and weight in type 2 diabetic patients already taking oral

211

glucose-lowering agents.” A phase 3 open-label trial in type 2 diabetic patients with baseline Alc of

[

212
d.

10.8% sho after 39 weeks of treatment, a reduction of Alc of —2.8% was achieve

O

Head-to-h arison trials of GLP-1R agonists. As a drug class for type 2 diabetes, the GLP-1R

agonists h n efficacy for lowering Alc and body weight together with a reduced risk of

i

hypogl ared with insulin or sulphonylureas.”®® To date, the results from eleven phase Il

L

random

published:

at directly compare different pairs of FDA-approved GLP-1RAs have been

N-1 (exenatide twice daily versus exenatide once weekly)***; LEAD-6 (exenatide

L

twice daily raglutide once daily)’*>; DURATION-5 (exenatide twice daily versus exenatide

once week etGoal-X (exenatide twice daily versus lixisenatide once daily)'*®; exenatide (twice

daily ve kly)**’; DURATION-6 (liraglutide once daily versus exenatide once weekly)**%;

A

HARMONY-7 (liraglutide once daily versus albiglutide once weekly)**’; AWARD-1 (exenatide twice

daily versus dulaglutide once weekly)**°; AWARD-6 (liraglutide once daily versus dulaglutide once

weekly)**; SUSTAIN-3 (exenatide once weekly versus semaglutide once weekly)*?%; SUSTAIN-7
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(dulaglutide once weekly versus semaglutide once weekly)*?. Patients included in these studies
were treated with various oral glucose-lowering agents or diet and exercise prior to enroliment.
Wn. All GLP-1R agonists, short- or long-acting, have demonstrated robust
reductions j ith reduction ranging from 0.8-1.9% in phase Il clinical trials. *®*?**?% |n head-
to-head comGLP-lR agonists, long-acting GLP-1R agonists have generally proven superior
to exengtidestwigendaily with significantly greater reduction in Alc levels: DURATION-1 (exenatide
twice dainMversus exenatide once weekly [-1.9%)]); LEAD-6 (exenatide twice daily [-0.8%)]

versus Iiramce daily [-1.1%]); DURATION-5 (exenatide twice daily [-0.9%] versus exenatide
0

once week 1); Exenatide (exenatide twice daily [-1.1%)] versus exenatide once weekly [
1.4%]); AW, xenatide twice daily [-0.8%)] versus dulaglutide once weekly [-1.4%]). 2*?'72%° ¢
is importan n®te that results are not comparable across studies because of differences in study
design andmohorts. Even though lixisenatide has not yet been compared directly with a long-

acting GLP ist in a phase 3 clinical trial, lixisenatide lowered HbAlc by 0.79% compared to
0.96% for éXenatide twice daily in the GetGoal-X trial, which was a statistically significant

difference.
Po@al glucose excursion profile. Short-acting and long-acting GLP-1R agonists have
differential etfe€#on fasting and postprandial glucose due to their pharmacology. Similar to native

GLP-1, sacting GLP-1R agonists provide intermittent stimulation of GLP-1R and preserve their
ability to d ic emptying. This delay in gastric emptying, together with suppression of
inappr gon secretion, results in markedly lower post-prandial glucose excursion after

224-227

short-acting GLP-1R agonists administration. With higher postprandial glucose excursion, long-

acting GLP jsts induce an increase in postprandial insulin concentrations,””® whereas short-

acting GLPsts may actually lead to a decrease.”* Long-acting GLP-1R agonists provide a

continuous e to GLP-1Rs and this seems to cause downregulation of the effects on gastric
emptying ) rn, does not reduce postprandial glucose excursions to the same extend as do
short-aE agonists.”*?*” Hence, long-acting GLP-1R agonists has less reduction in post-
prandialH allow enhanced effects on the whole 24-h glucose levels, ultimately resulting in
superior e owering fasting plasma glucose and Alc.””® Long-acting GLP-1R agonists provide

better glyc trol than short-acting GLP- 1R agonists because their use results in higher insulin

levels in th g state resulting in better suppression of gluconeogenesis in type 2 diabetic

Antibodies formation. Antibody formation to exenatide is frequent after treatment and is
generally of no clinical relevance. A post-hoc analysis of 21 exenatide trials of various duration with

over 4000 patients showed that the formation of anti-exenatide antibodies is common (37% in
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exenatide twice daily; 57% in exenatide weekly), mostly of low titer, and peak early at 24-30 weeks,
and have no apparent effect of efficacy. The titers subsequently declined (exenatide twice daily: 25
% at 52 M7% at 3 years; exenatide weekly: 45% at 52 weeks). There was, however, a
small subgr, atients where high anti-exenatide antibody titer was associated with smaller
reduction i@ lixisenatide treatment, 56-60% of patients developed anti-lixisenatide
antibodies aftemstarting treatment and development of anti-lixisenatide antibodies also appear to
be of little Mlevance.”7 The GLP-1R agonists based on native GLP-1 peptide generally have
much loweg@ntiB@dy responses (8—9% for liraglutide; 3—7% for albiglutide; 1-3% for dulaglutide;

1.7% for se e), and these antibodies do not lead to a clinically relevant effect on glycemic

control.v+*

we uction. GLP-1 has a well-documented effect on satiety.®”®* As a drug class, GLP-
1R agonists lea significantly greater effect on weight reduction than most other antidiabetic
drug classes, weighted mean difference of —2.9 kg (Cl: —3.6 to —2.2) in a meta-analyses of 25

randomize@’controlled trials using exenatide twice daily, exenatide once weekly or liraglutide once
daily.”° Wi LP-1R agonist drug class, long-acting GLP-1R agonists have greater effect on
fasting pla se and Alc reduction while short-acting GLP-1R agonists work best at
suppressing po andial glucose excursions. There is, however, no between-class difference in
body w eduction in head-to-head comparison trials of GLP-1R agonists.®® For example,
exenatide twi y lead to similar weight reductions as did exenatide extended release (once
215, 216, 220, 231

weekly), and dulaglutide. Newer compounds, such as semaglutide (1.0 mg

once weekly), have shown significant average weight loss of up to 6.5 kg after 40 weeks of

treatment.

Ca lar outcome trials (CVOTs). Since 2008, FDA and later EMA added cardiovascular
safety as a outcome for approval of new glucose-lowering treatments for type 2
diabeteET was not included in the clinical trial for exenatide twice daily as it was
approv 08. For short-acting GLP-1R agonists, ELIXA trial (lixisenatide versus placebo)

showedHrity in composite cardiovascular endpoint when compared to placebo in type 2
diabetic pﬂlh acute coronary syndrome or unstable angina.”** CVOTs for long-acting GLP-1R

agonists p
cardiovasc point in patients with type 2 diabetes and established cardiovascular disease or
high car lar risk. LEADER trial (liraglutide versus placebo) reported cardiovascular benefit in

composite cardiovascular endpoint (HR 0.87; 95% Cl 0.78-0.97; P = 0.01 for superiority).”* SUSTAIN-

o date demonstrated either non-inferiority or superiority composite

6 trial (semaglutide versus placebo) and HARMONY trial (albiglutide versus placebo) also reported

similar results (HR 0.74; 95% CI 058-0.95; P = 0.02 for superiority) and (HR 0.78; 95% Cl 0.68-0.90; P =
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0-0006 for superiority ), respectively >** >’ Both EXSCEL (exenatide once weekly versus placebo) and
PIONEER-6 (oral semaglutide versus placebo) showed non-inferiority in composite cardiovascular
endpoiWS% C1 0.83-1.00; P = 0.06 for non-inferiority) for EXSCEL and (HR 0.79; 95% ClI
0.57-1.11; E for non-inferiority) for PIONEER-6.%*2*° Given these results with some GLP-1R
agonists d& beneficial cardiovascular effect while others not, studies are needed to
delineate tiesumeerlying mechanisms by which these GLP-1R agonists might affect cardiovascular

risk. A revaTs in type 2 diabetes was recently published.?*

GLP-1R agu'treating obesity. The ability of GLP-1R agonists to induce weight loss as discussed
above, is n stablished by clinical trials designed for managing type 2 diabetes; however, the
magnitude eight loss varies among compounds. Currently, liraglutide 3 mg once daily is the only
GLP-1R agcmoved by the FDA for treating obesity. A series of randomized clinical trials
evaluated

patients W'Sout Elabetes and who had a BMI of at least 30 kg/m” or at least 27 kg/m” with

comorbidi

acy and safety of liraglutide 3 mg daily for weight management in over 4000

With diet and exercise, compared with placebo, liraglutide 3 mg once daily
provided affa nal weight reduction of 4.2-5.4% of body weight after 56 weeks.***** In a 52-
week phase? t f 957 individuals without diabetes and with BMI of at least 30 kg/m?, patients
were ra zed to receive semaglutide (0.05 mg, 0.1 mg, 0.2 mg, 0.3 mg, or 0.4 mg daily),
Iiraglutiéy) or placebo, in combination with diet and exercise. Semaglutide 0.05-0.4 mg
per day ose-dependent weight losses over 52 weeks that were significantly greater than
placebo at all doses, and higher than liraglutide (3 mg daily) at doses of 0.2 mg per day or more.**
Semaglutihg daily) and semaglutide (0.4 mg daily) provided a weight reduction of 6.8% and

16.2% resp in comparison to liraglutide (3 mg daily) of 8.3% and placebo of 2.3%.*

O

GLP-1R ag reating prediabetes. The use of GLP-1R agonists in preventing diabetes has so

N

far bee i d only with liraglutide. In a 56-week randomized controlled trial involving 3731

L

overwei patients without diabetes, 2487 were randomized to liraglutide 3mg daily and

1244 to pl & At baseline 61.2% of the patients had prediabetes. After 56 weeks, the

U

prevalenc abetes was significantly lower in the liraglutide group compared to the placebo

242

group, and iabetes developed in more patients in the placebo group.” From 56 weeks on,

patients diabetes at screening continued on treatment (liraglutide 3 mg daily or placebo) for

A

another 2 years.”” At the end of 2 years, 2% in the liraglutide group developed diabetes compared

to 6% in the placebo group. In addition, 66% of individuals in the liraglutide group regressed back to
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normal glucose tolerance while only 36% of those did so in the placebo group.?* Currently, none of

the GLP-1R agonists are approved by FDA for the treatment of prediabetes.

T

Safety Issu olerability. Antibodies formation. Antibody formation to exenatide is frequently
reported a nt and is generally of no clinical relevance. A post-hoc analysis of 21

exenatige tnialss@fawarious durations with over 4000 patients showed that the formation of anti-

[

exenatide ies is common (37% in exenatide twice daily; 57% in exenatide weekly), mostly of

low titer, agll pe@Rearly at 24—30 weeks, and have no apparent effect of efficacy. The titers
subsequen ed (exenatide twice daily: 25 % at 52 weeks and 17% at 3 years; exenatide

weekly: 45 eeks). There was, however, a small subgroup of patients where high anti-

S

exenatide aNEDo® titer that was associated with smaller reduction in Alc.'® For lixisenatide

treatment, 56— of patients developed anti-lixisenatide antibodies after starting treatment and

1

developm ti-lixisenatide antibodies also appear to be of little clinical relevance.** The GLP-

1R agonistgibased on the native GLP-1 peptide generally have much lower antibody responses (8—9%

£

for liraglutides for albiglutide; 1-3% for dulaglutide; 1.7% for semaglutide), and again, these

antibodies @0 ad to a clinically relevant effect on glycemic control.?% 24724

d

Gastfol tinal side effects. Gastrointestinal adverse effects are common in patients

treated -1R agonists, with nausea, vomiting or diarrhea being the most frequently

(o
N
o
o

reported. matic analysis of 32 published phase 3 clinical trials on GLP-1R agonists with
10,367 d the following: (1) risk of nausea and diarrhea was dose-dependent for long-
acting GLP-1R agonists; (2) nausea and vomiting were more common with metformin combination
therapy; ( ed to exenatide twice daily, lixisenatide treatment was associated with less
nausea an ; (4) compared to liraglutide, exenatide weekly and albiglutide are associated

with less n d diarrhea; (5) compared to short-acting GLP-1R agonists, long-acting GLP-1R

or

agonists w iated with less nausea and vomiting but more diarrhea.”*

N

itis and pancreatic cancer. Controversies surrounding a suspected association

betwee is or pancreatic cancer with the use of GLP-1R agonists surfaced after its

L

introducti . A study found a more than 10-fold increase in reported pancreatitis and 2.9-

U

fold increa rted pancreatic cancer in patients treated with exenatide compared to other

therapies FDA Adverse Event Reporting System (FAERS) database.”””> However, the FAERS is

253

used for g adverse events and is subjected to bias.”" To address this concern, both the FDA

A

and European Medicines Agency (EMA) reviewed the preclinical and clinical studies regarding the

risk of pancreatitis and pancreatic cancer and concluded that the data were inconsistent with a

254

causal association between GLP-1R agonists and pancreatic adverse events.”” A meta-analysis of
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three randomized placebo-controlled trials of at least 24 months duration, involving 9347 patients
on GLP-1R agonist and 9353 on placebo found no evidence of increased risk of pancreatitis.”* A
retrospeMt study involving almost 1 million patients initiating antidiabetic medications also
showed no 4 d risk of pancreatic cancer with GLP-1R agonists use.”® Therefore, it is safe to
conclude t@gonists are unlikely to cause either pancreatitis or pancreatic cancer.
Eumemtselimical guidelines. In the latest Consensus report by the American Diabetes
AssociatiorMnd the European Association for the Study of Diabetes (EASD) published in
October 2048, GER. 1R agonists have been recommended as part of glycemic management for the
following: ifnts with established atherosclerotic cardiovascular disease (specifically GLP-1R
agonists wij cardiovascular benefit); (2) patients with need to minimize hypoglycemia; and

(3) patientsWith Weed to minimize weight gain or promote weight loss.”’

Du In receptor agonists. Recently, there has been a surge in interest in developing

uni-molecular dual agonist of GIPR and GLP-1R with activity at both incretin receptors for even

greater glu ering effects than seen with GLP-1R agonists alone.’”>"*” A randomized, placebo-
controlled e comparator-controlled phase 2 trial was reported for one of these dual incretin
receptor agohi 3298176 in patients with type 2 diabetes. After 26 weeks, LY3298176 showed

ontrol with greater weight loss and acceptable tolerability profile, compared with
dulaglutide e are at least 3 other dual incretin receptor agonists in various stages of

®NNC0090-2746 (also known as RG7697), DA-JC1 and DA3-CH.?*%

[

Evolving u ing of the enteroendocrine cell biology, gut microbiota, and endocannabinoid
system
Classical vi eroendocrine cells designates one hormone production per cell and these cells

were nam ingly; i.e., K cell secretes GIP and L cell secretes GLP-1. This uni-hormonal

N

phenot ely based on anatomical appearances and histochemical and staining

charact ver the years, researchers have shown that the enteroendocrine system is much

f

more com heterogenous enteroendocrine cell-types and the knowledge that one

L

enteroend aeni Il may secrete two or more different hormones instead of the traditional concept
of one cell- mone. Reports showed colocalization of GIP and GLP-1 in enteroendocrine cells

called hat accounted for about 40-50% of the K, L and K/L enteroendocrine cells in the

A

20,38

duodenum and up to 55-75% in the mid-small intestine. As many as six enteroendocrine

hormones (CCK, GLP-1, GIP, PYY, neurotensin, and secretin) have been found in the same

[ 263, 264

enteroendocrine cel Our group has even found the presence of hormones such as ghrelin,
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265-267

insulin and GLP-1 in one taste cell type in taste buds in the tongue. Furthermore, recent

findings that enteroendocrine cells can actually switch hormone expression depending on local cues

and tissWents will surely revolutionize the field of gut endocrinology.?®®

Th nvironment that enteroendocrine cells interacts with includes, but is not limited
to gut mic&ested food and other secreted acids and bile acids. The gut microbiota has
been shewmmtemimfiuence a whole host of human physiology such as nutrient absorption, immune

269, 270

function, and endocrine functions. Regulation of enteroendocrine hormone

secretion ut robiota is best shown by studies in germ-free mice. Germ-free mice were found

to have hi

GF

culating GLP-1 levels and increased pro-glucagon gene expression and GLP-1

immuno-pdstti Il density in the distal gastrointestinal tract. Introduction of gut microbiota from

S

convention r#Sed mice to these germ-free mice normalized pro-glucagon gene expression and

271

GLP-1 immuno-pd8itive cell density as well as circulating GLP-1 levels.

t

G iota convert dietary polysaccharides that cannot be digested by the host into

272

short-chairfifatty acids (SCFAs).”’~ SCFAs has been shown to increase the number of L cells in mouse

§

and huma al epithelium (in vitro) through increasing expression of transcription factor

neuronal tion 1 (Neurod1); thus, resulting in increased GLP-1 secretion.””® Blocking the

d

NOTCH signalin thway with dibenzoazepine, a y-secretase inhibitor, led to elevated expression of
Neurod subsequent increase in K and L cell numbers accompanied by increased GIP and GLP-1

secretion.””* fore compounds that alter gut microbiota may, in turn, regulate secretion from

W

entero ells. Low-calorie sweetener is an example of such compound. Regular

consumption of low-calorie sweeteners is associated with greater increases in GIP secretion

[

following i take in humans.* The possible involvement of gut microbiota in modulating the

associatio n low-calorie sweetener consumption with increased GIP secretion can be

inferred fr ent data. Long-term feeding of low-calorie sweetener to mice altered gut

0

microbiota with over-representation of glycan degradation pathways, leading to increased

N

formati hain fatty acids (SCFAs), which has been shown to increase the number of K and

secretion.”

[

L cells, @

A iting research area that shows great potential is the possible role of the

U

endocann jgisystem in regulating incretin secretion, and how gut microbiota may constitute an
integral pa s process. The first study to show that bacteria Lactobacillus acidophilus

modaula xpression was reported to occur in intestinal cells in rats.””> The possible

A

interactions of the endocannabinoid system with gut microbiota were recently reviewed Cani and
colleagues.” The role of the endocannabinoid system in regulating incretin secretion in humans

was recently reported for the first time.*® When compared to placebo, nabilone (CBR agonist)
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administration to healthy human subjects, as mentioned above, resulted in significantly elevated
fasting GIP levels and post-OGTT GIP levels, but no change in fasting GLP-1 levels together with
significWost-OGTT GLP-1 levels.”® The mechanisms weaving together nutrients, gut
microbiota nnabinoid system and enteroendocrine cells are complex and present an exciting
frontier fo&arch. Dysregulation in the endocannabinoid system and gut dysbiosis has
been linkedsteseibesity and diabetes and is an area of active research.”®

L

Conclusio

Since the ;Qof GIP 50 years ago, tremendous progress has been made in understanding the
physiology ophysiology of incretins in relations to two of the most pressing global public
health crisest y and diabetes. With that understanding came the development of a whole new
drug class — -IR agonists — for managing type 2 diabetes and obesity. As a drug class, GLP-1R
agonists h shown in phase 3 randomized control trials to be very effective in long-term Alc

lowering afid lead to weight reduction. Emerging data also showed the benefit of GLP-1R agonists,

compared 0, in preventing diabetes progression as well as reducing heart attacks, non-fatal

strokes, cafdic lar death and all-cause mortality in type 2 diabetes, at least in liraglutide and

semaglutide® 39276 A recent review by Nauck and colleagues provided a comprehensive
review iovascular actions of GLP-1R agonists.277 In addition, a new class of agents, dual
incretin rec onists, are currently being developed. One of the most exciting recent findings
in whic crine cells can actually switch hormone expression depending on local cues and

tissue compartments adds another dimension to the ever-evolving field of incretins. Understanding

the interfa eractions between enteroendocrine cells, the endocannabinoid system, gut

microbiota take and its composition is the next frontier in gut endocrinology for the next half

century.
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