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Abstract

The significant growth in type 2 diabetes mellitus (T2DM) prevalence strikes a common
threat to the healthcare and economic systems globally. Despite the availability of several
anti-hyperglycaemic agents in the market, none can offer T2DM remission. These agents
include the prominent incretin-based therapy such as glucagon-like peptide-1 receptor (GLP-
1R) agonists and dipeptidyl peptidase-4 inhibitors that are designed primarily to promote
GLP-1R activation. Recent interest in various therapeutically useful gastrointestinal
hormones in T2DM and obesity has surged with the realisation that enteroendocrine L-cells
modulate the different incretins secretion and glucose homeostasis, reflecting the original
incretin definition. Targeting L-cells offers promising opportunities to mimic the benefits of
bariatric surgery on glucose homeostasis, bodyweight management, and T2DM remission.
Revising the fundamental incretin theory is an essential step for therapeutic development in
this area. Therefore, the present review explores enteroendocrine L-cell hormone expression,
the associated nutrient-sensing mechanisms, and other physiological characteristics.
Subsequently, enteroendocrine L-cell line models and the latest associated L-cell targeted
therapies are reviewed critically in this paper. Bariatric surgery, pharmacotherapy and new
paradigm of L-cell targeted pharmaceutical formulation are discussed here, offering both
clinician and scientist communities a new common interest to push the scientific boundary in
T2DM therapy.
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1. Introduction

Incretins, namely enteroendocrine K-cells-secreted glucose-dependent insulinotropic
polypeptide (GIP) and enteroendocrine L-cells-secreted glucagon-like peptide-1 (GLP-1)
mediate the insulin secretion in response to oral glucose administration. This experimental-
based definition [1, 2] that emphasised the association between gastrointestinal incretin
hormones and glucose-dependent insulin secretion effect has subsequently attracted
tremendous drug development and market enthusiasm among researchers. In particular, GLP-
1 receptor agonist and dipeptidyl peptidase-4 inhibitor (DPP4-i) are widely studied for their
quality glucose management in type 2 diabetes mellitus (T2DM) [3], thanks to the low
hypoglycaemia risk [4] and other associated clinical benefits [4-7]. Recently, efforts in
advancing oral peptide GLP-1 delivery had led to the successful listing of semaglutide
(Rybelsus®) in the market [8].

The current incretin concept may be too rigid, superficial, and more importantly, skewed
from the original meaning that defines incretin as any gastrointestinal hormone that elicits
secretion of pancreatic hormones under physiological circumstances [9]. This perception may
result in overfocus of GIP and GLP-1, and subsequent underestimation of its true therapeutic
development potential by researchers and health practitioners. Rehfeld [9] highlighted three
main issues that arise from this concept in his recent review. Firstly, GIP and GLP-1 are not
the only gastrointestinal hormones that trigger insulin secretion; secondly, incretins can target
multiple sites synergistically, and the mechanism is not ‘one-hormone-one-target’; and finally,
high dose glucose used in experiments does not reflect normal physiological circumstances
where an everyday diet contains substantial amounts of lipid, protein, simple and complex
carbohydrate. Hence, there is need for a broader perspective ‘revision’ in appreciating the
fundamental gastrointestinal endocrinology concept for future T2DM therapeutic

development.

Intestinal-expressed enteroendocrine cells (EECs) are gaining popularity as alternative
treatment targets for obesity and T2DM [10]. These treatments centre around exploiting the
ability of L-cells to secrete GLP-1 and other incretins [11, 12]. In fact, this notion is far from
new and may arguably represent the cores of the original incretin concept. This review
revisits the fundamental incretin theory and provides an overview of enteroendocrine L-cell

and its potential to advance T2DM treatment development.



2. Incretin Secreting Enteroendocrine L-Cells

The gastrointestinal tract (GIT) that functions principally for digestion and nutrient
absorption is notably the largest endocrine organ in the body. Approximately 1% of the
intestinal epithelium cells scattered along the GIT are identified as EECs. These cells are
derived from local intestinal stem cells and are generally believed to migrate from the crypt
towards the tip of the villus under constant replacement every 4-5 days [13]. However, a
recent study suggests that some EECs may survive longer than 60 days [14]. EECs are open-
type intestinal cells in nature with spindle or flask-shaped morphology to allow direct contact
with nutrients and other luminal stimuli that subsequently trigger various hormones secretion

for endocrine, paracrine and neuronal actions [13].

L-cells are primarily located along the GIT, and the density increases towards the colon [15],
with more L-cells present in the crypts than in the villi [16]. However, L-cell number does
not correlate to the total GLP-1 content and secretion in the intestine, where the upper small
intestine contains more GLP-1 followed by the lower small intestine and colon. Moreover,
another study observed that ileal and colonic L-cells exhibited differential genes expression
and stimulus-response, suggesting that they may have different physiological roles [17].
Similarly, recent clinical studies reported that healthy and T2DM participants possess
significant differences in L-cells product expression [12] but not the density and turnover rate
[16]. Overall, current findings may imply that the therapeutic development process should
also consider the associated anatomically dependent and cellular physiological characteristics
of L-cells at different regions of the intestine.

Another established physiological notion is that EECs exceedingly overlap each other,
expressing multiple gastrointestinal hormones and enzyme on the same site [18]. For example,
Glass and colleagues [19] discovered three primary preproglucagon-expressing cells
subgroups from the upper small intestine, one with high levels of Gcg and Pyy (encoding
GLP-1 and Peptide Y, respectively), another high in Tphl (tryptophan hydroxylase-1), and
another high in K-cells-contained Gip, implicating that L-cells overlap with enterochromaffin
and K-cells. On the other hand, four L-cell subgroups in the colon identified by another group



[20] are also multi-hormonal and overlapping. Collectively, these pieces of evidence not only
challenge the traditional ‘one-cell, one-hormone’ belief, but also indicate great potential for
therapeutic development in T2DM and obesity. Consequently, more researchers are trying to
uncover the complex physiology and pharmacology of L-cells using various L-cell study
models to ‘hijack’ the secretory machinery. Fig. 1 summarises the different enteroendocrine
L-cell subpopulations along the GIT that co-express different peptides with various metabolic

functions.
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Fig. 1: Overview of Enteroendocrine L-cells With Overlapping Gastrointestinal Peptides Expression. A
simplifying schematic representation of the multiple co-localised gastrointestinal hormones and enzyme in
different L-cell subpopulations along the intestinal tract, which respond to luminal nutrients or other stimuli by
secreting these peptides for various metabolic functions.

GLP: glucagon-like peptide; PYY: peptide YY; OXM: oxyntomodulin; CCK: cholecystokinin; NT: neurotensin;
GIP: glucose-dependent insulinotropic polypeptide; TPH1: tryptophan hydroxylase 1; INSL5: insulin-like
peptide 5

3. In Vitro L-cells cell line models

The abundance of literature on the complex L-cells physiology and nutrient-sensing
mechanism are attributed to the vast combination of study models. Among all, mammalian
carcinoma-derived cell lines are the earliest employed models due to isolation difficulty of
native L-cells that is low in number, randomly distributed, and co-localised with other

enterocytes [21]. To study incretin secretion and its correspondent stimuli, STC-1, GLUTag,



and NCI-H716 cell lines are routinely used as they are well-established and easily cultured;

while HuTu-80 is least frequently employed. Nonetheless, the clinical relevance of

carcinoma-derived cell models remains questionable despite sharing many similarities with

native L-cells at the transcriptomic level. In reality, genetic and morphological discrepancies

exist between cell line models and native L-cell; and even within the model itself [22, 23].
For instance, Kuhre et al. [23] reported that STC-1, GLUTag, and NCI-H716 do not contain

PYY, but some researchers [21, 24] reported otherwise. Furthermore, the simplified cell line

model can never provide cell-cell or cell-microbiota interaction that mimics the in vivo

environment. A comparison chart between all the cell lines are presented in Table 1.

Table 1: Enteroendocrine L-cells line models.

Cell Origin Hormones  Advantages Disadvantages
Lines
STC-1 Derived from GLP-1, Similar to GLUTag  Resembles human L-
duodenum GLP-2, GIP, which possesses and cells the least, such as
enteroendocrine CCK secretes more storing and secreting
tumour of double  glicentin, diverse peptide than  high GIP level, but
transgenic mice OXY, NT, NCI-H716 low GLP-1 upon
(proinsulin-SV40  glucagon, activation.
Large T vasoactive Responses
antigen/proinsulin- intestinal appropriately Stores and secretes
polyoma x Small  peptide, towards low non-L-cells
T antigen) pancreatic concentration containing glucagon
polypeptide  acetate and
and propionate that Low NT and

somatostatin

Secretion of
PYY
showed
conflicting
results

induces GLP-1
secretion in murine
primary colonic
cultures

somatostatin storage
and inconsistency
secretion result upon
stimulation

Cell population
shows high
heterogeneity and
significant test result
variability for the
same stimuli.

Poorly differentiated
and slow-growing
cell line with
reportedly low
transfection
efficiencies

GLUTag Derived from
colonic tumour of

GLP-1,
GLP-2,

Most commonly
used, specific and

May not represent
human L-cells fully,




proglucagon-SV40
Large T antigen
transgenic mice

CCK,
glicentin,
OXY, NT,
glucagon,
vasoactive
intestinal
peptide and
somatostatin

best murine L-cell
model

Responses
appropriately toward
the same stimuli that
induces in vivo
GLP-1 secretion

High resemblance to
non-immortalised L-
cells genetic and
protein expression
profile

Similar to STC-1
which possesses and
secretes more
diverse peptide than
NCI-H716

Shows better
stability in
proglucagon gene
expression pattern
and differentiates
better than STC-1

High homogeneity
and secretes GLPs in
a highly regulated
manner

Easy to transfect

such as storing and
secreting glucagon
but not PYY

Low NT and
somatostatin storage
and inconsistency
secretion result upon
stimulation

Not suitable to study
short-chain fatty acid
stimulus effect

Requires matrix to
support and attach to
well plates

NCI-
H716

Derived from
cecum
adenocarcinoma
(ascites)
originated from a
33 year old
Caucasian male

GLP-1,
GLP-2,
glicentin,
OXY, NT,
glucagon
and
somatostatin

Secretion of
PYY shows
conflicting
results

Human originated
cell line

Expresses short-
chain fatty acid
receptors

GLP-1 expressed
mostly
homogenously and
secreted in a
regulated manner,
producing low test
result variability
(~10% standard
error)

Not fully mirroring
native human L-cell
with its carcinoma-
derived feature

Secretes glucagon
and does not express
CCK

Low NT and
somatostatin storage
and inconsistency
secretion result upon
stimulation

Contains a very




restricted peptide
Easy to transfect pattern

Proglucagon gene
transcription
aberrantly regulated
with its mechanism
deviated from human
and rat.

Heterogeneous cell
line

Requires matrix to
support and attach to

well plates
HuTu- Derived from GLP-1, Human originated Carcinoma-derived
80 duodenum PYY, GIP, cell line and cell line and may not
adenocarcinoma CCK, expressed Gecgand  resemble fully native
originated froma  secretin Pyy L-cells
53 year old
Caucasian male Less variability in Demonstrated lesser
SiRNA transfection  or no response to
efficiency same stimuli used for
STC-1

Easy to transfect

Widely available
cell line

The multiple limitations of conventional L-cells models have led to the emergence of more
advanced in vitro and ex vivo models for L-cells research such as fetal rat intestinal culture
model, intestinal organoids, intestine-on-a-chip and the use of Ussing chamber. Nevertheless,
immortalised cell lines remain an important asset and serve as a primary screening model for
potential incretin secretion inducer prior to in vivo studies, and is particularly useful in high
throughput screening. Details of cell culture protocols and advanced L-cells research models

are discussed in these studies [21-25].

4. L-Cells Nutrient Sensing

4.1 Carbohydrates

Due to the incretin effect, oral glucose administration results in greater insulin secretion
compared to intravenous administration. This effect is not limited to glucose, where high-
sucrose feeding has also been shown to induce postprandial GLP-1 secretion [26]. These



together consolidate the fundamental blood sugar homeostasis. Clinical study in the past
observed a rapid (five minutes) GLP-1 surge after liquid glucose ingestion [27]. Hence, it
was generally believed that the distal intestine region is not involved in glucose sensing.
Moreover, previous studies have shown that proximal region does not contain L-cell [28].
These had led Roberge and Brubaker [29] to explore the possibility of proximal-distal loop
neuronal or hormonal systems in mediating the rapid rise in GLP-1 secretion. Another study
using canine L-cells has also reported that glucose was unable to induce GLP-1 secretion [30].
On the other hand, Sun et al. [31] demonstrated that direct activation of proximal L-cells is
accountable for the rapid GLP-1 secretion phase and others have observed glucose
concentration-dependent GLP-1 secretion in GLUTag cell line [32, 33]. Similarly, it was
revealed that rapid-phase secretion of GLP-1 is preserved in ileal resection patients, which
further confirmed the role of proximal intestine in glucose sensing [34]. Overall, more
evidence favours the theory of proximal intestinal L-cells being responsible for glucose-
induced GLP-1 rapid phase secretion, and does not involve proximal-distal indirect signalling.

ATP-sensitive K* channels (Kartp) have gained much interest given that glucose- and
fructose-induced GLP-1, CCK and NT secretion pathways involve Karp closure, cell
depolarisation and subsequently opening of voltage-gated calcium channel [32, 33, 35]. The
proposed monosaccharide-dependent secretion mechanism is enhanced by the administration
of Katp blocker, tolbutamide, and diminished by Kartp opener, diazoxide [32]. However, the
relative importance of Karp-mediated incretin release is not supported by the available in
vivo studies [36, 37]. Likewise, results from a recent study using human gut tissue specimens
did not support the involvement of Karp and showed that instead, sodium-glucose

cotransporter 1 (SGLT-1) dominates the pathway [31].

SGLT-1 is an essential cotransporter that employs two Na* for every glucose or galactose
apical crossing. Its subsequent concentration equilibrium between plasma and enterocyte is
mediated further by Glucose Transporter 2 (GLUT-2) at the basolateral site [38]. GLUT-2
translocates to the apical side and supports glucose and galactose absorption when a high
concentration of glucose is present in the small intestine [38]. Intriguingly, recent studies [39,
40] found similarities between B-cells insulin secretion and L-cells GLP-1 secretion, where
both follow a biphasic secretion pattern. The SGLT-1-mediated depolarisation is propagated
via voltage-dependent Ca?* and Na' channels that lead to the first phase GLP-1 secretion;

while the second phase is exemplified by GLUT-2-mediated glucose absorption that causes
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metabolic ATP-driven Katp closure. This is further substantiated by the report of a well-
known diabetes complication contributor, 3-deoxyglucosone that can attenuate GLUT-2
expression and impair GLP-1 secretion [41]. Nonetheless, the degree of Kartp involvement in

incretin secretion remains a topic of debate.

Another sensing mechanism worth noting is the sweet taste receptor (STR), a heterodimer
comprising T1IR2/T1R3. Studies from GLUTag [42], NCI-H716 [43], and HuTu-80 [44] cells
have collectively demonstrated that sucralose activates GLP-1 secretion through STR, but
comparable results were not replicated to replicate in studies using murine primary intestinal
cultures [45] and in vivo rat models [46]. On the contrary, Polygonatum cyrtonema
polysaccharide administration in NCI-H716 cells and rat studies appear to induce GLP-1
secretion via STR activation [47]. Hence, this receptor requires further investigation for

therapeutic usage.

4.2 Proteins

While it is clear that the complex incretin secretion mediates postprandial carbohydrate
metabolism and glycaemic homeostasis, proteins on the other hand, trigger postprandial
incretin secretion in humans such as GLP-1 and PPY [48]. Unlike carbohydrates, proteins
break down into 20 different amino acids (AA), as well as about 400 dipeptides and 8000
tripeptides, making it more challenging to study of its absorption and sensory mechanisms.
Similar biophysical AA can be absorbed through their respective transporters [49]; while the
transport of dipeptides, tripeptides and oligopeptides depend on the proton-dependent
intestinal peptide transporter 1 (PEPT1) [50, 51]. Subsequently, these absorption processes
are accompanied by different protein hydrolysate-sensing mechanisms to induce incretins
secretion. A study using STC-1 cells suggests that PEPT1 can additionally function as
‘sensors’ for the peptides, as its activation causes membrane depolarisation and releases
incretin hormones [52]. This finding is underpinned by a recent in vivo study that shows the
co-administration of casein and PEPT1 non-translocated competitive inhibitor 4-
aminomethylbenzoic acid diminished the GLP-1-mediated glucoregulatory role of PEPT1
[53].

In addition, numerous apically absorbed protein fragments can activate a second sensor on
the basolateral side, namely calcium-sensing receptor (CaSR) [54]. This homodimeric

receptor couples to multiple G, proteins (Gs, Gq, Gi, and Gi2/13) [55], where the predominant
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Gq-coupling activates phosphatidylinositol-specific phospholipase C and intracellular Ca*

mobilisation [56, 57]. CaSR is shown to induce GIP, GLP-1 and PYY secretion when
aromatic, polar and charged AA bind to it allosterically [58-61]. Furthermore, the CaSR-
dependent pathway is involved in sensing peptones [54, 62], but results from in vitro [63] and

human studies [64] did not show a contribution from branched-chain AA.

This leads to the possibility that these diverse protein fragments may additionally bind
elsewhere, with overlapping sensing mechanisms. In fact, aromatic AA L-phenylalanine and
L-tryptophan, and oligopeptides with N-terminal tryptophan are some of the noticeable
natural ligands that purportedly activate Gq-coupled GPR142 receptors in the GIT [65-67].
However, aromatic AA [66] and whey protein [65] administration in GPR142-deficient mice
did not attenuate incretin secretion. Similarly, when studying L-tryptophan-induced GPR142-
mediated glucose-stimulated insulin secretion (GSIS) from pancreatic -cells, Ueda et al. [67]
did not observe complete blockage despite administering CaSR antagonist to diet-induced
obesity GPR142KO mice. Taken together, more studies are required to understand these
receptors, their expression locations, and other potential overlapping signalling pathways for

a better understanding of their T2DM therapeutic potential.

G-protein coupled receptor family C group 6 subtype A (GPRC6A) is another broad-
spectrum receptor that senses a considerable amount of AA and co-localises with GLP-1
expressing cells in the small intestine [68]. It resembles CaSR in its response to AA with
basic structure, coupling with G, protein and possessing a calcium-binding site [69-71]. A
recent study using GLUTag cells demonstrated that a low-molecular fraction of wheat gluten
hydrolysate activates GLP-1 secretion in a dose- and time-dependent manner through the
GPRC6A-mediated Ca**/calmodulin-dependent kinase 1l pathway [72]. Although this
resemblance may suggest potential overlapping mechanisms, GPRC6A responds mainly to
basic AA but not aromatic AA [73]. Furthermore, Oya and colleagues [74] showed that L-
ornithine is able to elicit GLP-1 secretion in GLUTag cell models, but not in primary
intestine culture model. Alternative receptors such as the metabotropic glutamate receptors
1/4 (mGIluR1/4) and type 1 taste receptor subunit 1/3 (T1R1/3), which reportedly co-
expressed with GPRC6A and CaSR in SCT-1 cell model may be potential candidates to be
explored [75].

4.3 Lipids
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In the ‘90s, literature has documented the involvement of lipid components in eliciting
incretin secretion from human studies [76, 77]. This effect is supported by more recent
studies in NCI-H716 cells [78] and Sprague-Dawley rats [79]; and human, where it was
proven that the lipid component is a more potent inducer than protein and glucose [80].
However, incretin secretion stimulatory effects are highly associated with different carbon
chain lengths and saturation that confer distinct affinities towards their respective G-Protein
Coupled Receptors (GPCRs), also referred to as the Free Fatty Acid Receptors (FFAR) [81].
For instance, long-chain fatty acids reportedly possess higher binding affinities toward G-
coupled receptors GPR40/FFAR1 and GPR120/FFAR4 than medium-chain fatty acids [81].
Several studies have demonstrated that activation of these receptors using natural lipid
ligands or synthetic agonists can elicit the release of incretins such as GLP-1 [82], GLP-2 [83]
and PPY [84], but other studies showed that GPR40/FFARL activation further involves G
[85] and G/, [86] proteins in the downstream signalling. Therefore, targeting these receptors
should exploit the incretin metabolic benefits in enhancing satiety and insulin release. Li et al.
[87] reported that orexigenic effect of mercaptoacetate is mediated by GPR40/FFARL and
possibly GPR120/FFARA4. Besides, these activatable pathways also appeared to be PYY-
stimulated Y, receptor-mediated and glucose-sensitive [84]. Overall, GPR40/FFAR1 and
GPR120/FFAR4 appear to be promising therapeutic targets and theoretically should not

cause any hypoglycaemic side effect.

The predominantly Gg-coupled GPR43/FFAR2 [88] and Gs-coupled GPR119 [56] signalling
activities are PYY-mediated and glucose-dependent [89, 90]. However, the Gj,-coupled
GPR41/FFAR3 expressed on L-cells and enteric neurons is both glucose- and PYY-
independent [90]. Colonic bacteria-produced short-chain fatty acids (SCFAs) from
indigestible fibre were shown to activate both GPR43/FFAR2 and GPR41/FFAR3 [81].
These SCFAs and microbiome have attracted great attention due to their distinct
physiological roles and their ability to directly modulate the metabolic health of the host.
Growing evidence suggests the close association between microbiome and the
pathophysiology of obesity and T2DM [91]. Gut microbes are viewed as a virtual external
organ that physiologically participates in nutrient absorption, energy utilisation, feeding
behaviour, gut homeostasis and development of immune and nervous systems of the host [92-
94]. They can communicate with the EECs and regulate the host system through their

metabolic products by fermentation and other enzymatic pathways. For instance, SCFAS
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induce GLP-1 secretion through the GCPRs expressed on the L-cells and selectively increase
the differentiation of L-cells [88, 95]. Likewise, Brooks et al. [96] have demonstrated that
SCFAs could expand PYY-positive cell density within the proximal colon through
GPR43/FFAR?2, leading to increased circulating PYYY level.

However, a recent study [97] observed that FFAR2- or FFAR3-selective agonist and
antagonist failed to elicit expected effects from the isolated perfused rat colon. This had led
to the suggestion that, either some less investigated OIfr78 [98] and GPR109A [99] receptors
might be involved, or incretin secretion requires FFAR2 and FFAR3 coactivation, in which
the latter opinion is supported by Tough et al. [90]. Furthermore, in isolated rat colons model,
vascular infusion (basolateral side) of SCFAs acetate and butyrate induced stronger GLP-1
secretion than that given luminally (apical side) [97]. This result is supported by a human
study [100] which showed that circulating SCFAs concentration (basolateral) is strongly
correlated to the GLP-1 level, but not faecal SCFAs (apical). On the other hand, another lipid
sensing GPCR, GPR119 binds to endogenous lipid components, oleoylethanolamide [101,
102] and 2-monoacylglycerols [102], which are likely to act synergistically with
GPR40/FFARL1 in mediating incretin secretion [103]. It was later found that that GPR119 is

located on both apical and basolateral sides [89].

The need for metabolism and absorption of lipid in incretin secretion has attracted interest
after incretin secretion was found to be impaired by orlistat lipase inhibitor [104-107].
Pancreatic lipase participates heavily in dietary triglycerides lipolysis, and can affect
enterocyte uptake process after emulsification by bile acids. Moreover, triglyceride re-
synthesis process [108] and its transported chylomicron [109] can also affect incretin
secretion. The importance of packaging process was revealed when the secretions of GLP-1
and GIP are attenuated after administration of pluronic L-81 surfactant that inhibits
chylomicron synthesis [110]. Some studies support the presence of lipid sensors on the
basolateral site to receive the absorbed lipid components (stimuli) and subsequently induce
incretin secretion [89, 111]. On the other hand, the emulsifying bile acids can trigger L-cells
secretion in cell lines and primary murine culture models [112, 113] through Gs-coupled bile
acid receptors (GPBAR1/TGR5) interaction, and inhibited by bile acid sequestrant Sevelamer
in T2DM patients [114]. GPBAR1/TGR5 are located basolaterally on the L-cells [115]. As
such, microbiome exert another great influence on incretin secretion because they can modify

the bile acids to become more hydrophobic, allowing the secondary bile acids to permeate
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across epithelium cells [116]. Overall, these nutrient associated sensing mechanisms show
that incretin concept is not merely about GLP-1, GIP and oral glucose, but involves other

nutrient compounds, and chemical digestion and absorption processes.

5. L-Cells-Based Therapeutic Approaches

5.1 Bariatric surgery

In the early 1940s, anecdotal evidence recorded remarkable hypoglycaemia as a complication
of post subtotal gastrectomy for peptic ulcer, which later presented the first connecting point
between bariatric surgery (BS) and T2DM [117]. Subsequently, more evidence emerged and
underpinned the clinical surgery values in improving body weight, glycemia, haemoglobin
Alc (HbAlc), and T2DM remission rate [118, 119]. Sleeve gastrectomy (SG), Roux-en-Y
gastric bypass (RYGB) and gastric banding are the three most commonly performed BS for
obesity treatment [120]. However, only SG [121] and RYGB [122, 123] are reportedly able
to go beyond obesity treatment and amplify incretin secretion for clinically meaningful
T2DM treatment, yet their underlying mechanism remains debatable and likely multifactorial.
The anatomical rearrangement involving either SG or RYGB surgical procedures [120] could
increase nutrient delivery to the distal enteroendocrine L-cells. This is by far the most

acceptable mechanism to explain the postprandial incretins surge after surgery [124].

The considerable luminal and serum bile acid elevation after BS could lead to a positive
metabolic impact [125]. It was proposed that the relative contribution of different
gastrointestinal anatomical rearrangements modifies bile acid enterohepatic circulation,
thereby increasing GPBAR1/TGR5 activation to secrete incretins [125]. On the other hand,
some researchers tried to investigate the postprandial incretin surge post-surgery by
elucidating BS fundamental physiological changes associated with density and gene
expression of L-cells. A higher number of L-cells is reported in rats and humans following
RYGB [126], but the SG outcome remains inconclusive [126, 127]. The transcriptomics and
peptidomics modification were not observed in mice and humans after SG and gastrectomy
with RYGB respectively [17, 128], but post-surgery preprohormone gene expression
alteration was reported [129].
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Nevertheless, the clinical evidence of BS for obese patients with T2DM remains solid and
further supported by cost-effectiveness evidence in a recent meta-analysis [130]. It is
noteworthy that data from this study [130] focused only on high-income countries. Further
investigation on low- and middle-income countries is required to justify the effectiveness
against financial feasibility. The accessibility to such services and the availability of bariatric
surgeons will unquestionably be the barrier for the T2DM community from lower economic
classes. Moreover, T2DM patients might worry about BS-associated surgical risk and
complications, such as gastric pouch dilatation, gastroesophageal reflux and excess skin
around the area of upper leg and arm, inguinal and abdominal areas [120, 131]. Recently,
Jiang et al. [131] suggested body contouring surgery as an aesthetic supplement for
improving excess skin issues, but extra cost factors and lack of reimbursement have again
imposed financial barriers among the patients. Thus, BS is recommended only for selected

obese patients with T2DM, taking into consideration the associated risk and cost factors.

5.2 Pharmacotherapy

The substantial clinical evidence of postprandial incretin hormone surge associated with BS
has paved the way for new development in T2DM treatments. Currently, scientists are
attempting to eradicate the disadvantages of BS and ‘compress’ only the metabolic benefits
that arise from incretins surge into a ‘BS pill’. On the one hand, some prefer to explore
molecular analogues that target the incretin receptors directly. These include the previously
discussed GLP-1 receptors targeting Rybelsus® [8] as well as novel ligands that target GIP
receptors and GIP/GLP-1 receptors. Although GIP was thought to have no clinical benefit in
lowering glucose in the early days, Eli Lilly has recently presented their novel dual GIP/GLP-
1 receptors agonist, Tirzepatide (LY3298176), with promising results in glucose control,
weight loss and safety profile among the poorly controlled T2DM patients in phase 2 trial
[132]. Furthermore, Lazzaroni and colleagues [133] reported that Tirzepatide (LY3298176)
possess stronger weight loss effect than commonly used anti-obesity drugs, such as exenatide
and dulaglutide. Similarly, an anti-GIP receptor antagonistic monoclonal antibody developed
by Amgen has demonstrated substantial inhibition of weight gain in a preclinical study [134].
However, while the clinical benefits of targeting GIP receptors are indisputable, controversy
exists whether it is therapeutically best to activate or inhibit these receptors for obesity and
T2DM [135, 136]. On the other hand, other researchers prefer to mimic post BS effects by
targeting the multi hormones secreting enteroendocrine L-cells. A wide array of sensors

expressed on L-cells as discussed earlier have opened up avenues to develop new drugs for
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T2DM. For instance, TAK-875, a GPR40/FFAR1 agonist developed by Takeda, has

demonstrated its promising anti-diabetic properties in phase I and phase Il clinical trials.

However, it was terminated later in phase Il trials due to hepatotoxicity induced mainly by

its acyl glucuronide metabolites [137]. Nevertheless, the quest to synthesise new targeting

agonists and uncover potential natural substances for these receptors remains and are

summarised in Table 2 by highlighting the relevant studies and results for the interest of this

review.

Table 2: Recent findings (2016-2021) on synthetic and natural compounds that induce

incretin secretion from enteroendocrine L-cells.

Synthetic/Natura Target Sites Study Outcomes Reference
| Compounds Models/Subjects S
Synthetic Compounds
AgoPAMs Activates Diabetic Goto- Increased GLP-  [138]
GPR40/FFAR1  Kakizaki rats 1, GIP, PYY and
insulin secretion;
reduced glucose
level, food intake
and body weight
GLP-1R” mice and Reduced glucose
wild type mice level in both
mice types;
induced higher
insulin secretion
in wild type than
GLP-1R" mice
SCO-267 Activates GLUTag cells Induced GLP-1  [139]
GPR40/FFAR1 secretion
Wild-type mice and Increased GLP-1
GPR40-knockout secretion;

(Ffarl ") mice

Normal rats

Neonatal
streptozotocin-
treated rats

reduced food
intake and body
weight reduction
in wild-type
mice, but not
Ffarl” mice
Increased GLP-
1, GIP, PYY,
insulin and
glucagon
secretions
Increased insulin
and GLP-1 level;
improved
glucose
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Diet-induced obese

rats

tolerance; no
changes in food
intake and body
weight

Increased GLP-1
and PYY plasma
levels; reduced
food intake,
cholesterol, fat
mass and body
weight; no
changes in lean
mass and glucose
and triglycerides
plasma level

GSK137647 and
Compound-A

Activate

High-fat-fed Swiss

GPR120/FFAR  TO mice

4

Lean Swiss TO
mice

Both agents
increased GLP-1
and insulin level;
improved
glucose
tolerance;
synergistically
increased
glucose lowering
effect is
observed when
given together
with sitagliptin
(DPP4-i);
GSK137647
increased GIP
level, but not
Compound-A,;
AH-7614
(FFAR4
antagonist )
impaired both
agents’
insulinotropic
and glucose
lowering
properties

Both agents
improved
glucose
excursion;
satiation effect
was observed
when agents
given alone, but

[140]
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sitagliptin
(DPP4-i)
impaired the
satiation effect of
Compound A at
60 min and
GSK137647
from 60 min to
180 min

AZ13581837 and Activate

Metabolex-36

GPR120/FFAR

4

STC-1

Lean wild-type
mice

GPR120 null mice

Both agents
increased GLP-1
secretion

Both increased
GLP-1 and
insulin secretion;
reduced glucose
level; exendin 9—
39 (GLP-1
receptor
antagonist)
abolished insulin
secretion and
glucose lowering
effect of both
agents

Glucose
tolerance effect
of Metabolex-36
was not
observed;
AZ13581837 did
not induce acute
insulin secretion
and it impaired
glucose
elimination

[141]

AS1269574

Activates
GPR119 and
Transient
Receptor
Potential
Ankyrin 1
(TRPA1L)
channel

STC-1

GLUTag

Stimulated GLP-
1 release and
increased [Ca®*];
Stimulated
proglucagon
gene promoter
activity

[142]

DS-8500a

Activates
GPR119

Zucker fatty rats

Fasted Sprague-

Increased plasma
GLP-1
concentration
and reduced
glucose level
Did not change

[143]
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Dawley rats

Neonatal

streptozotocin-
treated rats

plasma glucose
concentration;
stimulated
insulin secretion
in the presence
of glucose
Induced glucose-
stimulated
insulin secretion;
reduced glucose
level

ZB-16 Activates Streptozotocin— Increased GLP-  [144]
GPR119 nicotinamide- 1, insulin,
treated rats insulin-positive
pancreatic
endocrine cells
and glucose
utilisation.
YH18421 Activates GLUTag Increased GLP-1 [145]
GPR119 secretion

Normal C57BL/6J
male mices

Diet induced obese
mice model

Single YH18421
oral
administration
improved
glucose tolerance
and GLP-1 level;
synergistically
increased
glucose lowering
effect and GLP-1
levels are
observed when
YH18421 given
together with
Linagliptin
(DPP4-i)

Four weeks
repeated
YH18421
administration
lower blood
glucose level and
showed dose-
dependently
inhibited weight
gain;
synergistically
increased
glucose lowering
effect is
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observed when
YH18421 given
together with
sitagliptin
(DPP4-i)

HBKO001

Activates
GPR119 and
inhibits DPP4

ICR mice

Diabetic KKAy
mice

db/db (BKS.Cg-
m+/+ Leprdb/J)
mice

Increased GLP-1
and GIP level;
inhibited DPP4
activity; reduced
blood glucose
level

Reduced plasma
glucose level and
food intake;
increased insulin
secretion; no
effect on body
weight

Reduced plasma
glucose level

[146]

L3740

Activates
GPBAR1/TGR5

Mouse intestinal
organoids

Human intestinal
organoids

GLU-Venus mice
in vivo model

Increased L-cell
density and
GLP-1 secretory
capacity;
elevated
expression of
Gceg and Cck
and transcription
factors Ngn3 and
NeuroD1;

no increment
effect on L-cells
and no GLP-1
secretion was
observed from
organoids
lacking
GPBAR1
Increased L-cell
density; elevated
expression of
Gcg and
transcription
factors NeuroD1
Increased basal
GLP-1 plasma
level, L-cell
density and
expression of

[147]
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Gceg and Ngn3
and GLP-1
levels; improved
glucose
tolerance; no
differences in
food intake and
body weight

Compound 24
(BDM72881)

Activates
GPBAR1/TGR5

Diet-induced
obesity and insulin
resistance C57BI6
mice

Increased GLP-1
secretion and
improved
glucose
homeostasis

[148]

LX2761

Inhibits SGLT-1
and SGLT-2

Healthy mice

Healthy rats

Streptozotocin-
treated mice

Reduced glucose
level; increased
plasma GLP-1
when
administered
alone and
synergistic
increased GLP-1
level is observed
when given
together with
sitagliptin
(DPP4-1); no
significant
changes in food
intake and body
weights
Reduced glucose
excursions;
increased plasma
GLP-1; no
significant
changes in food
intake and body
weights
Early-onset
diabetes:
Reduced fasting
and postprandial
glucose level;
slowing of the
rise in HbAlc
levels; no effect
on food intake,
body weight and
GLP-1 level on
the final study

[149]
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day

Late-onset
diabetes:
Reduced fasting
and postprandial
glucose level and
HbAlc;
increased GLP-1
level, survival
rate, food intake
and body weight

CPU025

Activates
GPR40/FFAR1
and peroxisome
proliferator-
activated
receptor 0
(PPARS)

FLIPR assay
(Chinese hamster
ovary (CHO,

RRID:CVCL_0213

) cells)
AutoDock
vinal.l.2

Male ICR mice

Diabetic ob/ob mice

and C57BL/6 mice

ECs, value of
38.7 nM for
GPR40/FFAR1

Molecular
docking
simulations
showed multiple
hydrogen
bonding formed
between
carboxylic acid
of CPU025 and
key binding
residues of
GPR40/FFAR1
(Arg2258,
Tyr2240, Arg183
and Tyr91)
Could not induce
GLP-1 secretion
Exhibited better
reduction in
blood glucose,
HbAlc,
triglyceride and
consumption of
food and water
than TAK-875,
GPR40/FFAR1
partial agonist;
no body weight
changes;
improved B-cell
function;
displayed
relatively dense

[150]
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arrangement of
insulin-positive
cells; alleviated
fatty liver

Z1.Y032

Activates
GPR40/FFAR1
and PPARS

Male ob/ob mice
and male C57BL/6
mice

Improved fasting
glucose level,
HbAlc, glucose
tolerance and
pancreatic B-cell
function;
decreased
plasma total
cholesterol,
triglyceride,
LDL, adipocytes
area, liver
steatosis and
ballooning;
showed stronger
insulin sensitive
and lipid
improvement
compared to
TAK-875; no
changes in body
weight

[151]

DKS26

Unidentified/
unreported
receptors

NCI-H716 cells

Streptozotocin-
treated and db/db
diabetic mice

Echanced GLP-1
release and
expression
Increased plasma
insulin level;
enhanced GLP-1
release and
expression;
reduced glucose
level, plasma
glycosylated
serum protein;
no significant
changes in body
weight

A reduction of
food intake was
observed in
Streptozotocin-
treated mice, but
no effect on
db/db diabetic
mice

[152]
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Natural Compounds

Activates sweet
taste receptor
T1R2/T1R3

Polygonatum
cyrtonema
polysaccharide

NCI-H716 and
male Sprague-
Dawley rats

Increased GLP-1
secretion

Activates CaSR

STC-1 cells

Type 2 diabetic
C57BL/6
mice

Increased GLP-1
secretion
Improved
glucose
metabolism;

reduced fasting
serum insulin
level; increased
GLP-1 level and
oral-induce
insulin level;
high-dose
Matrine increase
body weight in
the third week of
study

Activates GPR
40/120

Curcumin GLUTag Increased GLP-1 [154]
secretion;
reduced GLP-1
secretion when
pre-treated with
GW1100
(GPR40/120
antagonist) and
neomycin (PLC
inhibitor - a
downstream
molecule of
GPR40/120
pathway)
Increased GLP-1
and insulin
secretion;
improved
glucose
tolerance;
reduced glucose-
lowering effect
when pre-treated
with GW1100
(GPR40/120
antagonist)

Male Sprague-
Dawley rats

Phytosphingosine Activates Transforming
GPR120/FFAR  Growth Factor a-
4 shedding assay

IC50 value of [155]
33.4 uM; the
activation is
significantly




inhibited by
AH7614
(GPR120/FFAR
4 antagonist)

Angelica Activates GLUTag Increased GLP-1 [156]
dahurica extract GPR119 secretion
(phellopterin) Normal C57BL6 Increased insulin
mice and reduced
glucose level
Diabetic db/db mice Reduced glucose
level

Costus pictus D.  Unidentified/ GLUTag Increased acute  [157]
Don unreported GLP-1 secretion;
receptors improved

GLUTag viable
cells when given
in low
concentration
(1.56, 3.125 and
6.25 pg/ml); no
changes on
prohormone
convertase
1 and 2 protein
expression;
reduced
proglucagon and
prohormone
convertase 1
gene expression

Delphinidin 3- Unidentified/ Male Sprague- Increased GLP-1 [158]
rutinoside-rich unreported Dawley rats and insulin
blackcurrant receptors secretion, and
extract reduced glucose

level

Traditionally, drug design is driven by minimising unwanted drug distribution and targeting a
single biological entity to avoid adverse effects. However, this concept is now considered
obsolete in diseases involving complex aetiology like T2DM [159]. The idea of targeting
GPCRs on the L-cells received considerable attention, not only because it can induce
metabolic beneficial incretins secretion from L-cells, but the same receptors expressed on
other targets can offer synergistic or additional clinical benefits. GPR40/FFAR1 [139],
GPR120/FFARA4 [140, 141] and GPR119 [143, 145, 146] are some of the receptors found on
L-cells and pancreatic islets which induce GLP-1 secretion and GSIS after activation at the

respective expression sites. Furthermore, Satapati et al. [160] demonstrated that combined

26



exposure to L-cells’ GPR40/FFARL and GPR120/FFAR4 synergistically provides superior
blood glucose control compared with either agonist alone. It is also worth mentioning that
activated GPR120/FFAR4 on osteoclasts and osteoblasts may provide additional modulating
effects for metabolic bone diseases [161], but activation of CaSR on the heart can contribute
to cardiac injury [162]. Therefore, the overall landscape of optimising drug design for L-cells
should consider both target receptor-associated adverse effects and its beneficial signalling

pathways.

Some currently available non-L-cells targeting T2DM pharmacotherapy compounds are
found to associate with L-cells sensing mechanisms and increase GLP-1 secretion. Alpha-
glucosidase inhibitor is one of the orally prescribed T2DM medications that competitively
inhibits carbohydrate digestion participating enzymes, leading to prolonged digestion time
and greater delivery of monosaccharides to the distal intestine. Seifarth et al. [163] believed
this mechanism of drug action explains their study’s result, where patients were given 100g
of oral sucrose and 100mg of an alpha-glucosidase inhibitor (acarbose), enhanced and
extended GLP-1 secretion was observed. However, increment in GLP-1 secretion was not
seen when acarbose was given with mixed meals [163]. Other T2DM medicines that are able
to slow glucose absorption in the proximal intestine include canagliflozin and sotagliflozin
[165]. They reportedly inhibit SGLT1/2 and lower glucose absorption at the respective
intestine and proximal tubule expression sites. Nonetheless, some disagreement remains on
the proposed mechanism because L-cells cannot utilise SGLT-1 as the glucose sensor to
induce GLP-1 secretion. Lastly, the well-known first-line T2DM medicine metformin has
been shown to increase plasma GLP-1. The proposed underlying mechanisms include a
similar reduction in SGLT-1 activity, increased intestinal exposure of bile acid, reduced
DPP4 activity [166], and direct activation of L-cells via the AMPK pathway [167].

5.3 Pharmaceutical Formulation

Conventionally, the strategy for targeted therapy drug design revolves around uncovering
new chemical entities and exploring existing compounds that can bind to the targeted sensors.
However, researchers [168-171] have recently proposed a novel approach to produce the L-
cell therapeutic targeting effect from an unusual perspective. The strategy that Beloqui et al.
[168] first proposed was based on L-cells lipid-sensing mechanism, hypothesising that lipid-
based nanoparticle formulation can mimic endogenous ligands to trigger GLP-1 secretion.

Rather than using the usual ligand grafting approach, they formulated different polymeric and
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lipid-based nanoparticles in their study. Among all, only nanostructured lipid carriers (NLC)
can induce significant GLP-1 secretion from GLUTag and NCI-H716 cells through
GPR41/FFAR3 and GPR84 receptors. Unfortunately, the nanoparticles were shown to be
trapped at the mucus layer in human intestinal ex vivo model [169]. Subsequently, the same
group of researchers [170, 171] modified the lipid nanocapsules (LNC) surface with 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy  (polyethylene  glycol)2000]
(DSPE-PEG2000) to enhance mucus diffusion capacity, which later demonstrated promising

results both in vitro and in vivo.

The selection of lipid-based excipients selection and the design of NLC in the above studies
[168, 169] were indicated to improve Saquinavir bioavailability [172], and mainly contain
long (palmitic acid and stearic acid) and medium-chain (caprylic acid and capric acid)
saturated acid. The lipid components of LNC were mainly caprylic acid, capric acid,
phosphatidylcholine and phosphatidylethanolamine [170, 171]. Although these lipid
components may induce GLP-1 secretion through their respective GPCRS/FFAR, their
affinity and potency are likely to vary significantly due to the saturability and length of their
carbon chains [81]. Therefore, there is room for exploration with different lipid-based
excipients, such as using the more potent unsaturated fatty acid [81]. Besides, lipidic
excipients are generally considered a safer and cheaper option than drug compounds. Other
lipid-based formulations include solid lipid nanoparticles, lipid-drug conjugates, and self-
emulsifying drug delivery systems may also impart the same clinical functionality. Thus, it is
worth exploring these dual-action drug delivery systems holds great potential in targeting

enteroendocrine L-cells and improving drugs’ pharmacokinetic profile for T2DM treatment.

6. Perspectives and Commentary

Incretin history and the use of incretin-based therapies reflect the progression and
advancement in many lines of sciences. This has led to the emergence of GLP-1 analogues
and DPP4-i as T2DM therapies in the market. However, the therapeutic outcomes and some
concerning side effects [3] indicate that peripheral hijacking of GLP-1 alone is not adequate
to replicate the remission seen in BS. Indeed, the dramatic surge of various beneficial
metabolic hormones observed post-GIT rearrangement by BS is associated with higher

exposure of nutrients and stimuli to the intestinal distal segment. As a matter of fact, this
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phenomenon touches the enteroendocrine physiological system and mirrors the original
incretin definition. Continued effort in advocating for original incretin definition in practice
allows different science disciplines and healthcare practitioners to take part in advancing new
treatment development that can mimic BS clinical outcomes better through a broader
perspective. Therefore, targeting enteroendocrine L-cells is a renewed enthusiasm in this area
for its multiple potential therapeutical hormone secretion.

There have been aggressive efforts to develop new molecular entities based on the structure-
activity relationship from current literature. However, a thorough understanding of receptor
localisation is essential for further advancement. Specifically, whether the targeted receptor(s)
are located on the intestinal apical or basolateral site; and whether or not they are present in
other organs. This aspect is crucial as a nonabsorbable agonist should be designed for
apically expressed receptors to minimise systemic exposure and off-target effects, whereas
basolaterally expressed receptors require the molecular structure to adapt for crossing the
epithelial layer. Therefore, having nonabsorbable apically targeted drugs for receptors like
GPR40/FFAR1, GPR120/FFAR4, and GPR119 may ultimately sacrifice their additional
GSIS effects from the pancreatic islets. However, the development of such ligands is
necessary to ascertain L-cells receptors expression sites. Furthermore, present works suggest
the existence of L-cell subpopulations and may be responsible for different physiological
roles. Hence, understanding the anatomical and physiological aspects of these subpopulations
can lead to a better drug targeting design, and further improve drug formulation strategies to

target the selected intestinal segment.

Current evidence of nutrient sensing mechanism clearly suggests that manipulation of diet
through specific foods, or their by-products intake should promote interaction with the L-
cells and induce incretin secretion. While seeking a balance between total calorie and
nutritious diet is essential in influencing glycaemic outcomes, nutritional modulation of
incretin appear to be another factor of consideration in future practice or guideline in
modifying T2DM daily diet. Diabetes educators from different healthcare disciplines are the
most suitable facilitators to empower this dietary concept to bedside and play a significant
role in advancing diabetes management. Nonetheless, the establishment of such dietary
guidelines for practice still requires a considerable amount of research translation and careful
consideration from different perspectives. This may be the case for T2DM patients that are at

risk for other diabetes-associated complications such as cardiovascular diseases.
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Similarly, the emerging idea of using lipid-based nanoparticle formulation to induce L-cells
incretin secretion through FFARs sensing mechanisms appears promising. However, this
approach alone is unlikely to replace synthetic agonists due to its lower efficacy. In this
regard, incorporation of active pharmaceutical ingredients in lipid-based nanoparticles
provides dual-function and is expected to elicit a greater response than either approach on its
own. This area is still largely unexplored and is worthy of investigation. Future ongoing
attempts might focus on synthesising potent L-cells expressing receptors agonist or direct
multi-targeting incretin receptors agonist. L-cells targeted pharmacotherapy is likely to
emerge in the foreseeable future, attributable to the vast sensing mechanisms by L-cells and
valuable pharmacokinetics insight from TAK-875 phase Il clinical trial. This gives rise to
more opportunities and strategies to develop novel therapeutic agonists for incretin secretion.
Nevertheless, the reality of drug discovery and development from bench to bedside remains
complex, time-consuming and relies heavily on private and public resources. Hence,
empowering T2DM patients to adopt dietary modification and developing L-cells targeted
drug carriers such as lipid-based nanoparticles may provide a faster and more economical
solution for enhancing incretin secretion. These strategies are expected to be used in synergy
with synthetic agonists in future T2DM treatments. Overall, a multidisciplinary approach
would be the way forward to push the boundary of science in T2DM therapy.

7. Conclusion

In summary, the incretin concept has attracted considerable interest for T2DM therapy
development for many years. However, past incretin-based therapy development has caused
today’s treatments to overly focus on GLP-1 alone, leading to a loss of characteristic in the
fundamental incretin concept and underestimation of its therapeutic value. Thus, targeting
enteroendocrine L-cells that encompasses GLP-1 and other gastrointestinal hormones
represents a novel and promising approach to provide direct and indirect synergistic
therapeutic effect for T2DM. In fact, this may go beyond improving plasma glucose level and
body weight with the multiple incretin secretion, and provide a breakthrough T2DM
remission through non-surgical approaches. Nevertheless, the continued effort to deorphanise
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receptors and study the associated synthetic ligands and nutrients’ secretory mechanism
remains crucial in this niche area. A thorough understanding of these mechanisms would
enable the translation of research findings to drug development and clinical practice that

could reshape the current gastrointestinal endocrinology landscape in T2DM treatment.

Declaration of Competing Interest

The authors declare no conflict of interest.

Acknowledgements

This research is supported by Monash University Malaysia School of Pharmacy Pilot
Research Grant (STG-000036).

References

[1] M.J. Perley, D.M. Kipnis, Plasma insulin responses to oral and intravenous glucose:
studies in normal and diabetic sujbjects, J Clin Invest, 46 (1967) 1954-1962.

[2] H. Elrick, L. Stimmler, C.J. Hlad, Jr., Y. Arai, PLASMA INSULIN RESPONSE TO
ORAL AND INTRAVENOUS GLUCOSE ADMINISTRATION, J Clin Endocrinol Metab,
24 (1964) 1076-1082.

[3] S. Padhi, A.K. Nayak, A. Behera, Type Il diabetes mellitus: a review on recent drug based
therapeutics, Biomed Pharmacother, 131 (2020) 110708.

[4] A. Sachinidis, D. Nikolic, A.P. Stoian, N. Papanas, O. Tarar, A.A. Rizvi, M. Rizzo,
Cardiovascular outcomes trials with incretin-based medications: a critical review of data
available on GLP-1 receptor agonists and DPP-4 inhibitors, Metabolism, 111 (2020) 154343.
[5] K. Stemmer, B. Finan, R.D. DiMarchi, M.H. Tschop, T.D. Miiller, Insights into incretin-
based therapies for treatment of diabetic dyslipidemia, Adv Drug Deliv Rev, 159 (2020) 34-
53.

[6] T.D. Miller, B. Finan, S.R. Bloom, D. D'Alessio, D.J. Drucker, P.R. Flatt, A. Fritsche, F.
Gribble, H.J. Grill, J.F. Habener, J.J. Holst, W. Langhans, J.J. Meier, M.A. Nauck, D. Perez-
Tilve, A. Pocai, F. Reimann, D.A. Sandoval, T.W. Schwartz, R.J. Seeley, K. Stemmer, M.
Tang-Christensen, S.C. Woods, R.D. DiMarchi, M.H. Tschop, Glucagon-like peptide 1
(GLP-1), Mol Metab, 30 (2019) 72-130.

31



[7] J.C.N. Chan, L.L. Lim, N.J. Wareham, J.E. Shaw, T.J. Orchard, P. Zhang, E.S.H. Lau, B.
Eliasson, A.P.S. Kong, M. Ezzati, C.A. Aguilar-Salinas, M. McGill, N.S. Levitt, G. Ning,
W.Y. So, J. Adams, P. Bracco, N.G. Forouhi, G.A. Gregory, J. Guo, X. Hua, E.L. Klatman,
D.J. Magliano, B.P. Ng, D. Ogilvie, J. Panter, M. Pavkov, H. Shao, N. Unwin, M. White, C.
Wou, R.C.W. Ma, M.I. Schmidt, A. Ramachandran, Y. Seino, P.H. Bennett, B. Oldenburg,
J.J. Gagliardino, A.O.Y. Luk, P.M. Clarke, G.D. Ogle, M.J. Davies, R.R. Holman, E.W.
Gregg, The Lancet Commission on diabetes: using data to transform diabetes care and patient
lives, Lancet, 396 (2021) 2019-2082.

[8] D.J. Drucker, Advances in oral peptide therapeutics, Nat Rev Drug Discov, 19 (2020)
277-289.

[9] J.F. Rehfeld, The Origin and Understanding of the Incretin Concept, Frontiers in
endocrinology, 9 (2018) 387-387.

[10] F.M. Gribble, F. Reimann, Function and mechanisms of enteroendocrine cells and gut
hormones in metabolism, Nature Reviews Endocrinology, 15 (2019) 226-237.

[11] B.L. Panaro, B. Yusta, D. Matthews, J.A. Koehler, Y. Song, D.A. Sandoval, D.J.
Drucker, Intestine-selective reduction of Gcg expression reveals the importance of the distal
gut for GLP-1 secretion, Mol Metab, 37 (2020) 100990.

[12] T. Jorsal, N.A. Rhee, J. Pedersen, C.D. Wahlgren, B. Mortensen, S.L. Jepsen, J. Jelsing,
L.S. Dalbgge, P. Vilmann, H. Hassan, J.W. Hendel, S.S. Poulsen, J.J. Holst, T. Vilsbgll, F.K.
Knop, Enteroendocrine K and L cells in healthy and type 2 diabetic individuals, Diabetologia,
61 (2018) 284-294.

[13] R.A. Liddle, Neuropods, Cell Mol Gastroenterol Hepatol, 7 (2019) 739-747.

[14] D.V. Bohdrquez, R.A. Shahid, A. Erdmann, A.M. Kreger, Y. Wang, N. Calakos, F.
Wang, R.A. Liddle, Neuroepithelial circuit formed by innervation of sensory enteroendocrine
cells, J Clin Invest, 125 (2015) 782-786.

[15] K. Suzuki, K. Iwasaki, Y. Murata, N. Harada, S. Yamane, A. Hamasaki, K. Shibue, E.
Joo, A. Sankoda, Y. Fujiwara, Y. Hayashi, N. Inagaki, Distribution and hormonal
characterization of primary murine L cells throughout the gastrointestinal tract, J Diabetes
Investig, 9 (2018) 25-32.

[16] K. Kampmann, S. Ueberberg, B.A. Menge, T.G. Breuer, W. Uhl, A. Tannapfel, J.J.
Meier, Abundance and turnover of GLP-1 producing L-cells in ileal mucosa are not different
in patients with and without type 2 diabetes, Metabolism, 65 (2016) 84-91.

32



[17] K.A. Rollins, L. Opitz, M. Arnold, E. Simon, H. Neubauer, S. Wolfrum, The L cell
transcriptome is unaffected by vertical sleeve gastrectomy but highly dependent upon
position within the gastrointestinal tract, Peptides, 113 (2019) 22-34.

[18] L.J. Fothergill, J.B. Furness, Diversity of enteroendocrine cells investigated at cellular
and subcellular levels: the need for a new classification scheme, Histochem Cell Biol, 150
(2018) 693-702.

[19] L.L. Glass, F.J. Calero-Nieto, W. Jawaid, P. Larraufie, R.G. Kay, B. Gottgens, F.
Reimann, F.M. Gribble, Single-cell RNA-sequencing reveals a distinct population of
proglucagon-expressing cells specific to the mouse upper small intestine, Molecular
metabolism, 6 (2017) 1296-1303.

[20] L.J. Billing, P. Larraufie, J. Lewis, A. Leiter, J. Li, B. Lam, G.S. Yeo, D.A. Goldspink,
R.G. Kay, F.M. Gribble, F. Reimann, Single cell transcriptomic profiling of large intestinal
enteroendocrine cells in mice - Identification of selective stimuli for insulin-like peptide-5
and glucagon-like peptide-1 co-expressing cells, Mol Metab, 29 (2019) 158-169.

[21] in: K. Verhoeckx, P. Cotter, I. Lopez-Exposito, C. Kleiveland, T. Lea, A. Mackie, T.
Requena, D. Swiatecka, H. Wichers (Eds.) The Impact of Food Bioactives on Health: in vitro
and ex vivo models, Springer, Cham (CH), 2015, pp. 207-238.

[22] D.A. Goldspink, F. Reimann, F.M. Gribble, Models and Tools for Studying
Enteroendocrine Cells, Endocrinology, 159 (2018) 3874-3884.

[23] R.E. Kuhre, N.J. Wewer Albrechtsen, C.F. Deacon, E. Balk-Mgller, J.F. Rehfeld, F.
Reimann, F.M. Gribble, J.J. Holst, Peptide production and secretion in GLUTag, NCI-H716,
and STC-1 cells: a comparison to native L-cells, J Mol Endocrinol, 56 (2016) 201-211.

[24] W.-K. Huang, C. Xie, R.L. Young, J.-B. Zhao, H. Ebendorff-Heidepriem, K.L. Jones,
C.K. Rayner, T.-Z. Wu, Development of innovative tools for investigation of nutrient-gut
interaction, World J Gastroenterol, 26 (2020) 3562-3576.

[25] P. Larraufie, C. Martin-Gallausiaux, N. Lapaque, J. Dore, F.M. Gribble, F. Reimann,
H.M. Blottiere, SCFAs strongly stimulate PY'Y production in human enteroendocrine cells,
Scientific reports, 8 (2018) 74-74.

[26] J. Pinyo, T. Hira, H. Hara, Continuous feeding of a combined high-fat and high-sucrose
diet, rather than an individual high-fat or high-sucrose diet, rapidly enhances the glucagon-
like peptide-1 secretory response to meal ingestion in diet-induced obese rats, Nutrition, 62
(2019) 122-130.

33



[27] J. Schirra, M. Katschinski, C. Weidmann, T. Schafer, U. Wank, R. Arnold, B. Goke,
Gastric emptying and release of incretin hormones after glucose ingestion in humans, J Clin
Invest, 97 (1996) 92-103.

[28] R. Eissele, R. Goke, S. Willemer, H.P. Harthus, H. Vermeer, R. Arnold, B. Goke,
Glucagon-like peptide-1 cells in the gastrointestinal tract and pancreas of rat, pig and man,
Eur J Clin Invest, 22 (1992) 283-291.

[29] J.N. Roberge, P.L. Brubaker, Regulation of intestinal proglucagon-derived peptide
secretion by glucose-dependent insulinotropic peptide in a novel enteroendocrine loop,
Endocrinology, 133 (1993) 233-240.

[30] A.B. Damholt, A.M. Buchan, H. Kofod, Glucagon-like-peptide-1 secretion from canine
L-cells is increased by glucose-dependent-insulinotropic peptide but unaffected by glucose,
Endocrinology, 139 (1998) 2085-2091.

[31] E.W. Sun, D. de Fontgalland, P. Rabbitt, P. Hollington, L. Sposato, S.L. Due, D.A.
Wattchow, C.K. Rayner, A.M. Deane, R.L. Young, D.J. Keating, Mechanisms Controlling
Glucose-Induced GLP-1 Secretion in Human Small Intestine, Diabetes, 66 (2017) 2144-2149.
[32] F. Reimann, F.M. Gribble, Glucose-Sensing in Glucagon-Like Peptide-1-Secreting Cells,
Diabetes, 51 (2002) 2757.

[33] F.M. Gribble, L. Williams, A.K. Simpson, F. Reimann, A Novel Glucose-Sensing
Mechanism Contributing to Glucagon-Like Peptide-1 Secretion From the GLUTag Cell Line,
Diabetes, 52 (2003) 1147.

[34] M.A. Nauck, J. Siemsgliss, C. Orskov, J.J. Holst, Release of glucagon-like peptide 1
(GLP-1 [7-36 amide]), gastric inhibitory polypeptide (GIP) and insulin in response to oral
glucose after upper and lower intestinal resections, Z Gastroenterol, 34 (1996) 159-166.

[35] R.E. Kuhre, F.M. Gribble, B. Hartmann, F. Reimann, J.A. Windelgv, J.F. Rehfeld, J.J.
Holst, Fructose stimulates GLP-1 but not GIP secretion in mice, rats, and humans, Am J
Physiol Gastrointest Liver Physiol, 306 (2014) G622-G630.

[36] K. Tsukiyama, Y. Yamada, K. Miyawaki, A. Hamasaki, K. Nagashima, M. Hosokawa, S.
Fujimoto, A. Takahashi, K. Toyoda, S. Toyokuni, Y. Qiso, Y. Seino, Gastric inhibitory
polypeptide is the major insulinotropic factor in K(ATP) null mice, Eur J Endocrinol, 151
(2004) 407-412.

[37] J.W. Stephens, T.B. Bodvarsdottir, K. Wareham, S.L. Prior, R.M. Bracken, G.D. Lowe,
A. Rumley, G. Dunseath, S. Luzio, C.F. Deacon, J.J. Holst, S.C. Bain, Effects of short-term

therapy with glibenclamide and repaglinide on incretin hormones and oxidative damage

34



associated with postprandial hyperglycaemia in people with type 2 diabetes mellitus,
Diabetes Res Clin Pract, 94 (2011) 199-206.

[38] H. Koepsell, Glucose transporters in the small intestine in health and disease, Pfligers
Archiv - European Journal of Physiology, 472 (2020) 1207-1248.

[39] S. Paternoster, M. Falasca, Dissecting the Physiology and Pathophysiology of Glucagon-
Like Peptide-1, Front Endocrinol (Lausanne), 9 (2018) 584.

[40] A. Tagliavini, M.G. Pedersen, Spatiotemporal Modeling of Triggering and Amplifying
Pathways in GLP-1 Secreting Intestinal L Cells, Biophys J, 112 (2017) 162-171.

[41] X. Song, L. Zhou, H. Xu, F. Wang, G. Liang, L. Zhang, F. Huang, G. Jiang, 3-
Deoxyglucosone interferes with insulin signaling and attenuates insulin action on glucose-
induced GLP-1 secretion in the enteroendocrine L cell line STC-1, Mol Biol Rep, 46 (2019)
4799-4808.

[42] R.F. Margolskee, J. Dyer, Z. Kokrashvili, K.S.H. Salmon, E. llegems, K. Daly, E.L.
Maillet, Y. Ninomiya, B. Mosinger, S.P. Shirazi-Beechey, T1R3 and gustducin in gut sense
sugars to regulate expression of Na+-glucose cotransporter 1, Proc Natl Acad Sci U S A, 104
(2007) 15075-15080.

[43] H.-J. Jang, Z. Kokrashvili, M.J. Theodorakis, O.D. Carlson, B.-J. Kim, J. Zhou, H.H.
Kim, X. Xu, S.L. Chan, M. Juhaszova, M. Bernier, B. Mosinger, R.F. Margolskee, J.M. Egan,
Gut-expressed gustducin and taste receptors regulate secretion of glucagon-like peptide-1,
Proceedings of the National Academy of Sciences, 104 (2007) 15069.

[44] Y. Ohtsu, Y. Nakagawa, M. Nagasawa, S. Takeda, H. Arakawa, I. Kojima, Diverse
signaling systems activated by the sweet taste receptor in human GLP-1-secreting cells, Mol
Cell Endocrinol, 394 (2014) 70-79.

[45] F. Reimann, A.M. Habib, G. Tolhurst, H.E. Parker, G.J. Rogers, F.M. Gribble, Glucose
sensing in L cells: a primary cell study, Cell Metab, 8 (2008) 532-539.

[46] Y. Fujita, R.D. Wideman, M. Speck, A. Asadi, D.S. King, T.D. Webber, M. Haneda, T.J.
Kieffer, Incretin release from gut is acutely enhanced by sugar but not by sweeteners in vivo,
Am J Physiol Endocrinol Metab, 296 (2009) E473-479.

[47] S.Z. Xie, G. Yang, X.M. Jiang, D.Y. Qin, Q.M. Li, X.Q. Zha, L.H. Pan, C.S. Jin, J.P.
Luo, Polygonatum cyrtonema Hua Polysaccharide Promotes GLP-1 Secretion from
Enteroendocrine L-Cells through Sweet Taste Receptor-Mediated cCAMP Signaling, J Agric
Food Chem, 68 (2020) 6864-6872.

35



[48] A.A. van der Klaauw, J.M. Keogh, E. Henning, V.M. Trowse, W.S. Dhillo, M.A. Ghateli,
I.S. Farooqi, High protein intake stimulates postprandial GLP1 and PYYY release, Obesity, 21
(2013) 1602-1607.

[49] S. Broer, S.J. Fairweather, Amino Acid Transport Across the Mammalian Intestine,
Compr Physiol, 9 (2018) 343-373.

[50] H. Daniel, T. Zietek, Taste and move: glucose and peptide transporters in the
gastrointestinal tract, Experimental Physiology, 100 (2015) 1441-1450.

[51] D.A. Groneberg, F. Doring, P.R. Eynott, A. Fischer, H. Daniel, Intestinal peptide
transport: ex vivo uptake studies and localization of peptide carrier PEPT1, Am J Physiol
Gastrointest Liver Physiol, 281 (2001) G697-704.

[52] K. Matsumura, T. Miki, T. Jhomori, T. Gonoi, S. Seino, Possible role of PEPT1 in
gastrointestinal hormone secretion, Biochem Biophys Res Commun, 336 (2005) 1028-1032.
[53] H.J. Dranse, T.M.Z. Waise, S.C. Hamr, P.V. Bauer, M.A. Abraham, B.A. Rasmussen,
T.K.T. Lam, Physiological and therapeutic regulation of glucose homeostasis by upper small
intestinal PepT1-mediated protein sensing, Nat Commun, 9 (2018) 1118.

[54] I.M. Modvig, R.E. Kuhre, J.J. Holst, Peptone-mediated glucagon-like peptide-1
secretion depends on intestinal absorption and activation of basolaterally located Calcium-
Sensing Receptors, Physiol Rep, 7 (2019) e14056-e14056.

[55] O.J. Mace, B. Tehan, F. Marshall, Pharmacology and physiology of gastrointestinal
enteroendocrine cells, Pharmacol Res Perspect, 3 (2015) e00155.

[56] F.M. Gribble, F. Reimann, Enteroendocrine Cells: Chemosensors in the Intestinal
Epithelium, Annu Rev Physiol, 78 (2016) 277-299.

[57] A.D. Conigrave, E.M. Brown, Taste receptors in the gastrointestinal tract. Il. L-amino
acid sensing by calcium-sensing receptors: implications for GI physiology, Am J Physiol
Gastrointest Liver Physiol, 291 (2006) G753-761.

[58] I. Acar, A. Cetinkaya, I. Lay, E. lleri-Gurel, The role of calcium sensing receptors in
GLP-1 and PYY secretion after acute intraduodenal administration of L-Tryptophan in rats,
Nutr Neurosci, 23 (2020) 481-489.

[59] O.J. Mace, M. Schindler, S. Patel, The regulation of K- and L-cell activity by GLUT2
and the calcium-sensing receptor CasR in rat small intestine, J Physiol, 590 (2012) 2917-
2936.

[60] A. Alamshah, E. Spreckley, M. Norton, J.S. Kinsey-Jones, A. Amin, A. Ramgulam, Y.
Cao, R. Johnson, K. Saleh, E. Akalestou, Z. Malik, N. Gonzalez-Abuin, A. Jomard, R.
Amarsi, A. Moolla, P.R. Sargent, G.W. Gray, S.R. Bloom, K.G. Murphy, I-phenylalanine

36



modulates gut hormone release and glucose tolerance, and suppresses food intake through the
calcium-sensing receptor in rodents, Int J Obes (Lond), 41 (2017) 1693-1701.

[61] H. Liu, P. Yi, W. Zhao, Y. Wu, F. Acher, J.-P. Pin, J. Liu, P. Rondard, Illuminating the
allosteric modulation of the calcium-sensing receptor, Proceedings of the National Academy
of Sciences, 117 (2020) 21711-21722.

[62] R. Pais, F.M. Gribble, F. Reimann, Signalling pathways involved in the detection of
peptones by murine small intestinal enteroendocrine L-cells, Peptides, 77 (2016) 9-15.

[63] A.D. Conigrave, S.J. Quinn, E.M. Brown, I-Amino acid sensing by the extracellular
Ca2+-sensing receptor, Proceedings of the National Academy of Sciences, 97 (2000) 4814-
48109.

[64] D.E. Newmire, E. Rivas, S.E. Deemer, D.S. Willoughby, V. Ben-Ezra, The Impact of a
Large Bolus Dose of I-leucine and I-isoleucine on Enteroendocrine and Pancreatic Hormones,
and Glycemia in Healthy, Inactive Adults, Nutrients, 11 (2019) 2650.

[65] O. Rudenko, J. Shang, A. Munk, J.P. Ekberg, N. Petersen, M.S. Engelstoft, K.L. Egerod,
S.A. Hjorth, M. Wu, Y. Feng, Y.P. Zhou, J. Mokrosinski, P. Thams, F. Reimann, F. Gribble,
J.F. Rehfeld, J.J. Holst, J.T. Treebak, A.D. Howard, T.W. Schwartz, The aromatic amino acid
sensor GPR142 controls metabolism through balanced regulation of pancreatic and gut
hormones, Mol Metab, 19 (2019) 49-64.

[66] H.V. Lin, A.M. Efanov, X. Fang, L.S. Beavers, X. Wang, J. Wang, I.C. Gonzalez
Valcarcel, T. Ma, GPR142 Controls Tryptophan-Induced Insulin and Incretin Hormone
Secretion to Improve Glucose Metabolism, PLoS One, 11 (2016) e0157298.

[67] Y. Ueda, H. lwakura, M. Bando, A. Doi, H. Ariyasu, H. Inaba, S. Morita, T. Akamizu,
Differential role of GPR142 in tryptophan-mediated enhancement of insulin secretion in
obese and lean mice, PL0oS One, 13 (2018) e0198762.

[68] A. Mizokami, Y. Yasutake, S. Higashi, T. Kawakubo-Yasukochi, S. Chishaki, I.
Takahashi, H. Takeuchi, M. Hirata, Oral administration of osteocalcin improves glucose
utilization by stimulating glucagon-like peptide-1 secretion, Bone, 69 (2014) 68-79.

[69] P. Rueda, E. Harley, Y. Lu, G.D. Stewart, S. Fabb, N. Diepenhorst, B. Cremers, M.-H.
Rouillon, I. Wehrle, A. Geant, G. Lamarche, K. Leach, W.N. Charman, A. Christopoulos, R.J.
Summers, P.M. Sexton, C.J. Langmead, Murine GPRC6A Mediates Cellular Responses to L-
Amino Acids, but Not Osteocalcin Variants, PloS one, 11 (2016) e0146846-e0146846.

[70] M. Pi, P. Faber, G. Ekema, P.D. Jackson, A. Ting, N. Wang, M. Fontilla-Poole, R.W.
Mays, K.R. Brunden, J.J. Harrington, L.D. Quarles, Identification of a novel extracellular
cation-sensing G-protein-coupled receptor, J Biol Chem, 280 (2005) 40201-40209.

37



[71] P. Wellendorph, K.B. Hansen, A. Balsgaard, J.R. Greenwood, J. Egebjerg, H. Brauner-
Osborne, Deorphanization of GPRC6A: a promiscuous L-alpha-amino acid receptor with
preference for basic amino acids, Mol Pharmacol, 67 (2005) 589-597.

[72] M. Kato, T. Nakanishi, T. Tani, T. Tsuda, Low-molecular fraction of wheat protein
hydrolysate stimulates glucagon-like peptide-1 secretion in an enteroendocrine L cell line and
improves glucose tolerance in rats, Nutr Res, 37 (2017) 37-45.

[73] P. Wellendorph, H. Brauner-Osborne, Molecular basis for amino acid sensing by family
C G-protein-coupled receptors, Br J Pharmacol, 156 (2009) 869-884.

[74] M. Qya, T. Kitaguchi, R. Pais, F. Reimann, F. Gribble, T. Tsuboi, The G protein-
coupled receptor family C group 6 subtype A (GPRCG6A) receptor is involved in amino acid-
induced glucagon-like peptide-1 secretion from GLUTag cells, The Journal of biological
chemistry, 288 (2013) 4513-4521.

[75] H. Wang, K.S. Murthy, J.R. Grider, Expression patterns of I-amino acid receptors in the
murine STC-1 enteroendocrine cell line, Cell and Tissue Research, 378 (2019) 471-483.

[76] R.M. Elliott, L.M. Morgan, J.A. Tredger, S. Deacon, J. Wright, V. Marks, Glucagon-like
peptide-1 (7-36)amide and glucose-dependent insulinotropic polypeptide secretion in
response to nutrient ingestion in man: acute post-prandial and 24-h secretion patterns, J
Endocrinol, 138 (1993) 159-166.

[77] C. Herrmann, R. Goke, G. Richter, H.C. Fehmann, R. Arnold, B. Goke, Glucagon-like
peptide-1 and glucose-dependent insulin-releasing polypeptide plasma levels in response to
nutrients, Digestion, 56 (1995) 117-126.

[78] R.A. Reimer, C. Darimont, S. Gremlich, V. Nicolas-Métral, U.T. Riegg, K. Macé, A
human cellular model for studying the regulation of glucagon-like peptide-1 secretion,
Endocrinology, 142 (2001) 4522-4528.

[79] S.M. Yoder, Q. Yang, T.L. Kindel, P. Tso, Stimulation of incretin secretion by dietary
lipid: is it dose dependent?, Am J Physiol Gastrointest Liver Physiol, 297 (2009) G299-G305.
[80] T. Wu, C.K. Rayner, L.E. Watson, K.L. Jones, M. Horowitz, T.J. Little, Comparative
effects of intraduodenal fat and glucose on the gut-incretin axis in healthy males, Peptides, 95
(2017) 124-127.

[81] I. Kimura, A. Ichimura, R. Ohue-Kitano, M. lgarashi, Free Fatty Acid Receptors in
Health and Disease, Physiol Rev, 100 (2020) 171-210.

[82] R. Kamakura, G.S. Raza, A. Prasannan, J. Walkowiak, K.H. Herzig, Dipeptidyl
peptidase-4 and GLP-1 interplay in STC-1 and GLUTag cell lines, Peptides, 134 (2020)
170419.

38



[83] S. Kato, D. Utsumi, K. Matsumoto, G protein-coupled receptor 40 activation ameliorates
dextran sulfate sodium-induced colitis in mice via the upregulation of glucagon-likepeptide-2,
J Pharmacol Sci, 140 (2019) 144-152.

[84] R. Moodaley, D.M. Smith, I.R. Tough, M. Schindler, H.M. Cox, Agonism of free fatty
acid receptors 1 and 4 generates peptide Y'Y-mediated inhibitory responses in mouse colon,
Br J Pharmacol, 174 (2017) 4508-4522.

[85] M. Hauge, M.A. Vestmar, A.S. Husted, J.P. Ekberg, M.J. Wright, J. Di Salvo, A.B.
Weinglass, M.S. Engelstoft, A.N. Madsen, M. Lickmann, M.W. Miller, M.E. Trujillo, T.M.
Frimurer, B. Holst, A.D. Howard, T.W. Schwartz, GPR40 (FFARL1) - Combined Gs and Gq
signaling in vitro is associated with robust incretin secretagogue action ex vivo and in vivo,
Mol Metab, 4 (2015) 3-14.

[86] J. Qian, Y. Gu, C. Wu, F. Yu, Y. Chen, J. Zhu, X. Yao, C. Bei, Q. Zhu, Agonist-induced
activation of human FFAL receptor signals to extracellular signal-regulated kinase 1 and 2
through Gg- and Gi-coupled signaling cascades, Cell Mol Biol Lett, 22 (2017) 13.

[87] A.-J. Li, Q. Wang, T.T. Dinh, S.M. Simasko, S. Ritter, Mercaptoacetate blocks fatty
acid-induced GLP-1 secretion in male rats by directly antagonizing GPR40 fatty acid
receptors, Am J Physiol Regul Integr Comp Physiol, 310 (2016) R724-R732.

[88] G. Tolhurst, H. Heffron, Y.S. Lam, H.E. Parker, A.M. Habib, E. Diakogiannaki, J.
Cameron, J. Grosse, F. Reimann, F.M. Gribble, Short-chain fatty acids stimulate glucagon-
like peptide-1 secretion via the G-protein-coupled receptor FFAR2, Diabetes, 61 (2012) 364-
371.

[89] I.R. Tough, S. Forbes, H. Herzog, R.M. Jones, T.W. Schwartz, H.M. Cox, Bidirectional
GPR119 Agonism Requires Peptide Y'Y and Glucose for Activity in Mouse and Human
Colon Mucosa, Endocrinology, 159 (2018) 1704-1717.

[90] I.R. Tough, S. Forbes, H.M. Cox, Signaling of free fatty acid receptors 2 and 3 differs in
colonic mucosa following selective agonism or coagonism by luminal propionate,
Neurogastroenterol Motil, 30 (2018) e13454.

[91] M. Gurung, Z. Li, H. You, R. Rodrigues, D.B. Jump, A. Morgun, N. Shulzhenko, Role
of gut microbiota in type 2 diabetes pathophysiology, EBioMedicine, 51 (2020) 102590.

[92] B.O. Schroeder, F. Backhed, Signals from the gut microbiota to distant organs in
physiology and disease, Nature Medicine, 22 (2016) 1079-1089.

[93] P.D. Cani, C. Knauf, How gut microbes talk to organs: The role of endocrine and
nervous routes, Molecular Metabolism, 5 (2016) 743-752.

39



[94] F. Sommer, F. Backhed, The gut microbiota — masters of host development and
physiology, Nature Reviews Microbiology, 11 (2013) 227-238.

[95] N. Petersen, F. Reimann, S. Bartfeld, H.F. Farin, F.C. Ringnalda, R.G. Vries, S. van den
Brink, H. Clevers, F.M. Gribble, E.J. de Koning, Generation of L cells in mouse and human
small intestine organoids, Diabetes, 63 (2014) 410-420.

[96] L. Brooks, A. Viardot, A. Tsakmaki, E. Stolarczyk, J.K. Howard, P.D. Cani, A. Everard,
M.L. Sleeth, A. Psichas, J. Anastasovskaj, J.D. Bell, K. Bell-Anderson, C.R. Mackay, M.A.
Ghatei, S.R. Bloom, G. Frost, G.A. Bewick, Fermentable carbohydrate stimulates FFAR2-
dependent colonic PY'Y cell expansion to increase satiety, Mol Metab, 6 (2017) 48-60.

[97] C.B. Christiansen, M.B.N. Gabe, B. Svendsen, L.O. Dragsted, M.M. Rosenkilde, J.J.
Holst, The impact of short-chain fatty acids on GLP-1 and PYY secretion from the isolated
perfused rat colon, Am J Physiol Gastrointest Liver Physiol, 315 (2018) G53-g65.

[98] J.L. Pluznick, R.J. Protzko, H. Gevorgyan, Z. Peterlin, A. Sipos, J. Han, I. Brunet, L.-X.
Wan, F. Rey, T. Wang, S.J. Firestein, M. Yanagisawa, J.I. Gordon, A. Eichmann, J. Peti-
Peterdi, M.J. Caplan, Olfactory receptor responding to gut microbiota-derived signals plays a
role in renin secretion and blood pressure regulation, Proceedings of the National Academy
of Sciences, 110 (2013) 4410-4415.

[99] M. Thangaraju, G.A. Cresci, K. Liu, S. Ananth, J.P. Gnanaprakasam, D.D. Browning,
J.D. Mellinger, S.B. Smith, G.J. Digby, N.A. Lambert, P.D. Prasad, V. Ganapathy, GPR109A
is a G-protein-coupled receptor for the bacterial fermentation product butyrate and functions
as a tumor suppressor in colon, Cancer Res, 69 (2009) 2826-2832.

[100] M. Muller, M.A.G. Hernandez, G.H. Goossens, D. Reijnders, J.J. Holst, J.W.E. Jocken,
H. van Eijk, E.E. Canfora, E.E. Blaak, Circulating but not faecal short-chain fatty acids are
related to insulin sensitivity, lipolysis and GLP-1 concentrations in humans, Sci Rep, 9 (2019)
12515.

[101] H.A. Overton, A.J. Babbs, S.M. Doel, M.C. Fyfe, L.S. Gardner, G. Griffin, H.C.
Jackson, M.J. Procter, C.M. Rasamison, M. Tang-Christensen, P.S. Widdowson, G.M.
Williams, C. Reynet, Deorphanization of a G protein-coupled receptor for
oleoylethanolamide and its use in the discovery of small-molecule hypophagic agents, Cell
Metab, 3 (2006) 167-175.

[102] K.B. Hansen, M.M. Rosenkilde, F.K. Knop, N. Wellner, T.A. Diep, J.F. Rehfeld, U.B.
Andersen, J.J. Holst, H.S. Hansen, 2-Oleoyl Glycerol Is a GPR119 Agonist and Signals GLP-
1 Release in Humans, The Journal of Clinical Endocrinology & Metabolism, 96 (2011)
E1409-E1417.

40



[103] J.H. Ekberg, M. Hauge, L.V. Kristensen, A.N. Madsen, M.S. Engelstoft, A.S. Husted,
R. Sichlau, K.L. Egerod, P. Timshel, T.J. Kowalski, F.M. Gribble, F. Reiman, H.S. Hansen,
A.D. Howard, B. Holst, T.W. Schwartz, GPR119, a Major Enteroendocrine Sensor of Dietary
Triglyceride Metabolites Coacting in Synergy With FFAL1 (GPR40), Endocrinology, 157
(2016) 4561-4569.

[104] M. Ellrichmann, M. Kapelle, P.R. Ritter, J.J. Holst, K.H. Herzig, W.E. Schmidt, F.
Schmitz, J.J. Meier, Orlistat inhibition of intestinal lipase acutely increases appetite and
attenuates postprandial glucagon-like peptide-1-(7-36)-amide-1, cholecystokinin, and peptide
Y'Y concentrations, J Clin Endocrinol Metab, 93 (2008) 3995-3998.

[105] S. Beglinger, J. Drewe, J. Schirra, B. Goke, M. D'Amato, C. Beglinger, Role of fat
hydrolysis in regulating glucagon-like Peptide-1 secretion, J Clin Endocrinol Metab, 95
(2010) 879-886.

[106] A. Pilichiewicz, D. O'Donovan, C. Feinle, Y. Lei, J.M. Wishart, L. Bryant, J.H. Meyer,
M. Horowitz, K.L. Jones, Effect of lipase inhibition on gastric emptying of, and the glycemic
and incretin responses to, an oil/aqueous drink in type 2 diabetes mellitus, J Clin Endocrinol
Metab, 88 (2003) 3829-3834.

[107] F.Y. Eng, T. Ones, H.L. Akin, F. Dede, H.T. Turoglu, G. Ulfer, N. Bekiroglu, G.
Haklar, J.F. Rehfeld, J.J. Holst, N.B. Ulusoy, N. Imerytz, Orlistat accelerates gastric
emptying and attenuates GIP release in healthy subjects, Am J Physiol Gastrointest Liver
Physiol, 296 (2009) G482-489.

[108] C.M. Paton, Y. Son, R.A. Vaughan, J.A. Cooper, Free Fatty Acid-Induced Peptide YY
Expression Is Dependent on TG Synthesis Rate and Xbp1 Splicing, Int J Mol Sci, 21 (2020).
[109] A. Psichas, P.F. Larraufie, D.A. Goldspink, F.M. Gribble, F. Reimann, Chylomicrons
stimulate incretin secretion in mouse and human cells, Diabetologia, 60 (2017) 2475-2485.
[110] W.J. Lu, Q. Yang, L. Yang, D. Lee, D. D'Alessio, P. Tso, Chylomicron formation and
secretion is required for lipid-stimulated release of incretins GLP-1 and GIP, Lipids, 47 (2012)
571-580.

[111] L.W. Christensen, R.E. Kuhre, C. Janus, B. Svendsen, J.J. Holst, Vascular, but not
luminal, activation of FFAR1 (GPR40) stimulates GLP-1 secretion from isolated perfused rat
small intestine, Physiol Rep, 3 (2015) e12551.

[112] H.E. Parker, K. Wallis, C.W. le Roux, K.Y. Wong, F. Reimann, F.M. Gribble,
Molecular mechanisms underlying bile acid-stimulated glucagon-like peptide-1 secretion, Br
J Pharmacol, 165 (2012) 414-423.

41



[113] S. Katsuma, A. Hirasawa, G. Tsujimoto, Bile acids promote glucagon-like peptide-1
secretion through TGRS in a murine enteroendocrine cell line STC-1, Biochem Biophys Res
Commun, 329 (2005) 386-390.

[114] A. Brgnden, A. Albér, U. Rohde, L.S. Gasbjerg, J.F. Rehfeld, J.J. Holst, T. Vilsbgll,
F.K. Knop, The bile acid-sequestering resin sevelamer eliminates the acute GLP-1
stimulatory effect of endogenously released bile acids in patients with type 2 diabetes,
Diabetes Obes Metab, 20 (2018) 362-369.

[115] C.A. Brighton, J. Rievaj, R.E. Kuhre, L.L. Glass, K. Schoonjans, J.J. Holst, F.M.
Gribble, F. Reimann, Bile Acids Trigger GLP-1 Release Predominantly by Accessing
Basolaterally Located G Protein-Coupled Bile Acid Receptors, Endocrinology, 156 (2015)
3961-3970.

[116] B.V. Jones, M. Begley, C. Hill, C.G. Gahan, J.R. Marchesi, Functional and
comparative metagenomic analysis of bile salt hydrolase activity in the human gut
microbiome, Proc Natl Acad Sci U S A, 105 (2008) 13580-13585.

[117] C.G. Barnes, Hypoglycaemia following partial gastrectomy; report of three cases,
Lancet, 2 (1947) 536-539.

[118] Y.M. Goh, Z. Toumi, R.S. Date, Surgical cure for type 2 diabetes by foregut or hindgut
operations: a myth or reality? A systematic review, Surg Endosc, 31 (2017) 25-37.

[119] S. Kodama, K. Fujihara, C. Horikawa, M. Harada, H. Ishiguro, M. Kaneko, K.
Furukawa, Y. Matsubayashi, S. Matsunaga, H. Shimano, S. Tanaka, K. Kato, H. Sone,
Network meta-analysis of the relative efficacy of bariatric surgeries for diabetes remission,
Obes Rev, 19 (2018) 1621-1629.

[120] D. Gandhi, U. Boregowda, P. Sharma, K. Ahuja, N. Jain, K. Khanna, N. Gupta, A
review of commonly performed bariatric surgeries: Imaging features and its complications,
Clin Imaging, 72 (2021) 122-135.

[121] F. Li, Y. Peng, M. Zhang, P. Yang, S. Qu, Sleeve gastrectomy activates the GLP-1
pathway in pancreatic 3 cells and promotes GLP-1-expressing cells differentiation in the
intestinal tract, Mol Cell Endocrinol, 436 (2016) 33-40.

[122] C. Martinussen, K.N. Bojsen-Mgller, C. Dirksen, M.S. Svane, V.B. Kristiansen, B.
Hartmann, J.J. Holst, S. Madsbad, Augmented GLP-1 Secretion as Seen After Gastric Bypass
May Be Obtained by Delaying Carbohydrate Digestion, J Clin Endocrinol Metab, 104 (2019)
3233-3244.

42



[123] S. Steensels, M. Lannoo, B. Avau, J. Laermans, L. Vancleef, R. Farré, K. Verbeke, I.
Depoortere, The role of nutrient sensing in the metabolic changes after gastric bypass surgery,
J Endocrinol, 232 (2017) 363-376.

[124] R.L. Batterham, D.E. Cummings, Mechanisms of Diabetes Improvement Following
Bariatric/Metabolic Surgery, Diabetes Care, 39 (2016) 893-901.

[125] W. Wang, Z. Cheng, Y. Wang, Y. Dai, X. Zhang, S. Hu, Role of Bile Acids in Bariatric
Surgery, Front Physiol, 10 (2019) 374-374.

[126] J.B. Cavin, A. Couvelard, R. Lebtahi, R. Ducroc, K. Arapis, E. Voitellier, F. Cluzeaud,
L. Gillard, M. Hourseau, N. Mikail, L. Ribeiro-Parenti, N. Kapel, J.P. Marmuse, A. Bado, M.
Le Gall, Differences in Alimentary Glucose Absorption and Intestinal Disposal of Blood
Glucose After Roux-en-Y Gastric Bypass vs Sleeve Gastrectomy, Gastroenterology, 150
(2016) 454-464.e459.

[127] M.B. Mumphrey, Z. Hao, R.L. Townsend, L.M. Patterson, H.-R. Berthoud, Sleeve
Gastrectomy Does Not Cause Hypertrophy and Reprogramming of Intestinal Glucose
Metabolism in Rats, Obesity Surgery, 25 (2015) 1468-1473.

[128] P. Larraufie, G.P. Roberts, A.K. McGavigan, R.G. Kay, J. Li, A. Leiter, A. Melvin,
E.K. Biggs, P. Ravn, K. Davy, D.C. Hornigold, G.S.H. Yeo, R.H. Hardwick, F. Reimann,
F.M. Gribble, Important Role of the GLP-1 Axis for Glucose Homeostasis after Bariatric
Surgery, Cell Rep, 26 (2019) 1399-1408.e1396.

[129] C. Zhang, K. Rigbolt, S.L. Petersen, L.C. Biehl Rudkjeer, U. Schwahn, M.L.
Fernandez-Cachon, M. Bossart, M. Falkenhahn, S. Theis, T. Hibschle, T. Schmidt, P. Just
Larsen, N. Vrang, J. Jelsing, The preprohormone expression profile of enteroendocrine cells
following Roux-en-Y gastric bypass in rats, Peptides, 118 (2019) 170100.

[130] P. Noparatayaporn, M. Thavorncharoensap, U. Chaikledkaew, B.S. Bagepally, A.
Thakkinstian, Incremental Net Monetary Benefit of Bariatric Surgery: Systematic Review
and Meta-Analysis of Cost-Effectiveness Evidences, Obes Surg, (2021).

[131] Z. Jiang, G. Zhang, J. Huang, C. Shen, Z. Cai, X. Yin, Y. Yin, B. Zhang, A systematic
review of body contouring surgery in post-bariatric patients to determine its prevalence,
effects on quality of life, desire, and barriers, Obes Rev, 22 (2021) e13201.

[132] J.P. Frias, M.A. Nauck, J. Van, M.E. Kutner, X. Cui, C. Benson, S. Urva, R.E. Gimeno,
Z. Milicevic, D. Robins, A. Haupt, Efficacy and safety of LY 3298176, a novel dual GIP and
GLP-1 receptor agonist, in patients with type 2 diabetes: a randomised, placebo-controlled
and active comparator-controlled phase 2 trial, Lancet, 392 (2018) 2180-2193.

43



[133] E. Lazzaroni, M. Ben Nasr, C. Loretelli, I. Pastore, L. Plebani, M.E. Lunati, L. Vallone,
A.M. Bolla, A. Rossi, L. Montefusco, E. Ippolito, C. Berra, F. D’ Addio, G.V. Zuccotti, P.
Fiorina, Anti-diabetic drugs and weight loss in patients with type 2 diabetes, Pharmacological
Research, 171 (2021) 105782.

[134] E.A. Killion, J. Wang, J. Yie, S.D.-H. Shi, D. Bates, X. Min, R. Komorowski, T. Hager,
L. Deng, L. Atangan, S.-C. Lu, R.J.M. Kurzeja, G. Sivits, J. Lin, Q. Chen, Z. Wang, S.A.
Thibault, C.M. Abbott, T. Meng, B. Clavette, C.M. Murawsky, I.N. Foltz, J.B. Rottman, C.
Hale, M.M. Véniant, D.J. Lloyd, Anti-obesity effects of GIPR antagonists alone and in
combination with GLP-1R agonists in preclinical models, Science Translational Medicine, 10
(2018) eaat3392.

[135] J.J. Holst, M.M. Rosenkilde, GIP as a Therapeutic Target in Diabetes and Obesity:
Insight From Incretin Co-agonists, The Journal of Clinical Endocrinology & Metabolism, 105
(2020) €2710-e2716.

[136] C.J. Bailey, GIP analogues and the treatment of obesity-diabetes, Peptides, 125 (2020)
170202.

[137] T. Ackerson, A. Amberg, J. Atzrodt, C. Arabeyre, E. Defossa, M. Dorau, A. Dudda, J.
Dwyer, W. Holla, T. Kissner, M. Kohlmann, U. Kirzel, J. Panczél, S. Rajanna, J. Riedel, F.
Schmidt, K. Wése, D. Weitz, V. Derdau, Mechanistic investigations of the liver toxicity of
the free fatty acid receptor 1 agonist fasiglifam (TAK875) and its primary metabolites, J
Biochem Mol Toxicol, 33 (2019) e22345.

[138] M.J. Pachanski, M.E. Kirkland, D.T. Kosinski, J. Mane, B. Cheewatrakoolpong, J. Xue,
D. Szeto, G. Forrest, C. Miller, M. Bunzel, C.W. Plummer, H.R. Chobanian, M.W. Miller, S.
Souza, B.S. Thomas-Fowlkes, A.M. Ogawa, A.B. Weinglass, J. Di Salvo, X. Li, Y. Feng,
D.A. Tatosian, A.D. Howard, S.L. Colletti, M.E. Trujillo, GPR40 partial agonists and
AgoPAMs: Differentiating effects on glucose and hormonal secretions in the rodent, PLoS
One, 12 (2017) e0186033.

[139] H. Ueno, R. Ito, S.-i. Abe, M. Ookawara, H. Miyashita, H. Ogino, Y. Miyamoto, T.
Yoshihara, A. Kobayashi, Y. Tsujihata, K. Takeuchi, M. Watanabe, Y. Yamada, T. Maekawa,
N. Nishigaki, Y. Moritoh, SCO-267, a GPR40 Full Agonist, Improves Glycemic and Body
Weight Control in Rat Models of Diabetes and Obesity, Journal of Pharmacology and
Experimental Therapeutics, 370 (2019) 172-181.

[140] A.G. McCloskey, M.G. Miskelly, P.R. Flatt, A.M. McKillop, Pharmacological
potential of novel agonists for FFAR4 on islet and enteroendocrine cell function and glucose
homeostasis, Eur J Pharm Sci, 142 (2020) 105104.

44



[141] L. Sundstrom, S. Myhre, M. Sundgvist, A. Ahnmark, W. McCoull, P. Raubo, S.D.
Groombridge, M. Polla, A.C. Nystrom, L. Kristensson, M. Nagard, M.S. Winzell, The acute
glucose lowering effect of specific GPR120 activation in mice is mainly driven by glucagon-
like peptide 1, PLoS One, 12 (2017) e0189060.

[142] O.G. Chepurny, G.G. Holz, M.W. Roe, C.A. Leech, GPR119 Agonist AS1269574
Activates TRPAL Cation Channels to Stimulate GLP-1 Secretion, Mol Endocrinol, 30 (2016)
614-629.

[143] K. Matsumoto, T. Yoshitomi, Y. Ishimoto, N. Tanaka, K. Takahashi, A. Watanabe, K.
Chiba, DS-8500a, an Orally Available G Protein-Coupled Receptor 119 Agonist, Upregulates
Glucagon-Like Peptide-1 and Enhances Glucose-Dependent Insulin Secretion and Improves
Glucose Homeostasis in Type 2 Diabetic Rats, J Pharmacol Exp Ther, 367 (2018) 509-517.
[144] L.N. Tyurenkov, D.V. Kurkin, D.A. Bakulin, E.V. Volotova, M.A. Chafeev, A.V.
Smirnov, E.I. Morkovin, ZB-16, a Novel GPR119 Agonist, Relieves the Severity of
Streptozotocin-Nicotinamide-Induced Diabetes in Rats, Frontiers in endocrinology, 8 (2017)
152-152.

[145] Y.H. Park, H.H. Choi, D.H. Lee, S.Y. Chung, N.Y. Yang, D.H. Kim, M.K. Ju, T.D.
Han, S.Y. Nam, K.W. Kim, YH18421, a novel GPR119 agonist exerts sustained glucose
lowering and weight loss in diabetic mouse model, Arch Pharm Res, 40 (2017) 772-782.
[146] Y. Huan, Q. Jiang, G. Li, G. Bai, T. Zhou, S. Liu, C. Li, Q. Liu, S. Sun, M. Yang, N.
Guo, X. Wang, S. Wang, Y. Liu, G. Wang, H. Huang, Z. Shen, The dual DPP4 inhibitor and
GPR119 agonist HBKO001 regulates glycemic control and beta cell function ex and in vivo,
Scientific Reports, 7 (2017) 4351.

[147] M.L. Lund, G. Sorrentino, K.L. Egerod, C. Kroone, B. Mortensen, F.K. Knop, F.
Reimann, F.M. Gribble, D.J. Drucker, E.J.P. de Koning, K. Schoonjans, F. Backhed, T.W.
Schwartz, N. Petersen, L-Cell Differentiation Is Induced by Bile Acids Through GPBAR1
and Paracrine GLP-1 and Serotonin Signaling, Diabetes, 69 (2020) 614-623.

[148] M. Lasalle, V. Hoguet, N. Hennuyer, F. Leroux, C. Piveteau, L. Belloy, S. Lestavel, E.
Vallez, E. Dorchies, I. Duplan, E. Sevin, M. Culot, F. Gosselet, R. Boulahjar, A. Herledan, B.
Staels, B. Deprez, A. Tailleux, J. Charton, Topical Intestinal Aminoimidazole Agonists of G-
Protein-Coupled Bile Acid Receptor 1 Promote Glucagon Like Peptide-1 Secretion and
Improve Glucose Tolerance, J Med Chem, 60 (2017) 4185-4211.

[149] D.R. Powell, M.G. Smith, D.D. Doree, A.L. Harris, J. Greer, C.M. DaCosta, A.
Thompson, S. Jeter-Jones, W. Xiong, K.G. Carson, N.C. Goodwin, B.A. Harrison, D.B.
Rawlins, E.D. Strobel, S. Gopinathan, A. Wilson, F. Mseeh, B. Zambrowicz, Z.M. Ding,

45



LX2761, a Sodium/Glucose Cotransporter 1 Inhibitor Restricted to the Intestine, Improves
Glycemic Control in Mice, J Pharmacol Exp Ther, 362 (2017) 85-97.

[150] Z. Li, C. Liu, Z. Zhou, L. Hu, L. Deng, Q. Ren, H. Qian, A novel FFAL agonist,
CPU025, improves glucose-lipid metabolism and alleviates fatty liver in obese-diabetic
(ob/ob) mice, Pharmacological Research, 153 (2020) 104679.

[151] Z. Li, Z. Zhou, L. Hu, L. Deng, Q. Ren, L. Zhang, ZLY032, the first-in-class dual
FFA1/PPARS agonist, improves glucolipid metabolism and alleviates hepatic fibrosis,
Pharmacological Research, 159 (2020) 105035.

[152] F.-F. Chen, J.-T. Wang, L.-X. Zhang, S.-F. Xing, Y.-X. Wang, K. Wang, S.-L. Deng,
J.-Q. Zhang, L. Tang, H.-S. Wu, Oleanolic acid derivative DKS26 exerts antidiabetic and
hepatoprotective effects in diabetic mice and promotes glucagon-like peptide-1 secretion and
expression in intestinal cells, Br J Pharmacol, 174 (2017) 2912-2928.

[153] S. Guo, T. Yan, L. Shi, A. Liu, T. Zhang, Y. Xu, W. Jiang, Q. Yang, L. Yang, L. Liu, R.
Zhao, S. Zhang, Matrine, as a CaSR agonist promotes intestinal GLP-1 secretion and
improves insulin resistance in diabetes mellitus, Phytomedicine, 84 (2021) 153507.

[154] M. Kato, S. Nishikawa, A. Ikehata, K. Dochi, T. Tani, T. Takahashi, A. Imaizumi, T.
Tsuda, Curcumin improves glucose tolerance via stimulation of glucagon-like peptide-1
secretion, Mol Nutr Food Res, 61 (2017).

[155] T. Nagasawa, H. Nakamichi, Y. Hama, S. Higashiyama, Y. Igarashi, S. Mitsutake,
Phytosphingosine is a novel activator of GPR120, J Biochem, 164 (2018) 27-32.

[156] E.Y. Park, E.H. Kim, C.Y. Kim, M.H. Kim, J.S. Choung, Y.S. Oh, H.S. Moon, H.S.
Jun, Angelica dahurica Extracts Improve Glucose Tolerance through the Activation of
GPR119, PLoS One, 11 (2016) e0158796.

[157] C. Patibandla, Z.1. Khan, L. MacGregor, M.J. Campbell, S. Patterson, Costus pictus D.
Don leaf extract stimulates GLP-1 secretion from GLUTag L-cells and has cytoprotective
effects in BRIN-BD11 B-cells, J Ethnopharmacol, 260 (2020) 112970.

[158] T. Tani, S. Nishikawa, M. Kato, T. Tsuda, Delphinidin 3-rutinoside-rich blackcurrant
extract ameliorates glucose tolerance by increasing the release of glucagon-like peptide-1
secretion, Food Sci Nutr, 5 (2017) 929-933.

[159] A. Artasensi, A. Pedretti, G. Vistoli, L. Fumagalli, Type 2 Diabetes Mellitus: A Review
of Multi-Target Drugs, Molecules, 25 (2020) 1987.

[160] S. Satapati, Y. Qian, M.S. Wu, A. Petrov, G. Dai, S.P. Wang, Y. Zhu, X. Shen, E.S.
Muise, Y. Chen, E. Zycband, A. Weinglass, J. Di Salvo, J.S. Debenham, J.M. Cox, P. Lan, V.
Shah, S.F. Previs, M. Erion, D.E. Kelley, L. Wang, A.D. Howard, J. Shang, GPR120

46



suppresses adipose tissue lipolysis and synergizes with GPR40 in antidiabetic efficacy, J
Lipid Res, 58 (2017) 1561-1578.

[161] S.H. Ahn, S.Y. Park, J.E. Baek, S.Y. Lee, W.Y. Baek, S.Y. Lee, Y.S. Lee, H.J. Yoo, H.
Kim, S.H. Lee, D.S. Im, S.K. Lee, B.J. Kim, J.M. Koh, Free Fatty Acid Receptor 4 (GPR120)
Stimulates Bone Formation and Suppresses Bone Resorption in the Presence of Elevated n-3
Fatty Acid Levels, Endocrinology, 157 (2016) 2621-2635.

[162] M. Lu, B. Leng, X. He, Z. Zhang, H. Wang, F. Tang, Calcium Sensing Receptor-
Related Pathway Contributes to Cardiac Injury and the Mechanism of Astragaloside IV on
Cardioprotection, Front Pharmacol, 9 (2018) 1163-1163.

[163] C. Seifarth, J. Bergmann, J.J. Holst, R. Ritzel, W. Schmiegel, M.A. Nauck, Prolonged
and enhanced secretion of glucagon-like peptide 1 (7-36 amide) after oral sucrose due to
alpha-glucosidase inhibition (acarbose) in Type 2 diabetic patients, Diabet Med, 15 (1998)
485-491.

[164] K. Hicking, Z. Kostic, C. Pox, R. Ritzel, J.J. Holst, W. Schmiegel, M.A. Nauck, alpha-
Glucosidase inhibition (acarbose) fails to enhance secretion of glucagon-like peptide 1 (7-36
amide) and to delay gastric emptying in Type 2 diabetic patients, Diabet Med, 22 (2005) 470-
476.

[165] K. Takebayashi, T. Inukai, Effect of Sodium Glucose Cotransporter 2 Inhibitors With
Low SGLT2/SGLT1 Selectivity on Circulating Glucagon-Like Peptide 1 Levels in Type 2
Diabetes Mellitus, J Clin Med Res, 9 (2017) 745-753.

[166] L.J. McCreight, C.J. Bailey, E.R. Pearson, Metformin and the gastrointestinal tract,
Diabetologia, 59 (2016) 426-435.

[167] E. Bahne, E.W.L. Sun, R.L. Young, M. Hansen, D.P. Sonne, J.S. Hansen, U. Rohde,
A.P. Liou, M.L. Jackson, D. de Fontgalland, P. Rabbitt, P. Hollington, L. Sposato, S. Due,
D.A. Wattchow, J.F. Rehfeld, J.J. Holst, D.J. Keating, T. Vilsbgll, F.K. Knop, Metformin-
induced glucagon-like peptide-1 secretion contributes to the actions of metformin in type 2
diabetes, JCI Insight, 3 (2018).

[168] A. Beloqui, M. Alhouayek, D. Carradori, K. Vanvarenberg, G.G. Muccioli, P.D. Cani,
V. Préat, A Mechanistic Study on Nanoparticle-Mediated Glucagon-Like Peptide-1 (GLP-1)
Secretion from Enteroendocrine L Cells, Mol Pharm, 13 (2016) 4222-4230.

[169] N. Shrestha, O. Bouttefeux, K. Vanvarenberg, P. Lundquist, J. Cunarro, S. Tovar, G.
Khodus, E. Andersson, V. Keita A, C. Gonzalez Dieguez, P. Artursson, V. Préat, A. Beloqui,
The stimulation of GLP-1 secretion and delivery of GLP-1 agonists via nanostructured lipid
carriers, Nanoscale, 10 (2018) 603-613.

47



[170] Y. Xu, D. Carradori, M. Alhouayek, G.G. Muccioli, P.D. Cani, V. Préat, A. Beloqui,
Size Effect on Lipid Nanocapsule-Mediated GLP-1 Secretion from Enteroendocrine L Cells,
Mol Pharm, 15 (2018) 108-115.

[171] Y. Xu, H. De Keersmaecker, K. Braeckmans, S. De Smedt, P.D. Cani, V. Préat, A.
Beloqui, Targeted nanoparticles towards increased L cell stimulation as a strategy to improve
oral peptide delivery in incretin-based diabetes treatment, Biomaterials, 255 (2020) 120209.
[172] A. Beloqui, M. Solinis, A.R. Gascon, A. del Pozo-Rodriguez, A. des Rieux, V. Préat,
Mechanism of transport of saquinavir-loaded nanostructured lipid carriers across the
intestinal barrier, J Control Release, 166 (2013) 115-123.

CRediT authorship contribution statement

Kok-Hou Lok: Conceptualization, Writing — Original Draft;Nicholas J Wareham:
Validation, Writing — Review & Editing. Rajesh Sreedharan Nair: Writing — Review &
Editing. Chee Wun How: Writing — Review & Editing . Lay-Hong Chuah: Funding
Acquisition, Project Administration, Writing — Review & Editing, Supervision,
Visualization

Declaration of Competing Interest

The authors declare no conflict of interest.

Graphical abstract

Dietary Nutrients

b N,
% _4
W - S,
". ‘ (‘""-M—}"' R

SRRy L Digestion (1 y N
¢ O L Entesoend _.,.,.,.\‘ &
’ i Nutrient f“ n 4 e
oS R ‘ Sensing “:3,." === | L-Cells-Based
s v ’,@’ e \ ¥eo ‘ / Therapeutic
Carbohydrates Proterms : ~ Approaches

Bariatric Surgery

| Gastrointestinal Peptides

| /. Secretion

!« Glucagon-Like Pepride-|

*  Ghucose Dependent
Insulinotropic Polypeptide

" ¥ (," *  Orher Gastrointestimal Hommones
\{ :.Y’ ’ "~y y
(] WY |/ ] S
N ( Research and Development

48





