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Abstract: Two modes of incretin-based therapy, incretin mimetics (ie, glucagon-like peptide-1 (GLP-1) agonists) and incretin enhancers
(ie, inhibitors of dipeptidyl peptidase IV (DPP-1V)), have recently been introduced into the clinical use. From the viewpoint of evolu-
tionary endocrinology of GLP-1 and their receptors, the incretin action of GLP-1 seems to be relatively recent. Exendin-3 and exendin-4
are paralogs of GLP-1 from the lizards, and the synthetic exendin-4, exenatide, is a paralog of GLP-1. It has recently been indicated
that GLP-1 and its receptor are expressed in the taste buds of the tongue, suggesting their possible function in the taste sensing signal
pathway. In order to elucidate unknown functions of GLP-1 and its agonists and enhancers, ie, other than incretin actions in humans, it
is possibly useful to consider GLP-1 from the viewpoint of integrated systems biology and evolutionary endocrinology.
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Introduction

Over 100 years have passed since the discovery of the
incretin concept, two guthormones, glucose-dependent
insulinotropic polypeptide (GIP) and glucagon-like
peptide-1 (GLP-1), have been shown to act as incre-
tins.! Two novel classes of incretin-based antidiabetic
medications have been introduced into the clinical
use: the first representatives of these classes were
incretin mimetics (GLP-1 agonists), such as exenatide
and liraglutide. The second one is incretin enhancers
(inhibitors of dipeptidyl peptidase IV(DPP-IV), such
as sitagliptin and vildagliptin.? In this minireview, we
consider the evolution of GLP-1 and their receptors as
well as GLP-1 agonists (exendin-4) and its receptors
from the viewpoint of integrated systems biology and
evolutionary endocrinology.’

Evolution of GLP-1 and its receptors
Evolution of ligands
GLP-1 is one of the peptide hormones encoded by
the proglucagon gene, the others being glucagon and
GLP-2 (Fig. 1). The proglucagon and GIP genes are
both members of secretin-like hormones family.**
Separate genes for proglucagon and GIP were likely
produced during a whole genome duplication that
occurred very early in vertebrate evolution®”’ (Fig. 2).
The sequence of GLP-1 is highly variable. The
three peptides, glucagon, GLP-1 and GLP-2 originated
before the earliest divergence of vertebrate species,
and glucagon diverged first, nearly 1 billion years ago
whole GLP-1 and GLP-2 diverged from each other
approximately 600 million years ago, just before the
divergence of earliest vertebrate lineages.*”’
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In contrast to mammals, there are multiple GLP-1
paralogs (ie, products of similar genes arising from
a gene duplication),® in the frog and venomous liz-
ard Gila monster (Heloderma suspectum) (Fig. 3).>1°
Exendin-3 and exendin-4 are paralogs of GLP-1 from
the lizards; one is highly similar to other vertebrate
GLP-1 s, and a second peptide known as exendin-4
has weaker similarity and is found to be expressed
only in the saliva glands.""'* In contrast, exendin-1
and exendin-2 (ie, helodermin) have similarit to VIP
(vasoactive intestinal polypeptide) and PACAP (Pitu-
itary Adenylate Cyclase-Activating Polypeptide).'!*

Exendin-4 is one of them isolated from H. sus-
pectum, which has weak similarity to other vertebral
GLP-1 and has unique feature of being highly stable
to degradation by DPP-IV.""° The synthetic exendin-4,
named as exenatide, was the first approved GLP-1
“analog” for clinical use in humans in 2005 in the
United States and 2010 in Japan.'? Exactly, exenatide
is not an analog of GLP-1, but a paraolog.?

The sequence of glucagon is relatively conserved
among vertebrates.””’ Furthermore, the function of
glucagon is similar, like that of insulin, among verte-
brates, ie, as the counter-regulatory hormone to insu-
lin, stimulating glycogenolysis and gluconeogenesis
in the liver.>!

GLP-1 seems to have the opposite physiological roles
in fish and mammals. In contrast to mammals, where
GLP-1 acts through the pancreatic islets to increase
insulin release, causing a decrease in blood glucose, in
fish, GLP-1, which is released from both intestinal and
pancreatic cells, acts directly on the liver causing the
release of glucose into the blood like glucagon.**1°

Proglucagon PC1/3
Glicentin GLP-1 IP-2 GLP-2
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Figure 1. Processing of proglucagon in the pancreas (left panel) and the intestine (right panel).
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Figure 2. Evolution of incretin (GLP-1 and GIP) and its receptors.

Abbreviations: GLP-1, glucagon-like peptide-1; GIP, glucose-dependent insulinotropic polypeptide.

Therefore, it is considered that GLP-1 acquired the
incretin role after the divergence of fish and mammal.
The function of GLP-2 is known in mammals, where
it acts as an intestinal growth factor. In fish, the bio-
logical function of GLP-2 is unknown, but it dose not
act like glucagon or GLP-1.41°

Although the GIP and GLP-1 are equally
redundant, the rate of evolution of GLP-1 is
slower than that of GIP, possibly through it is
under stronger constraints than GIP, suggesting a
possibility of other functions than incretin actions

of GLP-1.459.10
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Figure 3. Evolution of exendin toxins and related peptides.
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Evolution of receptors

The receptors of glucagon, GLP-1, and GLP-2 are
all members of the secretin subclass (class B) of the
G-protein coupled seven-transmembrane domain
receptors, which includes receptors for GIP, VIP, and
secretin. The genes of those receptors share a common
evolutionary origin by gene duplications (Fig. 2)."!

The phylogeny of receptors suggests that GLP-2
receptor may have diverged first. GLP-1 recep-
tor has evolved more slowly than the glucagon and
GIP receptors, while the GLP-2 receptor may have
evolved faster. GLP-1 receptor shows greater iden-
tity to the VIP receptors, while GIP receptor is more
closely related to glucagon receptor than either the
GLP-1or GLP-2 receptors.”!*

Furthermore, the GLP-1 type receptors diverged
from the glucagon receptor gene before the diver-
gence of fish and mammals, and the fish has lost a
gene for a receptor orthologous to the mammalian
GLP-1 receptor.”!?

These findings suggest that the GLP-1 receptors
in mammals are under greater selective constraint
than the glucagon, GLP-2 or GIP receptors. The
greater selective constraint may be a consequence of
the complex biological activities of GLP-1; GLP-1
stimulates insulin secretion in a glucose-dependent
manner, inhibits gastric emptying, decreases food
intake, inhibits glucagon secretion, stimulates B-cell
proliferation, regulate bone resorption and turnover
through a calcitonin-dependent pathway, exerts myo-
cardial metabolic effects, and improve endothelial
dysfunction.'

Significance of evolution of incretin

from functional perspective
Thus, GLP-1 acquired the incretin functions and
specific receptors after the divergence of fish and
mammals. Sometimes, the actions of hormones are
different among the species; ie, hormone may have
species-specific actions. For example, ghrelin inhib-
its feeding in birds, while it stimulates feeding in
mammals.'¢

Generally, the evolution of ligand and its recep-
tor is considered to be co-evolution. In most cases,
it appears that the ligands which we regard as hor-
mones arose long before the receptors that they
control. Consequently, the responses to a given

hormone can vary widely across different species
and even within species. The fate of peptide genes
after duplication is classified into the three classes;
non-functionalization, subfunctionalization (ie, spe-
cialization) and neofunctionalization.!”

The difference in the phylogeny for the glucagon-
like hormones and their receptors may indicate that
the specificity of the receptor-ligand pair evolved
much later than the peptides and/or receptors. In that
sense, the evolution of steroid receptor family gives
us some perspective. First, estrogen receptor (ER)
appears first, which was evolved into the androgen
receptor (AR) and mineralocorticoid receptor (MR),
and the ancestor corticoid receptor (AcCR).!"® Simi-
larly, GLP-1 has a stimulating effect on blood glucose
in fishes, while it gains the incretin action after the
divergence between fish and mammals.

Taste sensation and incretin

Recently the intestinal L cells have been indicated to
express the sweet taste receptor (TIR2/T1R3) as well
as taste G protein (gustducin), both of which regulate
the release of GLP-1 from the L cells (Fig. 4)."

GLP-1 and its receptor are expressed in the taste
buds of the tongue. However, DPP-1V is absent in the
taste bud cells, suggesting a longer duration of GLP-1
action in the taste buds than in the intestinal L cells.?

Functionally, GLP-1 may regulate the taste sensa-
tion through its novel paracrine action, since GLP-1
knock out mouse showed dramatically reduced taste
response to sweetners.”* On the other hand, VIP
knockout mouse exhibited an increased preference to
sweet taste, hyperglycemia and an increased expres-
sion of GLP-1 receptor in the taste buds.”® GLP-1
was responsible for sweet taste preference in humans.
These studies suggest that the tongue can play a direct
role in modulating energy intake to correct peripheral
glycemic imbalances. In this way, we could view the
tongue as a sensory mechanism that is bidirectionally
regulated and thus forms a bridge between available
food stuffs and the intricate hormonal balance.?

In humans, ingestion of sugar or artificial nonca-
loric sweetner causes a release of GLP-1.% Recently it
has been reported that ingestion of diet soda exagger-
ated GLP-1 secretion after oral glucose tolerance test.
This result suggests that sweet taste may synergize
with glucose to enhance GLP-1 release in humans.?
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Figure 4. Taste sensation and GLP-1.
(From reference 19 with modifications).

Both intestinal L cells and taste buds of tongue
are known to express leptin receptor and insu-
lin receptor, both of which are known to activate
GLP-1 secretion.

GLP-1 may be also involved in anticipation of
meals, suggesting a cephalic increase of GLP-1.77
Furthermore, GLP-1R knockout mice exhibit a dra-
matic reduction in sweet taste sensitivity as well as
an enhanced sensitivity to umami-tasting stimuli.?®
These findings suggest that GLP-1 and its receptor
system have an important role in the taste sense sig-
nal, and that there is a strong link between gustation
and peripheral glycemic control. Further studies are
required to elucidate unknown physiological func-
tions of GLP-1 in non-classical target organs, such as
a mediator of the taste sensation signal to satiety or
insulin secretion.

Recent findings of exendin-4

One of the authors (Y.K.) has recently demonstrated
that exendin-4 can protect pancreatic beta cells from
the cytotoxic effect of rapamycin, and that its effect
can be attributable to the inhibition of JNK and p38
phosphorylation by exendin-4.%° Since rapamycin has
been used as an immunosuppressant in the pancreatic

Taste receptor
T1r2/T1r3

Insulin
receptor

Intestinal Pancreas

L cell ‘

islet transplantation this protective effect of exen-
din-4 may be of clinical significance in humans. This
is one example of hitherto unknown effects of exen-
din-4 in humans. Considering that the incretin action
of GLP-1 is considered to be recently developed in
the evolution, both GLP-1 and exendin-4 may have
other unknown effects in humans.

Incretin network

Thus, from the viewpoint of evolutionary
endocrinology**'¥>*° the incretin actions of GLP-1
and GIP seem to be relatively recent, suggesting
hitherto unknown functions, such as a mediator of
the taste sensation signal to satiety or insulin secre-
tion. Furthermore, from the viewpoint of systems
biology,**1*%3 GLP-1 and GIP, as well as their recep-
tors, can be considered to form network system with
other peptides in regulation of appetite®*** (Fig. 5).

Conclusion

Incretin-based therapy, incretin mimetics (GLP-1
agonists) and incretin enhancers (inhibitors of DPP-
IV), has recently been introduced into the clini-
cal use. In order to elucidate unknown functions of
GLP-1 agonists and enhancers, it is possibly useful
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Figure 5. Network system regulating appetite from gastrointestinal tract.

to consider GLP-1 from the viewpoint of integrated
systems biology and evolutionary endocrinology.
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