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Abstract: Incretins are gut-produced peptide-hormones
that potentiate insulin secretion, especially after food intake.
The concept of incretin was formed more than 100 years
ago, even before insulin was isolated and utilized in the
treatment of subjects with type 1 diabetes. The first incretin,
glucose-dependent insulinotropic polypeptide (GIP), was
identified during later 1960’s and early 1970’s; while the
second one, known as glucagon-like peptide-1 (GLP-1), was
recognized during 1980’s. Today, GLP-1-based therapeutic
agents [also known as GLP-1 receptor (GLP-1R) agonists,
GLP-1RAs] are among the first line drugs for type 2 diabetes.
In addition to serving as incretin, extra-pancreatic functions
of GLP-1RAs have been broadly recognized, including those
in the liver, despite the absence of GLP-1R in hepatic tissue.
The existence of insulin-independent or gut-pancreas-liver
axis-independent hepatic function of GLP-1RAs explains
why those therapeutic agents are effective in subjects
with insulin resistance and their profound effect on lipid
homeostasis. Following a brief review on the discovery of
GLP-1, we reviewed literature on the exploration of hepatic
function of GLP-1 and GLP-1RAs and discussed recent studies
on the role of hepatic hormone fibroblast growth factor 21
(FGF21) inmediating function of GLP-1RAs in animal models.
This was followed by presenting our perspective views.
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The incretin hormones GIP and
GLP-1

In 1902, two British scientists, Bayliss and Starling, published
their milestone investigations with the utilization of experi-
mental dogs, showing that digestive system acid infusion
induced pancreatic islet secretion even after the nervous sys-
tem to the intestine was blocked [1]. This observation led them
to propose that the signal from the gut of the dog to its pancreas
for stimulating pancreatic secretion is a chemical stimulus in
nature, not necessarily involving the nervous system [1]. To
further test this hypothesis, they collected extract from the
intestinal wall following acid stimulation in the experimental
dog and such extract was then injected into the bloodstream.
Again, they detected the pancreatic “juices” following the in-
jection. They hence concluded that such intestinal extractmust
contain “something” that is released from the intestine into the
circulation, stimulating pancreatic islet secretion. They named
such yet to be isolated biological molecules as secretin [1]. In
1905, in his Croonian Lecture, Starling also created the word
“hormone”, referring to factor that is released fromone site but
exerts its physiological or pathophysiological functions else-
where and remotely. Thismarked the establishment of thenew
subject of physiological sciences: Endocrinology. The investi-
gation on gut-mediated pancreatic secretion, hence, was ahead
of the isolation and the utilization of insulin in the treatment of
subjects with type 1 diabetes by Banting and colleagues in 1921.
The nomenclature “incretin”, was then coined by the Belgium
scientist JeanLaBarre in 1932 [2]. Originally, it refers to any gut-
produced hormone or polypeptide that, under physiological
conditions, can stimulate or contribute to the stimulation of the
secretion of pancreatic hormones including insulin, glucagon,
pancreatic polypeptide (PP), and pancreatic somatostatin.
Practically, especially in the field of drug development, the
focus of incretin is restricted to two such metabolic hormones
known as gastric inhibitory polypeptide (GIP) and glucagon-
like peptide-1 (GLP-1) (please seebelow),which facilitate insulin
secretion, mainly following food intake [3].

Further advancement on the concept of incretin and its
bench work investigations became possible following the
technique development on quantitatively measurement of
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insulin in both human subjects and experimental animals
with radioimmunoassay [4], followed by the development
and advancement of enzyme-linked immunosorbent assays
(ELISA). It is worthmentioning that unlike insulin, glucagon,
and several other metabolic hormones, plasma GLP-1 level
measurement is not among standard clinical biochemical
tests yet. In adults, the fasting plasma GLP-1 level is usually
within the range of 5–10 pmol/L [5], whereas the plasma
insulin levels are almost 10-fold higher, ranging from
5–15 µU/mL, equivalent to 30–100 pmol/L [6].

The first incretin was identified by Canadian scientist
Brown and colleagues during later 1960’s and early
1970’s [7–11]. Initially, Brown’s team in University of British
Columbia aimed to search for factors expressed in the duo-
denum that mediate the cause of increased motor activity in
the stomach [10, 11]. In 1971, Brown and Dryburgh reported
their isolation of a polypeptide from the intestinalmucosawith
deduced amino acid sequence [8]. They named this 42-amino
acid peptide as GIP as its exogenous injection reduced gastric
acid secretion in experimental dogs. Two years later, Dupre, a
clinical faculty member at McGill University, in collaboration
with Brown and others, demonstrated that this polypeptide
also possesses insulinotropic function and demonstrated the
glucose-dependent nature of its insulinotropic action [12]. They
renamed this hormone as glucose-dependent insulinotropic
peptide, retaining the acronym GIP [12].

GIP is produced by intestinal endocrine K cells, pre-
dominantly in the duodenum. Although we haven’t seen the
final success on developing GIP-based therapeutic agents for
diabetes or othermetabolic disorders, extensive benchwork
studies on this hormone and its receptor (GIPR) have
contributed to the development of dipeptidyl peptidase-4
(DPP-4) inhibitor sitagliptin as a diabetes drug by Merck &
Co. in 2006. The knowledge advancement also contributes to
the development of dual agonists that target both GIPR and
GLP-1 receptor (GLP-1R). The first one, known as Tirzepatide,
is now sold under the brand namesMounjaro and Zepbound,
the product of Eli Lily Co. [4, 13–15]. Another such dual
agonist, RG7697, developed by Novo Nordisk, has also
entered the clinical trials [16], pending its final approval [14].

In 1983, a study presented by Creutzfeldt’s team indicated
the existence of the 2nd incretin. They assessed the action of
watery rat gut extracts on glucose-induced insulin secretion
before and after removal of GIP by immune-absorption [17].
The neutralization of GIP activity with the anti-GIP-specific
antibody reduced the incretin effect approximately 30%,
while completely removal of GIP resulted in 50% loss of the
incretin effect [17]. During the same period, the gene that en-
codes the notable catabolic hormone glucagon by pancreatic
α-cells, namely the proglucagon gene (GCG/Gcg), was isolated
from fish, rodent species, and humans, by Habener’s team in

Harvard University and Bell’s team in University of Chicago,
respectively [18–22]. The analysis of those cDNAs suggested
that humanGCG and rodentGcg encode not only glucagon but
also two glucagon-like peptide hormones, namely GLP-1 and
glucagon-like peptide-2 (GLP-2). The same pre-hormone,
i.e. pre-proglucagon (which contains the pro-hormone pro-
glucagon and the signal peptide consist of 20 amino acid res-
idues), is produced in pancreatic islet α-cells, gut endocrine L
cells and certain neural cells in the brainstem [23]. In contrast
to GIP-producing gut endocrine K cells, gut endocrine L cells
are mainly located within the ileum and colon. As shown in
Figure 1, in pancreaticα-cells, the pro-hormone isprocessedby
the pro-hormone convertase 2 (PC2) to produce the bioactive
glucagon, along with glicentin-related polypeptide (GRPP),
intervening peptide-1 (IP1), and major proglucagon fragment
(MPGF). In the gut and brain, the same pro-hormone is pro-
cessed by the pro-hormone convertase 1/3 (PC1/3) to produce
active GLP-1 and GLP-2, along with glicentin, intervening
peptide-2 (IP2), and oxyntomodulin. Figure 1 also shows the
comparison of amino acid residues of GLP-1 (GLP-17–37 as an
example), GLP-2, and glucagon.

In 1985, Creutzfeldt’s team reported that it is GLP-1
instead of GLP-2 that can stimulate insulin secretion from
isolated rat pancreatic islets [24]. A more thoroughly investi-
gation was then presented by Mojsov, Weir, and Habener in
1987, showing that GLP-17–37 is a potent stimulator of insulin
release in the perfused rat pancreas [25]. Nevertheless, we
nowgenerally accepted that bothGLP-17–37 andGLP-17–36 amide

are active incretin hormone in our human bodies [25–28].
Human studies on the insulinotropic action of GLP-1 were
then rapidly conducted in United States of America and
European countries [29–32]. The identification of GLP-1R and
the generation of GLP-1R knockout mice and other related
tools by Drucker’s team and by others [33] have been facili-
tating functional studies on this gut hormone during the
past decades, contributing to the development and further
advancement of GLP-1-based diabetes drugs, as well as their
clinical applications.

As shown in Figure 2, in pancreatic β-cells, GLP-1 or
GLP-1RAs facilitates insulin secretion, involving protein ki-
nase A (PKA) and exchange protein directly activated by
cAMP (Epac) signaling. In addition, GLP-1 or GLP-1RAs can
also stimulate β-cell proliferation and inhibit β-cell
apoptosis. Those functions involve protein kinase B (PKB/
Akt), canonical Wnt, and other signaling cascades, as well as
the downstream target genes including the pro-insulin genes
and the key transcription factor pancreatic duodenum ho-
meobox-1 (PDX-1). Such classical functions of GLP-1 have
already been thoroughly discussed in numerous review
articles [34–37]. For current review, we will focus on hepatic
function of GLP-1 and GLP-1RAs.
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The development of GLP-1R
agonists as therapeutic agents for
type 2 diabetes and body weight
management

Native GLP-1 molecules (both GLP-17–37 and GLP-17–36 amide)
cannot serve as therapeutic agents per se, as their half-lives are
very short, approximately 1.5–2.0min, due to their rapid
degradation, facilitated by ubiquitously expressed endogenous

enzymes known as DPP-4 and neutral endopeptidase 24.11
(NEP 24.11). Exendin-4 (Ex-4) is a polypeptide with 39 amino
acid residues isolated from the saliva of the Gila monster
(Heloderma suspectum). Ex-4 shares 53% of amino acid resi-
dueswithmammalian GLP-1 and has been shown tomimic the
function of endogenous GLP-1 on stimulating insulin secretion
yet with much longer half-life (∼10min), as Ex-4 molecule is
resistant to enzymatic cleavage by DPP-4. In 1992, Eng’s team
demonstrated the incretin function of Ex-4 in both rat and
guinea pig models [38, 39]. In 1993, Goke and colleagues then
demonstrated that Ex-4 is a high potency agonist while

Figure 1: The structure of proglucagon (A) and its tissue-specific processing in the pancreatic islets (B) vs. that in the intestine and brain (C). (A) The
structure of the prohormone proglucagon, along with the locations of three prohormone convertase 2 (PC2) and three prohormone convertase 1/3 (PC1/
3) cleavage sites. (B) In pancreatic α-cells, the post translational processing, mediated by PC2, generates the products glicentin-related pancreatic
polypeptide (GRPP), glucagon, intervening peptide-1 (IP1) andmajor proglucagon fragment (MPGF). (C) In the intestinal L cells and in the brain, the post-
translational processing, mediated by PC1/PC3, generates the final products of glicentin, oxyntomodulin, glucagon-like peptide (GLP)-1, intervening
peptide-2 (IP2) and GLP-2. (D) Comparison of the amino acid sequences of human GLP-17–37, GLP-2, and glucagon.
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truncated Exendin9–39 amide serves as an antagonist of GLP-1-
R [40]. In 1997, cDNA for theEx-4 genewas isolated byChenand
Drucker [41]. Chen and Drucker also analyzed the structure
and expression of pancreatic and intestinal proglucagon
mRNAs in the reptile H. suspectum. They reported the identi-
fication of two different proglucagon cDNAs in H. suspectum,
namely lizard proglucagon I (LPI) and lizard proglucagon II
(LPII), with unique 3′-untranslated regions in lizard for each of
these two genes. LPI and LPII are not expressed in the lizard
salivary glandwhile Ex-4 is not expressed in lizard pancreas or
the gut [41].

A synthetic version of Ex-4, namely Exenatide, devel-
oped by Amylin Pharmaceuticals and Eli Lilly and Co., was
the first GLP-1-based therapeutic agent for type 2 diabetes
(T2D), approved by the Food and Drug Administration
(FDA) in 2005, with the brand name Byetta®. Liraglutide,
commercially known as Victoza®, is a modified version of
native human GLP-1. It was approved by the European
Medicines Agency (EMA) in 2009 and by the FDA in January
2010 for its clinical use. Liraglutide shares 97 % sequence
identity with native human GLP-1. The non-covalent
binding with the albumin molecule effectively prevents
its renal elimination, making its half-life approximately
13 h [42–44]. Semaglutide, commercially known as Ozem-
pic®, is a long-acting GLP-1RAs for T2D, approved in 2017,

with a half-life of seven days [45, 46]. An equipotent once-daily
oral administration form of Semaglutide (Rybelsus) was then
approved in 2019 for its clinical use [47]. Table 1 presents
information about brand and company names of Exenatide,
Liraglutide, and Semaglutide (and its oral formulation), drug
delivery methods, as well as the year they were approved by
FDA for their commercial utilization.

It is worth mentioning that Liraglutide and Semaglutide
are also approved for body weight management. During the
past few years, the body weight lowering effect of Ozempic®

has been attracting the attention world widely, making the
pharmacological use of GLP-1RAs far beyond the scope of
T2D. Table 1 also lists other available GLP-1RAs. Among them,
Albiglutide consists of a dimer of human GLP-1 molecules
fused to a recombinant albumin molecule of human origin,
while Dulaglutide consists of a dimer of human GLP-1 mol-
ecules fused to amodified human immunoglobulin G4 heavy
chain [48]. In addition to those listed in Table 1, Supaglutide,
product of Innogen (based in Shanghai Zhang-Jiang, P.R.
China), is another long-acting GLP-1RA, in which GLP-1 is
fused with immunoglobulin constant region Fc fragment to
prevent its enzymatic degradation [49, 50]. Additional
detailed information on GLP-1 based drug development can
be found in excellent review articles elsewhere [36, 51–54].
Figure 3A shows the structure of the two active native GLP-1,

Figure 2: Function of GLP-1 and GLP-1RAs on
pancreatic β-cells. In pancreatic β-cells,
endogenousGLP-1 or GLP-1RA engagesGLP-1R
to induce downstream signaling events. This is
predominantly mediated by Gα subunit that
increases cAMP via the catalytic conversion of
ATP by Adenylyl cyclase to activate PKA or Epac
signaling. This in turn mediates the function of
GLP-1/GLP-1RAs on insulin synthesis or secre-
tion, also known as the insulinotropic effect. In
addition, signaling cascades such as PKB/Akt,
canonical Wnt, and others are also involved in
facilitating β-cell proliferation and inhibiting
apoptosis. β-cat, β-catenin; CREB, cAMP
response element binding protein; Epac, ex-
change protein activated by 3′-5′-cyclic aden-
osine monophosphate [cAMP]; GLP-1,
glucagon-like peptide-1; GLP-1R, GLP-1 recep-
tor; GLP-1RA, GLP-1 receptor agonists; IRS-2,
insulin receptor substrate-2; PDX-1, pancreas
duodenum homeobox-1; PI3-K, phosphatidyli-
nositol 3-kinase; PKA, protein kinase A; PKB,
protein kinase B; PKC, protein kinase C.
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known as GLP-17–37 and GLP-17–36 amide, along with the
structure of two C-terminal fragments, the nonapeptide
GLP-128–36 amide and the pentapeptide GLP-132–36 amide. In
various mouse models, these two C-terminal peptides of
GLP-1 have been demonstrated to possess beneficial meta-
bolic functions in the liver, pancreatic islets, and elsewhere.
They do not require the participation of GLP-1R in exerting
their functions [55–58]. Figure 3B shows the structural
comparison of three major GLP-1RA therapeutic agents,
i.e. Exenatide, Liraglutide, and Semaglutide, aswell as that of
the dual agonist Tirzepatide.

Various forms of GLP-1RAs are serving as externally
provided incretin molecules with longer half-lives, admin-
istrated mainly via subcutaneous injection, except for
Rybelsus® (the oral version of Semaglutide). Scientists have
also developed another strategy for incretin-based drug
development with success: the prevention of the degrada-
tion of endogenous GLP-1 and GIP within our body. The
compound Sitagliptin, previously known as MK-0431, was
demonstrated via the high throughput screening approach,
to competitively inhibit the enzymatic activity of DPP-4, but
not other members of the serine peptidase family. It was
approved by the FDA as a T2D therapeutic agent in 2006, with
the brand name Januvia®. As orally administrated T2D drug,
Januvia® has also been formulated in combination with
metformin, known as the drug Janumet (Table 1). Table 1 also
listed other Januvia® related DPP-4 inhibitors that are
approved by the FDA as T2D drugs. For additional informa-
tion on DPP-4 inhibitors, please see excellent review articles
elsewhere [59–62].

Controversy on GLP-1R expression
in the liver

During the past twodecades, substantial controversies exist in
literature regarding GLP-1R expression in extra-pancreatic
organs, including that in the liver, heart, adipose
tissues [13, 63–65], and various immune cells [66–68]. Never-
theless, profound in vivo effects of native GLP-1 and GLP-1RAs
in the liver aswell as other extra-pancreatic organs have been
reproducibly demonstrated in various experimental animal
models and in clinical studies [63–65, 69–71].

Rat GLP-1R cDNA was initially isolated by Thorens in
1992 [72]. The receptor consists of 463 amino acid residues and
contains seven transmembrane domains. HumanGLP-1R also
contains 463 amino acid residues and there is 90% sequence
homology between the two species [73]. GLP-1R is amember of
the glucagon receptor family of G-protein-coupled receptors
(GPCRs). The first GLP-1R knockoutmouse linewas created by

Table : Incretin-based diabetes drugs.

Brand
name

Company name Active ingredient FDA-approved
year

GLP-RAa

Byetta Amylin/Eli Lilly Exenatide 

Bydureon AstraZeneca Exenatide (extended
release)



Victoza Novo Nordisk Liraglutide 

Saxenda Novo Nordisk Liraglutide 

Xultophy
/.

Novo Nordisk Liraglutide and insu-
lin degludec



Tanzeum GlaxoSmithKline Albiglutide 

Trulicity Eli Lilly Dulaglutide 

Adlyxin Sanofi Lixisenatide 

Soliqua
/

Sanofi Lixisenatide and
insulin glargine



Ozempic Novo Nordisk Semaglutide 

Rybelsus Novo Nordisk Semaglutide (oral) 

Wegovy Novo Nordisk Semaglutide 

Mounjaro Eli Lilly Tirzepatide (GIP and
GLP-RA)



DPP- inhibitorb

Januvia Merck Sitagliptin 

Janumet Merck Sitagliptin and
metformin



Janumet XR Merck Sitagliptin and
metformin (extended
release)



Steglujan Merck Sitagliptin and
ertugliflozin



Onglyza AstraZeneca Saxagliptin 

Kombiglyze
XR

Bristol-Myers
Squibb

Saxagliptin and
metformin (extended
release)



Qtern AstraZeneca Saxagliptin and
dapagliflozin



Qternmet XR AstraZeneca Saxagliptin, dapagli-
flozin and metformin
(extended release)



Tradjenta BOEc/Eli Lilly Linagliptin 

Jentadueto BOE/Eli Lilly Linagliptin and
metformin



Jentadueto
XR

BOE/Eli Lilly Linagliptin and
metformin (extended
release)



Glyxambi BOE/Eli Lilly Linagliptin and
empagliflozin



Trijardy XR BOE/Eli Lilly Linagliptin, empagli-
flozin and metformin



Nesina Takeda Alogliptin 

Kazano Takeda Alogliptin and
metformin



Oseni Takeda Alogliptin and
pioglitazone



aSubceutaneous injection for all, except oral administration for Rybelsus,
boral administration for all, cBOE, Boehringer Ingelheim pharmaceuticals.
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Scrocchi et al. in 1996 inDrucker’s team [33], which has been a
valuable tool for functional studies on GLP-1 and its based
drugs for decades. In 1994, Campus and colleagues investi-
gated Glp1r expression in mice with a combination of
Northern blotting and RT-PCR. They reported the detection of
Glp1r in small and large intestines, pancreas, and kidney [74].
Wei and Mojsov then assessed GLP-1R expression in various

human tissues, claimed that mRNA isolated from the brain,
heart and pancreatic islets have the same deduced amino acid
sequence [75]. In 1996, with more specific approaches
including in situ hybridization and RNase protection assay,
along with regular RT-PCR, Bullock et al. in Habener’s team
reported the detection of rat Glp1r in the gastric pit of the
stomach, crypts of the duodenum, pancreatic islets, and large-

Figure 3: Structures of the active GLP-1 molecules, two C-terminal fragments, and representative incretin-based drugs. (A) The primary amino acid
sequence of native human GLP-17–37 and GLP-17–36 amide, and that of GLP-128–36 amide and GLP-132–36 amide. (B) Chemical structure of Exenatide, Liraglutide,
Semaglutide and Tirzepatide, with the indication of structuremodifications and amino acid residue substitutions that prevent DPP-4-mediated degradation.
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nucleated cells in the lung. They, however, cannot detectGlp1r
signal in the liver, skeletal muscle, kidney, heart, or adipo-
cytes [76]. They suggested the GLP-1R expressed in the kidney
and heart might be structural variants of the known recep-
tor [76]. Twenty-eight years passed, such second GLP-1 re-
ceptor postulation, however, has not been proved or
disproved yet. It is worth mentioning that expression of
GLP-1R in the lung is very abundant, triggered extensive in-
vestigations on repurposing GLP-1-based drugs in the treat-
ment of acute as well as chronic lung injury, as we and others
have studied and reviewed recently [77–82].

Due to the profound hepatic function of GLP-1 and its
based diabetes drugs, great efforts have been made in the
determination that whether GLP-1R is expressed in hepato-
cytes. A few laboratories reported the detection of Glp1r
mRNA and GLP-1R protein in human aswell asmouse hepatic
cell lines and in the mouse liver [69, 83, 84], in contrast with
the early report by Bullock and colleagues [76]. Investigations
by Panjwani et al. and by Baggio et al. in Drucker’s team
suggested that the controversy is at least partially due to the
lack of reliable anti-GLP-1R antibodies [63, 64]. With the non-
bias RNA-seq approaches, we and others have shown that
mouse or human liver do not express mRNA that encodes
mouse or human GLP-1R [63, 70, 71].

Certain relatively reliable GLP-1R antibodies (3F52 for
humans and 7F38 for mice) have been generated by Knud-
sen’s team, which can be utilized in the detection of GLP-1R
expression by immunohistochemistry (IHC) [85, 86]. These
new antibodies cannot detect GLP-1R signaling in either
human or mouse liver. Taken together, with the effort by
several research teams as well as via technical advancement
on bulk and single-cell RNA-seq approaches [63, 87], we now
commonly accept that human andmouse hepatocytes do not
express GLP-1R [63–65, 77]. In adipose tissues, only a very
small portion of cells that express detectable Glp1r, which
are endothelial or hematopoietic origin. GLP-1R is also
expressed in intestinal αβ and γδ T lymphocytes [88].

Hepatic function of GLP-1R agonists
could be independent of the gut-
pancreas-liver axis

Physiologically, the incretin hormone GLP-1 is released from
the gut endocrine L cells postprandially, capable of aug-
menting pancreatic insulin secretion. Liver is among impor-
tant metabolic organs which mediate function of insulin on
both glucose and lipid homeostasis. Hence, the three organs

form the important gut-pancreas-liver axis, orchestrating
energy homeostasis at daily bases. During the past three de-
cades, however, extensive investigations have revealed
various extra-pancreatic functions of GLP-1 and the thera-
peutic agents GLP-1RAs [36, 89]. Indeed, function of GLP-1 and
GLP-1RAs on the inhibition of food intake and gastric empty,
on cardiac protection, anti-inflammation, renal protection,
immune regulation, aswell as their insulinmimetic effect, are
far beyond the scope of serving solely as an incretin hormone.
For decades, scientists have paid close attention in the
determination of hepatic function of GLP-1 and GLP-1RAs,
exploring the existence of insulin-independent or gut-
pancreas-liver axis-independent, direct hepatic function of
them. A fundamental scientific question arises: if metabolic
functions of GLP-1RAs entirely rely on the gut-pancreas-liver
axis or insulin, how can we explain the profound therapeutic
effects of GLP-1RAs in human subjects and animal models
with severe insulin resistance? Furthermore, the pure incre-
tin effect on improving glucose disposal cannot effectively
explain the profound effect of GLP-1RAs on lipid homeostasis,
especially in insulin resistance state, as demonstrated by
Adeli and his colleagues during the past two decades [90–92].
Although we can attribute the insulin signaling sensitization
effect ofGLP-1RAs to their anti-inflammation features, it is still
possible that GLP-1RAs can exert gut-pancreas-liver axis-in-
dependent or insulin-independent hepatic function, as we
and others have discussed [13, 93, 94].

During early days, a few investigations have suggested
that GLP-1 can improve glucose tolerance by stimulating
insulin release, facilitating insulin sensitivity, and by
increasing insulin-independent glucose disposal [28, 30, 31].
Mechanistically, how these multiple functions are achieved
remains largely unexplored. In 2013, a further clinical
investigationwith healthy human subjectswas conducted by
Ferrannini’s team in Pisa, Italy, with the utilization of
pancreatic clamp approach to maintain plasma insulin and
glucagon at consistent levels. In such experimental settings,
they showed that infusion of physiological levels of native
GLP-1 led to 27 % reduction in endogenous-hepatic glucose
production (EGP). As GLP-1 inhibited endogenous glucose
production under conditions where plasma insulin and
glucagon levels were stable, such inhibition can only be
attributed to either a direct inhibitory effect of GLP-1 on
hepatic glucose production (gluconeogenesis); or an event
that is mediated by the central nervous system, via organ-
organ communications [95].

Since GLP-1R is not expressed in the liver, how can native
GLP-1 as well as GLP-1RAs exert their insulin-independent
hepatic function on reducing EGP aswell as on improving lipid
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homeostasis? In addition to the suggestion on the involvement
of central nervous system or organ-organ communications,
several investigations have shown that the C-terminal frag-
ments of GLP-1, known as GLP-128–36 amide and GLP-132–36 amide,
may exert direct function on the liver, pancreatic islets, and
elsewhere, without the participation of GLP-1R [55–58]. Such
theory, supported by observations made by Habener’s team
and our team, and by others [55–58], however, cannot explain
pharmacological hepatic function of GLP-1RAs as those drugs
are resistant to DPP-4-mediated cleavage, andmay not be able
to produce such C-terminal short peptides. Thus, we need to
further broaden our view on organ-organ communications in
understanding hepatic functions of GLP-1RAs. The communi-
cations may involve other metabolic hormones.

As presented in Figure 4, hepatic function of GLP-1 can
be executed by the well-defined gut-pancreas-liver axis,
which is dependent on the feature of GLP-1 as an incretin,
mediated by insulin. The existence of gut-pancreas-liver axis
independent hepatic function of GLP-1 has attracted our
attention for decades. This could be mediated by a direct
effect of C-terminal fragments of GLP-1. As GLP-1R is not
expressed in the liver, hepatic function of GLP-1 and GLP-1Rs
likely involves GLP-1R expressed in an extra-hepatic organ,
via more complicated organ-organ communications.

The involvement of the hepatic
hormone FGF21

Among more than two dozen of peptide hormones recog-
nized during the past half-century [96], fibroblast growth
factor 21 (FGF21) is an important one and it is mainly pro-
duced by hepatocytes [96, 97]. Plasma FGF21 level rises
during fasting [98–102], making it a “starvation”
hormone [103–105]. Extensive studies have revealed that
FGF21 induction after fasting occurs via the activation of the
nuclear receptor peroxisome proliferator-activated receptor
α (PPARα) [98, 99, 106–108]. During the starvation response
period, the PPARα/FGF21/PGC-1α axis facilitates fatty acid
oxidation, tri-carboxylic acid cycle flux and gluconeogen-
esis [109]. A battery of clinical trials has demonstrated that
the twomost promising beneficial metabolic effects of FGF21
analogs are the improvement on insulin signaling and
plasma lipid profiles [97, 110]. More integrated studies have
also defined FGF21 as a “stress” hormone. Its plasma level
and hepatic production can be up regulated by high fat diet
(HFD) challenge; low carbohydrate ketogenic diet con-
sumption; protein, or amino acid restriction; fasting; as well
as fructose or alcohol intake [97, 111–114]. Importantly,
function of FGF21 on glucose and lipid homeostasis, such as

Figure 4: Illustration of gut-pancreas-liver axis
dependent and independent hepatic function
of GLP-1 and GLP-1RAs. Postprandially
released glucagon-like peptide-1 (GLP-1) and
glucose-dependent insulinotropic polypeptide
(GIP) (from the gut) facilitate insulin secretion
from pancreatic islets. Insulin targets the liver
(and other organs, with muscle as an example
only), resulting in reduced gluconeogenesis
and glycogenolysis. These, along with reduced
glucagon release by pancreatic α-cells, collec-
tively contribute to improved glucose disposal.
Such gut-pancreas-liver axis dependent func-
tion of GLP-1 and GLP-1 receptor agonists
(GLP-1RAs) attributes to their feature as the
incretin, indicatedwith the heavy black arrows.
The existence of the incretin feature-
independent function of GLP-1 and GLP-1RAs
(indicated with the dotted heavy red arrow)
explains the therapeutic capacity of GLP-1RAs
in type 2 diabetes (T2D) patients with insulin
resistance, and their profound effect on lipid
homeostasis.
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the facilitation of fatty acid oxidation, is independent of in-
sulin function. Notably, FGF21 has been shown to mediate
functions of hyperlipidemia drugs such as fibrates.

In 2012, Yang and colleagues reported that in
HFD-challengedApoE−/−mice, alongwith adenovirus-mediated
adiponectin knockdown, Liraglutide treatment stimulated
hepatic Fgf21 expression. They revealed that in mice, hypo-
adiponectinemia results in increased insulin resistance,
associated with increased hepatic Fgf21 expression, and
reducedhepaticFgfr1andKlb levels [115].Fgfr1andKlb encode
the FGF21 receptor (fibroblast growth factor receptor 1, FGFR1)
and the obligatory co-receptor β-klotho (KLB) [115]. We now
generally accept the view that reduced expression of Fgfr1 and
Klb represents the state of FGF21 resistance [114]. Liraglutide
treatment improved insulin sensitivity and further increased
hepatic Fgf21 expression [115]. The indirect effect of GLP-1RA
activation on attenuating hepatic triglyceride (TG) level in
HFD-fed ApoE−/− mice, however, was reported by Panjwani
and colleagues inDrucker’s team in 2013, utilizing theGLP-1RA
Taspoglutide [64]. Lee and colleagues reported that 10-week
Ex-4 treatment in HFD-fed mice attenuated the development
of hepatic steatosis, associated with increased hepatic FGF21
expression [116]. Nonogaki et al. observed that in individually
housedKKAymice, Liraglutide treatment reduced food intake,
body weight, as well as blood glucose level, in the absence of
appreciable changes on insulinor glucagon levels. Notably, the
treatment increased both plasma FGF21 hormone level and
hepatic Fgf21 mRNA expression [117]. In the assessment of
mouse liver cytokine profiles, Liu and colleagues demon-
strated the stimulatory effect of Ex-4 treatment on FGF21 in
the diabetic db/db mouse model. In both db/db mice and
Pax6m/− mice, Liraglutide treatment showed the stimula-
tory effect on hepatic FGF21 production. Their further in-
vestigations allowed them to attribute function of hepatic
FGF21 in mediating the regulatory effect of GLP-1RAs on
attenuating hepatic gluconeogenesis [93].

Liu and colleagues conducted further mechanistic
investigation on FGF21-mediated hepatic function of the
GLP-1RA Liraglutide recently, expanding the scope to both
glucose and lipid homeostasis [63]. First, they reproduced the
observation, showing the stimulatory effect of Liraglutide
treatment on hepatic FGF21 expression in wild type C57BL/6J
mice on regular chow diet feeding. They then clarified that
such stimulation does not occur in mouse primary hepato-
cytes in vitro, consistent with the lack of detection of Glp1r in
mouse liver by RNAseq and other means. They then showed
that in wild type C57BL/6J mice on HFD challenge, Liraglutide
treatment but not sitagliptin treatment increased hepatic
Fgf21 level and plasma FGF21 hormone level, although the two
incretin-based drugs showed comparable metabolic benefi-
cial effect on glucose disposal, insulin sensitivity, plasma TG

level and lipid homeostasis. As anticipated, Liraglutidebut not
sitagliptin treatment showed appreciable effect on reducing
body weight gain and fat mass. It is worth mentioning that
HFD challenge induced repression on Fgfr1 and Klb expres-
sion can be effectively reversed by either Liraglutide or
Sitagliptin treatment. Thus, although the DPP-4 inhibitor
Sitagliptin cannot upregulate hepatic FGF21 production, it
may improve FGF21 sensitivity in subjects with obesogenic
diet challenge via a yet to be explored mechanism.

To determine whether GLP-1R expressed in an extra-
hepatic organ mediates the function of Liraglutide on
stimulating hepatic FGF21 production via organ-organ
communications, Liu and colleagues then tested the effect
of Liraglutide treatment in HFD-challenged GLP-1R−/−

mice [63]. Following 12 weeks of HFD consumption, GLP-1-
R−/− mice showed increased body weight, moderately
impaired glucose disposal but comparable plasma and he-
patic TG levels, when compared with the same knockout
mice on chow diet feeding. Those observations alignedwith
the previous report that GLP-1R−/− mice are moderately
resistance to HFD challenge [118]. Nevertheless, the body
weight lowering effect of Liraglutide treatment was
completely lost in HFD challenged GLP-1R−/− mice. More
importantly, Liraglutide treatment did not stimulate
plasma FGF21 elevation or hepatic FGF21 production,
regardless of LFD or HFD feeding. Thus, GLP-1R expressed
in an extra-hepatic organ is required for Liraglutide to
lower body weight and to stimulate hepatic FGF21 pro-
duction, via yet to be revealedmechanism, involving organ-
organ communications.

To further determine the effect of hepatic FGF21 in
mediating the “therapeutic” effect of GLP-1RAs, Liu and
colleagues tested the effect of Liraglutide treatment in liver-
specific FGF21 knockout mice with obesogenic dietary chal-
lenge [63]. The body weight, liver weight and fat mass
lowering effects of Liraglutide treatment, observed in the
control mice, were partially lost in liver-specific FGF21
knockout mice, while Liraglutide treatment was still able to
improve insulin tolerance in the knockout mice, assessed by
intraperitoneal insulin tolerance test. Importantly, Liraglu-
tide treatment failed to reduce serum and hepatic TG levels
in the knockout mice. Hepatic gene assessment suggested
that this is likely due to the loss of upregulation of genes that
are involved in fatty acid oxidation in the liver specific FGF21
knockout mice, which are among the known downstream
targets and effectors of FGF21.

More recently, Le et al. reproduced the observation in
mice that periphery Liraglutide treatment increases plasma
FGF21 levels. Liraglutide-induced weight loss was also
impaired in liver-specific FGF21 knockout mice with high
carbohydrate diet or high fat high sugar diet challenge.
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Importantly, they found that loss of neuronal Klb, which
encodes the obligatory co-receptor for FGF21, attenuated
Liraglutide treatment induced weight loss in mice on obe-
sogenic dietary challenges [94].

Summary and perspectives

As presented above, extra-pancreatic functions of GLP-1
and GLP-1RAs, including those in the liver, has been
recognized for about three decades. Investigations on
extra-pancreatic functions of GLP-1 and GLP-1RAs have
gradually broadened our view on GLP-1 as a multiple

functional hormone and deepened our mechanistic un-
derstanding on how this hormone works on improving
energy homeostasis via targeting multiple organs. The in-
vestigations have also further broadened the application of
GLP-1RAs in disease treatment, including body weight
management and metabolic dysfunction-associated fatty
liver disease (MAFLD) (previously known as non-alcoholic
fatty liver disease, NAFLD) [63, 119].

Regarding hepatic function of GLP-1 and GLP-1RAs, in
addition to the well-defined gut-pancreas-liver axis, the central
dogma on function of incretin, the insulin-independent hepatic
function of GLP-1 and GLP-1RAs exist, and such function in-
volves the hepatic hormone FGF21. As presented in Figure 5,

Figure 5: Hepatic FGF21 as a link for GLP-1RAs in exerting their incretin feature-independent hepatic function. Postprandially released glucagon-like
peptide-1 (GLP-1) or GLP-1 receptor agonists (GLP-1RAa) administration targets pancreatic islets for facilitating glucose disposal (indicated with black
arrows). GLP-1 andGLP-1RAsmay target the liver directly, or via a gut-brain-liver axis (indicatedwith dotted red heavy arrows), leading to the regulation of
hepatic fibroblast growth factor 21 (FGF21) production and the improvement of FGF21 sensitivity. Such hormonal factors and neuronal systemmediated
organ-organ communications explain the capability of GLP-1 and GLP-1RAs in targeting multiple organs (with liver and adipose tissues as examples),
which may or may not express the GLP-1R molecules.
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postprandial GLP-1 release or GLP-1RA administration leads to
increased insulin secretion and reduced glucagon secretion by
pancreatic islets, which contribute to improved glucose
disposal and reduced hepatic gluconeogenesis. Gut GLP-1
release or GLP-1RA administration can also target the liver via
yet to be further explored mechanisms, either via directly
targeting the liver, without involving the current recognized
eponymous receptor; or via GLP-1R expressed in an extra-
hepatic organ. Considering that profound body weight
lowering effect of GLP-1RAs are mediated by targeting brain
GLP-1R signaling, it is reasonable to propose the existence of
gut-brain-liver axis that mediating function of GLP-1RA on the
liver, involving the regulation of FGF21 production and its
sensitivity [63, 94].

In the near future, we anticipate that great effort will be
made to determine mechanistically how brain GLP-1R
signaling mediates the insulin-independent hepatic function
of GLP-1RAs, including the upregulation of hepatic FGF21
production and sensitivity. The relationship between FGF21
sensitivity and insulin sensitivity is another fundamentally
question for physiological scientists to address. Furthermore,
adipose tissues are known to produce FGF21, exerting its
function in paracrine and autocrine manners, while GLP-1R
expression can only be detected in a small portion of cells in
the adipose tissue that are hematopoietic and endothelial
origins. Whether brain GLP-1R also mediates function of
GLP-1 and GLP-1RAs via a gut-brain-adipose tissue axis,
involving adipose tissue FGF21 production and function, is
worth to be explored. Indeed, FGF21 has been shown to
regulate white adipose tissue browning, associated with
increased thermogenesis [120], while in the mouse model,
such events were shown to be required for maximal weight
loss in GLP-1 therapy [121]. It is also worth mentioning that
efforts have been made to develop GLP-1 and FGF21 dual ag-
onists with the success in preclinical investigations [122–125].
Whether this line of research will lead to new therapeutic
agents for diabetes and other metabolic disorders is worth
watching.
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