www.nature.com/aps

REVIEW ARTICLE

Acta Pharmacologica Sinica
®

Check for
updates

GLP-1 mimetics as a potential therapy for nonalcoholic

steatohepatitis

Yan Chen’, Ying-na Xu', Chen-yu Ye', Wen-bo Feng', Qing-tong Zhou', De-hua Yang®® and Ming-wei Wang

1,234

Nonalcoholic steatohepatitis (NASH), as a severe form of nonalcoholic fatty liver disease (NAFLD), is characterized by liver steatosis,
inflammation, hepatocellular injury and different degrees of fibrosis. The pathogenesis of NASH is complex and multifactorial,
obesity and type 2 diabetes mellitus (T2DM) have been implicated as major risk factors. Glucagon-like peptide-1 receptor (GLP-1R)
is one of the most successful drug targets of T2DM and obesity, and its peptidic ligands have been proposed as potential
therapeutic agents for NASH. In this article we provide an overview of the pathophysiology and management of NASH, with a
special focus on the pharmacological effects and possible mechanisms of GLP-1 mimetics in treating NAFLD/NASH, including dual
and triple agonists at GLP-1R, glucose-dependent insulinotropic polypeptide receptor or glucagon receptor.
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INTRODUCTION
Glucagon-like peptide-1 receptor (GLP-1R) belongs to the class B1
family of G protein-coupled receptors (GPCRs) with

7-transmembrane spanning plus an extracellular N-terminal
domain (ECD) (Fig. 1a). The human GLP-1R gene is located on
chromosome 6 (6p21) and the receptor is particularly abundant in
B-cells in pancreatic islets but can also be found in the lung,
kidney, stomach, heart, intestine, retina, adipose, and multiple
regions of the central nervous system (CNS) [1, 2]. Upon ligand
stimulation, GLP-1R couples to Ga,, leading to activation of
multiple downstream signaling pathways [3]. It is functionally
linked to adenylyl cyclase (AC) via Gas to accumulate the second
messenger cyclic adenosine monophosphate (cAMP) and activates
protein kinase A [4]. Through ligand-gated calcium channel on the
endoplasmic reticulum (ER) or voltage-dependent Ca®" channels,
GLP-1R increases the intracellular Ca*™ concentrations to potenti-
ate glucose-dependent insulin secretion [5, 6] (Fig. 1b). The
endogenous ligand, GLP-1, is capable of promoting insulin
secretion, reducing food intake and slowing gastric emptying
[7, 8]. NASH is the pathological progression of NAFLD which stems
from abnormal and significant accumulation of fat in the liver and
associates with high burden of metabolic comorbidities, such as
obesity, insulin resistance (IR), and type 2 diabetes mellitus
(T2DM). Therefore, GLP-1R has the potential to become a drug
target for NASH.

Patients with NAFLD will be diagnosed as NASH with the
symptoms such as hepatic steatosis, lobular inflammation,
hepatocellular ballooning, or other signs of hepatocyte injury,
including pericellular fibrosis. If it is not controlled, the condition
of some patients with NASH may progress and leads to cirrhosis

and hepatocellular carcinoma. The incidence of liver cirrhosis in
NASH patients is as high as 15%-25% within 10-15 years [9].
Cardiovascular diseases, malignant tumors, and decompensated
liver cirrhosis are common causes of death among NASH patients.
It was reported that the global prevalence rate of NAFLD is 25.24%
(95% Cl: 22.10-28.65) and that of NASH is estimated between 1.5%
and 6.45%, according to the fact that 7%-30% of NAFLD patients
who underwent voluntary liver biopsies had NASH [10].

Since NASH is more common in obese patients, especially those
combined with IR, high triglycerides and/or T2DM, early manage-
ment of fat accumulation as well as inflammation has become the
mainstream strategy for NASH treatment. This review intends to
give an overview of the effects of GLP-1 mimetics on the
pathogenesis of NAFLD/NASH and their therapeutic potential.
Possible mechanisms of action and current status of this approach
are also discussed.

PATHOPHYSIOLOGY OF NASH

Pathogenesis of NASH is complex and multifactorial (Fig. 2).
Genetic predisposition such as single-nucleotide polymorphisms
were found to be associated with NASH. For instance, rs738409 C
> G encoding 1148M protein variant of PNPLA3 [11] causes a loss
of acylglycerol hydrolase function leading to impaired lipid
metabolism [12]. TM6SF2, a Golgi transmembrane protein, is a
lipid transporter. Its variant rs58542926 C>T encoding TM6SF2
E167K was shown to reduce lipoprotein and apolipoprotein B
(APOB) levels and impair very low-density lipoprotein (VLDL)
secretion with consequent triglycerides (TG) accumulation and
heightened susceptibility to hepatic fat, NASH and fibrosis [13, 14].
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Genome organization of the human GLP-1R gene and GLP-1R signaling. a The GLP-1R gene is located in chromosome 6 (6p21) and

contains 13 exons interrupted by introns of varying lengths (0.4-8.1 kb). It encodes a protein of 463 amino acids consisting of signal peptide,
ECD, and transmembrane domain (TMD). b Upon GLP-1 binding, the receptor recruits G protein trimers and converts guanosine triphosphate
(GTP) to guanosine diphosphate (GDP) enabling Ga to dissociate and activate AC by converting ATP to cAMP. Release of stored calcium ions
by the endoplasmic reticulum will follow to increase glucose-stimulated insulin secretion.

Liver lipids come from dietary intake, plasma free fatty acid
(FFA) accumulation, and hepatic de novo lipogenesis (DNL). Many
contemporary diets are rich of saturated fats and simple sugars,
such as sucrose and fructose [15]. DNL of the liver is most
commonly produced by carbohydrate catabolism. In addition to
glucose, which provides carbon units for DNL, fructose can also
drive DNL as an adipogenic substrate. In fact, fructose is
increasingly used as a sweetener in corn syrup [16]. Unlike
glucose, fructose bypasses the rate-limiting step of glycolysis
catalyzed by phosphofructokinase in the liver [17] thereby
supplying more substrates for DNL. Fructose can be converted
into TG under conditions of IR. In this metabolic process, fructose
directly stimulates sterol regulatory element-binding protein
(SREBP1c) and carbohydrate response element-binding protein
(ChREBP), the major transcription regulators of DNL, and subse-
quently increases the levels of all DNL-associated enzymes such as
fatty acid synthase (FAS) and stearoyl-CoA desaturase 1 (SCD1)
[18]. Fructose also decreases mitochondrial adenosine tripho-
sphate (ATP) production by inhibiting mitochondrial -oxidation
via increased malonyl-CoA levels—a passage to abnormal liver
ATP homeostasis that is linked to NASH [19].

Mitochondrial dysfunction (particularly respiratory chain defi-
ciency) is widely recognized as a major factor in the pathogenesis
of NASH [20]. Activation by long-chain FFA of peroxisome
proliferators activate receptor a (PPARa) can increase the expres-
sion of carnitine palmitoyltransferase-1 (CPT-1) on the outer
mitochondrial membrane, through which long-chain FFA can
enter the mitochondria for P-oxidation [21]. Memon and co-
workers demonstrated that in three different obesity and a large
number of steatosis gene models, including ob/ob and db/db mice,
the expression of PPARa in the liver compensatorily increases [22].
However, this basal increase may not be sufficient to remove
excess lipids. Mitochondrial dysfunction not only destroys liver fat
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balance but also produces an excessive amount of reactive oxygen
species (ROS), leading to lipid peroxidation and release of highly
reactive aldehyde derivatives (such as malondialdehyde). This will
worsen lipid peroxidation and overproduce cytokines such as
tumor necrosis factor-a (TNF-a), transforming growth factor-3 (TGF-
B) and Fas ligand. Fat accumulation, ROS and TNF-a can activate
c-Jun N-terminal kinase (JNK) in the liver to release pro-apoptotic
Smac/Diablo protein by mitochondria [23].

NASH is characterized by liver steatosis, inflammation, hepato-
cellular injury, and different degrees of fibrosis. The triggers of
liver inflammation in the development from NAFLD to NASH may
come from other organs such as the adipose tissue (AT) and gut,
or may be induced by the liver itself, for instance, lipotoxicity,
innate immune responses, cell death pathways, mitochondrial
dysfunction and ER stress. Visceral AT (VAT), in particular, is
correlated with inflammation and fibrosis in human NAFLD. IR in
VAT can cause adipokine distribution disorder (low adiponectin,
high leptin and TNF-a levels), making macrophages to secrete
chemokines and cytokines such as C-C chemokine 2 (CCL2) and
TNF-a to induce liver inflammation and IR [24]. Two characteristics
of NASH are the production of foamy Kupffer cells (KCs) and
cholesterol crystals in liver cells. Danger-associated molecular
patterns, such as ATP, can activate KCs and lead to ROS formation,
the severity of which is related to the number of neutrophils and
the degree of liver damage in NASH patients [25]. Reduction of
cytochrome P450 family 7 subfamily A member 1 (CYP7A1) and
cytochrome P450 family 27 subfamily A member 1 (CYP27A1), two
enzymes responsible for cholesterol metabolism, is a common
feature of patients with NAFLD/NASH resulting in a decreased free
cholesterol efflux [26]. Recently developed farnesoid X receptor
(FXR) knockout (KO) mice were shown to have the histological
characteristics of NASH: increased steatosis, expression of TNF-a
and toll-like receptor 4 (TLR-4), with inflammation and fibrosis [27].
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Fig. 2 The pathophysiology of NASH. There are four main molecular mechanisms of NASH: (i) Under insulin resistance, fructose could be
converted to triglycerides thereby facilitating DNL. Insulin resistance in adipose tissue can cause adipokine distribution disorder and induce
liver inflammation; (ii) Mitochondrial dysfunction leads to excessive production of ROS and TNF-« to trigger JNK, which induces the release of
pro-apoptotic Smac/Diablo protein; (iii) Two characteristics of NASH are the production of foamy KCs and cholesterol crystals in liver cells; (iv)
Bacteroides are independently related to NASH while Ruminococcus is independently related to clinically obvious fibrosis.

An association between enteric malnutrition and NASH was
proposed not long ago [28]. It was reported that Bacteroides is
independently related to NASH: The abundance of Bacteroides is
positively correlated with the content of deoxycholic acid, raffinose,
and stachyose (containing glucose and fructose) in feces. Among
them, deoxycholic acid induces rat liver apoptosis and its level is
increased in the liver of NASH patients [29]. Another microbiota,
Ruminococcus, is independently related to clinically obvious fibrosis
[28]. Its presence was enhanced in formula-fed infant rhesus
monkeys accompanied by elevated branched-chain amino acids,
hyperinsulinemia, and signs of serum inflammatory biomarkers [30].
Intestinal bacteria can hydrolyze choline (a cell membrane
component of lipid transport to form dimethylamine and
trimethylamine in the liver) and metabolize it into methylamine, a
toxic compound that causes inflammation and liver damage [31].
Abnormal flora could also induce TG accumulation and promote
NASH to reduce choline and increase methylamine [32].

MANAGEMENT OF NASH

Accumulation of fat in the liver occurs within the physio-
pathological progression from a healthy liver to NAFLD. Patients
with NAFLD will be diagnosed as NASH with the symptoms such
as hepatic steatosis, lobular inflammation, hepatocellular balloon-
ing or other signs of hepatocyte injury, including pericellular
fibrosis. Currently, there is no approved drug therapy for NASH.
Based on medical demands, various treatment options were tried
aimed at preventing, delaying, and reversing the progress of
NASH. Efforts were also made to improve clinical outcomes, such
as reducing liver cirrhosis occurrence and its complications,
decreasing the need for liver transplantation and improving
quality of life. The first line of treatment for NAFLD and NASH is
weight loss, done through a combination of calorie reduction,
exercise, bariatric surgery, and healthy dietary composition such
as decreasing fructose consumption. A threshold of 7% in weight
loss is set to elicit histological improvement (reduction of fat and
inflammation in the liver) [33].

Albeit not developed for NASH, drug intervention has also been
attempted. The first regimen targets oxidative stress with
therapeutics such as vitamin E (a free radical scavenger, which
efficacy has been established in NASH [34]) and elafibranor (PPAR
a/6 agonist, responsible for fatty acid oxidation). The second type
of drugs target inflammation and hepatic fibrosis. Obeticholic acid
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is a synthetic variant of natural bile acid chenodeoxycholic acid
(@an FXR agonist). Selonsertib inhibits apoptosis signal-regulated
kinase 1 thereby preventing hepatocytes from apoptosis and
fibrosis [34]. Cenicriviroc is a C-C motif chemokine receptor-2/5
antagonist developed to treat inflammation [35]. The third
strategy targets intestinal microbiomes. IMM-24e can reduce the
liver exposure to gut-derived bacterial products and lipopolysac-
charide. The fourth therapeutics all have antidiabetic properties.
Considering that obesity and T2DM are major risk factors for
NASH, treatment options that impact body weight and glucose
control have been explored. GLP-1R agonist and sodium-glucose
cotransporter-2 inhibitor (SGLT2) inhibitors approved for diabetes
also show early efficacy in NASH [36, 37]. For example, while
cotadutide (a dual agonist at GLP-1R and glucagon receptor,
GCGR) reduces body weight, inhibits food intake and maintains
glucose homeostasis through GLP-1R, its action on the liver to
decrease lipid content, drive glycogen flux and improve mito-
chondrial function are mediated via the GCGR [38], which is
abundantly expressed by hepatocytes [39]. Activation of GCGR
results in increased expression of essential gluconeogenic genes
and modulation of sugar metabolism related enzymatic activities
to increase hepatic glucose production (HGP) [40]. Previous
studies showed that chronic GCGR activation reduced body
weight and reversed hepatic steatosis in diet-induced obese (DIO)
mice [41, 42]. Besides, antagonists of an emerging key modulator
of lipid metabolism, glucose-dependent insulinotropic polypep-
tide (GIP) have been shown to reverse AT, liver, and muscle TG
accumulation, and improve associated metabolic disturbances
induced by a high-fat diet (HFD) [43].

GLP-1 MIMETICS

GLP-1 mimetics, commonly described as regulators of glucolipid
metabolism, also display positive effects on oxidative stress,
inflammatory response, energy expenditure, and microbiota
regulation (Fig. 3), and have been proposed as a promising
therapeutic target in NAFLD and NASH.

Effect on glucolipid metabolism

As the largest organ in the body, liver plays a vital role in
metabolic homeostasis. One of its functions is nutrient storage
and conversion, which is primarily regulated by insulin [44].
Postprandially, increased insulin production promotes liver,
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Fig. 3 Possible involvement of GLP-1 signaling in NASH. The benefits of GLP-1 mimetics include: (i) Alleviation of insulin resistance via
insulinotropic action and insulin signal enhancement, both in the liver and in peripheral tissues; (ii) Suppression of DNL, triglycerides synthesis
and subsequent VLDL particle production in the liver; (iii) Balancing mitochondria biogenesis and function, decreasing ROS formation and
increasing hepatic anti-oxidant capacity; (iv) Participating in Ca’?" homeostasis and reducing factors associated with ER stress; (v) Anti-
inflammatory and anti-fibrosis actions; and (vi) Restoring microbiota dysbiosis and reversing the state of GLP-1 resistance.

muscle and AT to uptake glucose, FFAs and amino acids for further
assimilation. This anabolic reaction is dependent on the coordina-
tion of intracellular signaling cascade involving insulin receptor
substrate 1, phosphoinositide 3-kinase [45], phosphatidylinositol
(3,4,5)-triphosphate, Akt (also known as protein kinase B)
and phosphoinositide-dependent kinase-1 (PDK-1) to regulate
gluconeogenesis and DNL [46]. In the fasting state, a combination
of decreased insulin and increased glucagon concentrations
promotes HGP to meet the metabolic demands of peripheral
tissues.

Gastrointestinal hormones, particularly GLP-1, are involved in
glucose homeostasis. GLP-1 exerts insulinotropic action through
GLP-1R. Some studies showed that hepatic GLP-1R expression was
significantly downregulated in NAFLD patients [47]. In addition,
dipeptidyl peptidase-4 (DPP-4) that metabolizes GLP-1 was
upregulated in the liver of patients ill with NAFLD [48]. These
observations point to a potential mechanism of GLP-1 insensitivity
among NAFLD patients. Since there is still controversy about the
presence [49, 50] or absence [51, 52] of GLP-1R within
hepatocytes, the direct or indirect role of GLP-1 and its mimetics
on hepatic glucolipid metabolism remains to be fully elucidated.

Effect on insulin resistance

NASH mirrors several metabolic disorders and IR is one of the key
risk factors in NAFLD, the early stage of NASH. The role of GLP-1R
agonism in insulin sensitization has been reported. For example,
exendin-4 stimulates the phosphorylation of key effectors in the
insulin signaling pathway including PDK-1, Akt and protein kinase
C (PKC) [50]. Similar results were obtained in HFD fed rats in which
the peptide also increased PPARy expression thereby reducing
JNK phosphorylation to sensitize insulin action indirectly [53]. In
adipose and muscle tissues, GLP-1 or its mimetics enhanced
glucose metabolism. It was found that (i) GLP-1 could promote
fatty acid synthesis in rat AT [54]; (ii) exenatide induced glucose
transporter type 4 translocation to the plasma membrane
facilitating glucose uptake in rat L6 skeletal muscle myotubes
[55]; (iii) liraglutide was able to reverse IR induced by HFD [56]; and
(iv) GLP-1R overexpression ob/ob mice had improved insulin
sensitivity and decreased HGP [57].
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Liver IR further exacerbates lipid accumulation in hepatocytes,
the major pathological characterization in NASH that disturbs
systemic metabolism. GLP-1 mitigates glycaemia, thereby inhibit-
ing ChREBP, whose elevation is definitely related to increased TG
levels [58]. SREBP1c is another de novo lipogenic factor associated
with hepatic lipid accumulation and IR. It is upregulated by excess
glucose and induced by palmitic acid that could be reversed
following exendin-4 treatment [59]. Apart from improving IR,
participation in lipid metabolism by GLP-1 mimetics renders them
a potential therapy for NASH. On the one hand, they alter gene
expression profiles of DNL, TG synthesis and {3-oxidation, such as
SCD1, acetyl-CoA carboxylase [60], FAS [58], CPT-1q, fasn and
dgatl [61]. On the other hand, they are capable of inducing
lipolysis [49, 62], browning AT [63], and differentiating pre-
adipocytes [64, 65]. In addition, exendin-4 was shown to decrease
apoB-100 synthesis leading to decreased VLDL production [66].
Likewise, liraglutide was able to inhibit the expression of pro-
hypercholesterolemic factor proprotein convertase subtilisin/kexin
type 9 [67], pointing to possible involvement GLP-1R in cholesterol
homeostasis.

Effect on mitochondria dysfunction

It is known that IR is related to mitochondria abnormalities [68].
Hepatocyte mitochondria orchestrate energy metabolism via f3-
oxidation, ATP synthesis, tricarboxylic acid cycle, and reformation
[69]. However, this is malfunctioned in animal models and patients
with NASH resulting in excessive ROS production [68, 70]. The
prolonged oxidative stress aggravates DNA damage, cellular
injury, and accumulation of apoptotic and necrotic hepatocytes
thereby triggering inflammatory responses. Exenatide and liraglu-
tide exert remarkable anti-oxidative effects through JNK signaling
pathway or upregulation of protective anti-oxidative enzymes
[53, 71].

Effect on endoplasmic reticulum stress

ER stress is one of the critical contributors during the progression
of NAFLD to NASH. Elevated ER stress led to hepatocyte death and
concomitant liver injury [72]. GLP-1R agonists benefited NAFLD
individuals via alleviating ER stress responses probably by

SPRINGER NATURE

1159



GLP-1 mimetics and NASH
Y Chen et al.

suppressing apoptosis associated with ER-resident protein 46
upregulation and diminishing liver injury [73]. Another crucial
molecule in ER stress is Sirtuin 1 (SIRT1), an upstream regulator of
AMP-activated protein kinase (AMPK) in hepatocytes. Its involve-
ment in energy homeostasis and mitochondria regulation (e.g.,
reduction of mitochondrial ROS production) is well-known. The
link between SIRT1-mediated deacetylation and increased expres-
sion of molecular chaperones HSP70 and HSP40 could mitigate
hepatic ER stress. The fact that exenatide attenuates fatty liver
partially through activation of SIRT1 [74] supports the rationale of
GLP-1-based NASH therapy.

ER Ca®" homeostasis is necessary in liver metabolism. It is
influenced by hormone-initiated Ca®" release and the entry of Ca?™
through store-operated Ca>" channel [75]. Lipid accumulation is
associated with inhibition of this channel via a PKC-dependent
mechanism. The balance is broken when NAFLD evolves to NASH.
Exendin-4 inhibited lipid accumulation in steatotic hepatocytes
induced by palmitate plus BTP-2 (a store-operated Ca®" channel
blocker) and reversed impaired Ca®>" signaling [76].

Effect on liver inflammation

NAFLD progression shares several features of metabolic syndrome,
such as macrophage polarization and pro-inflammatory immune
infiltration. Both animal models and patients with NASH present
systemic inflammatory responses, involving ubiquitously enhanced
NF-kB signaling and upregulated inflalmmatory cytokines, such as
IL-6, IL-1B, and TNF-a [77, 78]. Remarkably, each of these indicators
contributes to more severe liver IR and metabolic disorder.
Although GLP-1R agonists are initially prescribed for glucose and
weight control, their anti-inflammatory effects have become
increasingly attractive. It was reported that GLP-1 analogs inhibited
human invariant natural killer T cells to secrete cytokine and
promoted cAMP-response element-binding protein driven expres-
sion of anti-inflammatory genes such as IL-10 [79]. Similarly,
intestinal intraepithelial lymphocyte suppressed the expression of
inflammatory cytokines IL-2, IL-17A, interferon y, and TNF-a through
GLP-1R signaling [80]. Glp-Tr”~ mice accepting bone marrow
transplantation from wild-type counterparts had restored intestinal
mucosa function and normalized cytokine expression profiles
[80, 81]. GLP-1 treatment also attenuated inflammatory response
accompanied by amelioration of disease phenotypes in stroke and
atherosclerotic lesions in mice [81, 82]. Taken together, accumulat-
ing evidence demonstrate a role of GLP-1R agonists in immuno-
modaulation, supporting their potential application in NASH therapy.

KCs have been implicated in steatosis and insulin signaling
impairment, partially due to elevated TNF-a concentrations [83].
TNF-a directly impairs proglucagon mRNA transcription and GLP-1
secretion from the enteroendocrine L-cell via JNK and NF-«kB
signaling [71, 84], which could be mitigated by treatment with
exenatide [53] or liraglutide [71]. Meanwhile, exogenous GLP-1
lowered pro-inflammatory macrophage (M1) infiltration in AT of
ob/ob mice, along with suppressed TNF-q, IL-6, and MCP-1 mRNA
levels and reduced NF-kB activity [85]. GLP-1 also induced
macrophage polarization towards the anti-inflammatory pheno-
type (M2) through STAT3 activation, reduction of adaptive T cell
responses, elevation of M2 macrophage-related molecules includ-
ing IL-10, CD163, and CD204, and eventual alleviation of
inflammatory reaction [85].

Ceramide, an intermediate metabolite of sphingolipid, is also
taking part in the pathogenesis of NAFLD via crosstalk with
inflammatory mediators. It increases TNF-a secretion and the
resultant liver inflammation further promotes ceramide produc-
tion in hepatocytes [86]. Therapeutic intervention with GLP-1R
agonist could achieve a concomitant reduction in ceramide
species and complications in the NASH as demonstrated by a
recent study [61].

DPP-4 inhibitors are capable of enhancing GLP-1R signaling
and exerting anti-inflammatory effects. TLRs are multiprotein
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complexes that recognize pathogen-associated molecular pat-
terns which can activate an inflammatory response and drive the
progression of liver injury [87]. Their stimulation triggers
intracellular signaling cascade involving NF-kB and inflamma-
somes, leading to releases of IL-13 and IL-18 related to
inflammation and cell death [88]. NLR family pyrin domain
containing 3 (NLRP3) is one of inflammasomes closely associated
with the progression from NAFLD to NASH [87, 88]. DPP-4 inhibitor
sitagliptin decreased NLRP3, IL-13, and TLR-4 gene expression, and
avoided NLRP3 activation indirectly [89]. Another DPP-4 inhibitor
linagliptin was able to promote macrophage polarization to M2
phenotype, consistent with decreased IL-6, IL-1(3, TNF-a, and NF-
KB gene expression [90]. However, the effects of DPP-4 inhibitors
were not verified in human clinical trials due to small sample size,
lack of histological assessment and a short follow-up duration [91].

Effect on liver fibrosis

A long-standing pro-inflammatory state would provoke liver
fibrosis, a non-physiological scarring process characterized by
the net accumulation of extracellular matrix, compromising liver
architecture and then driving cirrhosis even primary liver cancer or
hepatocarcinoma ultimately. Both experimental models and
clinical cases determined some key steps responsible for fibrosis,
including (i) upregulation of TGF-f3, the master regulator of fibrosis
initiation [92]; (ii) increase of several pro-fibrogenic markers like
tissue inhibitor of metalloproteinase-1, serpin family E member 1
and matrix metalloproteinases (MMPs), as well as proliferative
markers such as TNF-a and TGF-B [92]; and (iii) activation of
hepatic stellate cells (HSCs) into migratory and proliferative
phenotype [61, 93]. Strikingly, GLP-1 based therapy also exhibits
the ability to suppress liver fibrosis and reduce NASH progression.
Indeed, GLP-1 mimetics were able to decrease the expression of
TNF-a, MMP-9, and MMP-13 in T2DM patients [94] and suppress
fibrotic phenotypes in a mouse NASH model [95]. Increased pro-
fibrogenic regulators and markers following the methionine
choline-deficient (MCD) diet exposure was alleviated or fully
normalized by liraglutide administration [61]. Liraglutide was also
shown to directly inactivate cirrhotic HSCs in vitro, albeit its exact
role remains to be elucidated [96].

Effect on the gut-liver axis
The effects of gut dysbiosis on liver damage and obesity were first
reported in 2006 [97]. Lean rodents receiving gut microbiota
transplantation from their obese counterparts acquired the same
metabolic alterations as the donors, including more complex liver
lipid profiles and enhanced lipid deposition in adipocytes [97].
Detailed mechanisms linking gut microbiota to several metabolic
disorders, including NASH were subsequently proposed that gut
microbiota could (i) regulate incretin (GLP-1, peptide YY, and GIP)
release thereby indirectly influencing glucose metabolism, gut
motility, and energy expenditure [98, 99]; (ii) suppress the activity
of angiopoietin like 4, a lipoprotein lipase inhibitor associated with
a higher lipid accumulation in the liver [100]; (iii) bring out
bacteria-derived products, such as short-chain fatty acids (SCFAs)
acting as substrates for liver gluconeogenesis and DNL [99]; and
(iv) improve barrier function to prevent translocation of bacterial
or bacteria-derived products into the portal circulation [101, 102].

Patients with NAFLD have altered composition of specific gut
microbiota compared with healthy controls, such as Bacteroidetes,
Prevotella, and Porphyromonas [28, 103]. NASH patients with
fibrosis stage F =2 had less proportion of Prevotella than patients
with FO/1 fibrosis stage. Metagenomic profile analysis indicates
that fibrosis stage F =2 is mostly related to carbohydrate, lipid and
amino acid metabolism [28, 103]. Therefore, NAFLD severity is
associated with gut dysbiosis and a change in metabolic function
of the gut microbiota.

Specific gut microbiota dysbiosis is also responsible for GLP-1
resistance. Dysbacteriosis was found to be linked with an impaired
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Fig. 4 Two-domain binding model for class B1 GPCRs. Step 1, the C terminus of peptide binds to the ECD of the receptor. This interaction
facilitates step 2: insertion of the peptide N terminus to the ligand-binding pocket at the TMD core.

GLP-1R expression and GLP-1 signaling of enteric neurons in HFD-
fed mice, thereby preventing the gut-brain-periphery axis activa-
tion for the control of insulin secretion and gastric emptying [104].
Besides, metabolites of intestinal microorganism can strongly
regulate host metabolism. Bacterial products such as SCFAs,
hydrogen sulfide (H,S) and indole could stimulate GLP-1 release
directly or indirectly, exerting an insulin-sensitizing effect on
metabolism [102]. In rodent models, sodium butyrate (NaB) was
able to slow down the progression of NASH via enhanced GLP-1
secretion [47].

It is interesting that liraglutide treatment caused a significant
change in overall composition and relative proportion of weight-
relevant bacteria species in HFD-fed mice, including a reduction of
Proteobacteria and an increase of Akkermansia muciniphila [105].
Liraglutide also restored the balance between Bacteroides and
Erysipelotrichi decreased upon MCD-diet exposure [61]. An
adequate presence of these two phylotypes is necessary in the
microbiota due to their roles in inflammation and liver fat
metabolism [32, 106]. It is worthy of noting that the observation of
Proteobacteria and Akkermansia muciniphila in liraglutide-treated
HFD-fed mice was not reproduced in MCD-diet fed mice. This
inconsistency may be attributable to different dietary pattern and
genetic differences in the mouse strain used. Technical limitations
in culturing anaerobic bacteria and the absence of selective
antibiotics might have also hampered the determination of gut
microbiota composition.

Effect on the nervous system

Neuronal effects of GLP-1 were observed in the 1980’s [107].
Subsequent studies revealed that the neuroendocrine signaling
mediated by GLP-1R is one of the key mechanisms in energy
homeostasis [108] and satiety regulation [109], although there is
some confusion in the way of native GLP-1 activates GLP-1R in the
CNS (due to a very short half-life of the peptide) which seems to be
different from long-acting GLP-1R agonists. According to a recent
review by Drucker and colleagues [110], peripherally administered
GLP-1 analogs appear to induce receptor activation either in the
hypothalamus and hindbrain, both areas with incomplete blood-
brain barrier, or on vagal afferents to transmit the signal to the
hindbrain which then projects to other key feeding areas in the
brain. In fact, intracerebrovascular (i.c.v.) injection of GLP-1 in HFD-
fed mice enhanced hepatic insulin signaling via Akt action and
hypothalamic AMPK suppression, accompanied by elevations in
insulin secretion, improved glucose tolerance and decreased
hepatic TG accumulation [111]. Alternatively, knockdown of GLP-
1R in dorsomedial hypothalamus resulted in effects that collec-
tively contributed to IR including body weight gain, reduction in
energy expenditure, hepatic steatosis, increased plasma TG and
elevated liver specific DNL [112].

Of note is that these effects are somehow independent of food
consumption. For instance, exendin-4 showed a profound efficacy
on peripheral lipid metabolism after acute or repeated i.c.v.
administration in cholesterol-fed hamsters, in connection with
decreased SREBP1c, increased CYP7A1, and elevated LDL receptor
expression [113]. Liraglutide could trigger brown AT thermogenesis
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and adipocyte browning through hypothalamic ventromedial
nucleus (VMH) stimulation which was blunted by AMPK activation.
The increased energy expenditure led to weight loss that was also
independent of anorexigenic actions [108].

In the peripheral nervous system, GLP-1R locates in the vagal
nerve which plays a seminal role in regulation of feeding behavior
and metabolic homeostasis. Several studies have suggested that
GLP-1 can signal through a neural circuit originating in the
hepatic-portal area. Intraportal GLP-1 was able to evoke a
powerful neuronal-mediated insulinotropic effect directly through
the hepatoportal-pancreatic vagal reflex pathways [114]. Vagoto-
mized animals exhibited rising circulating GLP-1 levels, accounting
for metabolic benefits by inhibition of key regulators in hepatic
DNL [59]. They also lost the response to peripheral exendin-4
treatment in lipid regulation compared to sham operation
littermates, implicating the involvement of parasympathetic
system in GLP-1R signaling [115]. Notably, emerging evidence
has demonstrated that the vagal nerve suppresses systemic
inflammatory response. The synthesis of TNF, HMGB1, and other
cytokines were significantly attenuated after vague nerve
stimulation in vivo thereby protecting against endotoxemia [116].

TARGET PROFILE

GLP-1R belongs to class B1 GPCR family [117] and a member of
the glucagon receptor subfamily along with GCGR, glucagon-like
peptide-2 receptor, growth hormone-releasing hormone receptor,
secretin receptor, and glucose-dependent insulinotropic polypep-
tide receptor (GIPR) [117]. In general, their molecular structures are
similar, consisting of two domains: a large ECD at the N terminus
and a TMD. Both are indispensable for receptor activation. The
ways in which the endogenous ligands bind to and activate the
corresponding receptor in this family are comparable. It is
accepted that peptide ligands bind to class B1 GPCRs in two
steps: the C-terminal region of peptide primarily binds to the ECD
via hydrophobic interactions followed by insertion of the
N-terminal region into the orthosteric site located in the TMD
core causing conformational changes, G protein coupling and
downstream signaling [118, 119] (Fig. 4).

Besides the benefits of GLP-1R agonists in the treatment of
NASH, studies have also shown that synergistic actions of dual or
triple agonists at GLP-1R, GCGR, and/or GIPR could slow down the
process of NASH more effectively [120]. Agonism at GCGR
attenuates symptoms of metabolic diseases by increasing energy
expenditure and reducing liver fat. However, activation of GCGR
also elevates HGP, thus diminishing the glycemic control effect of
GLP-1 [121]. Combination of both resulted in a profound
therapeutic superiority in reducing body weight, hyperglycemia
and hepatic lipids beyond GLP-1R agonist alone [38, 122].
Additional glycemic control efficacy rendered by GIPR activation
decreased the inherent hyperglycemic risk of GCGR action
[123, 124]. Consequently, there are ongoing preclinical and clinical
studies exploring the therapeutic advantages of GLP-1R/GIPR dual
and GLP-1R/GCGR/GIPR triple agonists in the management of
NAFLD and NASH [125-128].
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§ Therapeutic potential of GLP-1R agonists
9 | T T - % F 5 T The effect of GLP-1 analogs on enhancing insulin sensitivity,
ﬁ 2 2 2 5 2 2 2 = decreasing hepatic steatosis, and improving liver histology have

been observed in mice [53, 60, 66, 74, 129-131]. Based on the
molecular structures, these analogs can be divided into two
categories: exendin-like whose amino acid sequence has low
homology with human GLP-1, such as exenatide and lixisenatide,
as well as GLP-1-like sharing high amino acid sequence homology
with peptidic mimetics, such as liraglutide and semaglutide. Major
clinical trials of these GLP-1 mimetics are summarized as below
and relevant information of each trial is given in Table 1.

Exenatide

Exenatide, also known as exendin-4, shares 53% sequence
homology with GLP-1. It is isolated from lizard saliva, functionally
similar to GLP-1 and resistant to DPP-4 degradation [132]. Apart
from glucoregulatory activities, exenatide treatment was shown to
improve lipid homeostasis, reduce body weight [133], improve IR
and decrease hepatic steatosis [60]. One clinical trial enrolling 60
patients with T2DM and NAFLD showed that exenatide had a
better effect of weight loss compared with intensive insulin. After
12-week treatment, levels of some hepatic injury biomarkers, such
as alanine aminotransferase (ALT), aspartate aminotransferase
(AST), and y-glutamyl transpeptidase (GGT), were significantly
lower than that in the control group indicative of hepatic
protection [134]. Another study involving 44 patients not only
confirmed the weight loss effect of exenatide over placebo but
also showed a significant reduction in liver fat content (LFC) [135].
Recently, a randomized comparative trial demonstrated that both
exenatide and insulin glargine had the ability of reducing LFC in
addition to that of blood glucose control [136]. Compared with
insulin glargine, exenatide treatment resulted in better reduction
in VAT, subcutaneous AT, liver enzymes, weight, postprandial
plasma glucose (PPG), and low-density lipoprotein-cholesterol
(LDL-C) [136].

significantly decreased in two groups and exenatide’s effects were

greater.
biomarkers and increased adiponectin in patients with T2DM.

percentage of patients with NASH resolution than placebo.

n=52,1mgTZP n=55,5mgTZP n=51,10mg TZP 26 weeks Higher tirzepatide doses significantly decreased NASH-related

n=>53, 15mg TZP n =54, 1.5 mg dulaglutide n =51,

visceral fat area, liver enzymes, FIB-4, PPG, and LDL-C.
reduced liver fat content, while insulin glargine did not.

group in decreasing ALT, AST, IHF and weight.

Principal efficacy

with T2DM.
24 weeks Exenatide showed better effects on reducing body weight,

12 weeks Levels of the hepatic injury biomarkers ALT, AST, and GGT were
damage.

26 weeks Exenatide reduced liver fat content and epicardial fat in patients
48 weeks Liraglutide improved hepatic steatosis and reduced histological
26 weeks Liraglutide and sitagliptin improved IHL; liraglutide significantly
24 weeks Liraglutide group had slightly better results than metformin

Duration

Liraglutide

Among all GLP-1R agonists, the efficacy of liraglutide in NAFLD
and NASH therapies is extensively investigated. The well-known
study “Liraglutide Efficacy and Action in NASH (LEAN trial)” is a
double-blinded, randomized and placebo-controlled phase 2 trial
[37]. The effect of liraglutide treatment in 52 biopsy-proven NASH
patients was evaluated. After 48-week treatment, 9/23 (39%)
patients in the liraglutide group had resolution of NASH without
worsening fibrosis, while the number of patients who had
histological improvement in the placebo group is only 2/22
(9%). Compared to the placebo group (8/22, 36%), patients who

n =80, 0.1 mg semaglutide n = 78, 0.2 mg semaglutide 72 weeks Treatment with semaglutide resulted in a significant higher

120 mg/day gliclazide n =31, 1.8 mg/day liraglutide
n =82, 0. 4mg semaglutide n = 80, placebo

n =24, 1.8 mg/day liraglutide n =27, 100 mg/day

n =30, exenatide + insulin glargine n =30, insulin
sitagliptin n = 24, 0.2 IU/kg insulin glargine

Number of participants and dose per intervention
aspart + insulin glargine

n =22, exenatide n = 22, reference treatment

according to French guidelines
n=31, 1000 mg twice daily metformin n =31,

n = 38, exenatide n = 38, insulin glargine
n =26, 1.8 mg/day liraglutide n = 26, placebo

=
(%]
<
4
o~
la)
-
w
<
=z
S
= .
2 S demonstrated progression of fibrosis is also fewer in the
g % liraglutide group (2/23, 9%).
3 A systematic and comparative evaluation of changes in
£ intrahepatic fa among patients wi receiving
S T - trahepatic fat (IHF) T2DM patients with NAFLD
g w s 2 s s Z liraglutide, gliclazide, or metformin monotherapy was conducted
2 Q £ 2 £ 39 2 2 [137]. After 24-week of treatment, liraglutide group showed a
= z 2 5 ¢ o5 ¢ 5 greater IHF reduction than gliclazide and metformin groups;
- z= E 5 & 5 5 ¢ = liraglutide and metformin monotherapy also had better effects on
% G 208 £ 0 > a o > s BT ameliorating liver aminotransferase levels, alleviating hyperglyce-
o i) g T g 5 g 5 5 g [ § mia, and reducing body weight and waistline than gliclazide. A
; A0 W Z ® Z Z @ F < similar comparative trial found that liraglutide treatment caused
8 < ¥ N ¥ ¥ & 9N E significant weight loss and LFC reduction, but weight loss in
|1 %8 2 2 3 & & 2 3 3 insulin glargine group was not evident [138].

© =
2181 £ &£ £ & £ & £ |G
T = S Semaglutide
8 N + Semaglutide has a long half-life and is administered once a week.
2 ° L 3 2 A 72-week, double-blinded phase 2 trial involving 320 patients
. 5 2 5 2 £ with biopsy-confirmed NASH and liver fibrosis of stages F1, F2,
ol 2 fx § < and F3 showed that the percentage of patients who achieved
= E g s £ © @ resolution of NASH without worsening of fibrosis after treatment
[ i 4 %) [ [y

was significantly higher in semaglutide group (0.4 mg) than in the
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placebo group (59% vs. 17%), accompanied by reductions in
inflammatory biomarker levels and in histologically assessed
lobular inflammation. However, with reference to an improvement
of at least one fibrosis stage with no worsening of NASH, there
existed no significant difference between the two groups (43% vs.
33%) [139]. This observation is consistent with a previous
preclinical study showing that semaglutide reduced liver inflam-
mation through mechanisms unrelated to weight loss [140].

Dual agonists

GLP-1R/GCGR dual agonism can effectively counterbalance the
hyperglycemic effects of glucagon and in the meanwhile relieve
metabolic disorders. This phenomenon was first discovered in DIO
mice, in which treatment with a dual agonist displayed a better
efficacy than GLP-1R agonist alone in reducing body weight,
hepatic fat, and blood glucose [141, 142]. Treatment of T2DM
patients with cotadutide, a dual GLP-1R/GCGR agonist, reduced
glycaemia, body weight, and hepatic steatosis [38]. Wild-type and
Glp-1r~’~ mice were administered cotadutide, liraglutide or g1437
(GCGR agonist), respectively, or co-administered liraglutide and
g1437. After 14-day treatment, the data of weight loss,
intraperitoneal glucose tolerance test, and plasma leptin (a fat
mass biomarker) suggest that the effects of cotadutide on weight
loss and glucose homeostasis are dependent on GLP-1R, whereas
improvement in hepatic lipid content is mediated by GCGR [38]. In
a physiologically relevant mouse model, cotadutide also exhibited
a superior efficacy in alleviating NASH [38].

A dual agonist targeting GLP-1R and fibroblast growth factor 21
(FGF21) receptor has shown its therapeutic potential for T2DM
and NASH [143]. FGF21 is a secreted endocrine factor that
regulates glucose and lipid metabolism. This type of dual agonists
displayed potent and sustained effects on glucose lowering,
weight loss, and lipid profile improvement [143]. In diabetic db/db
mice, GLP-1/FGF21 dual agonists had superior ability to reduce
glucose than FGF21 and GLP-1 alone [143]. IR ob/ob mice fed with
HFD for 6 weeks developed NASH according to nonalcoholic fatty
liver disease score; dual agonist GLP-1-Fc-FGF21 D1, Fc-FGF21 S1
and dulaglutide significantly reduced liver steatosis, inflammation
and hepatocellular ballooning; GLP-1-Fc-FGF21 D1 also exhibited
greater improvement than GLP-1 or FGF21 [143].

GIP is another incretin and can enhance the metabolic effects of
GLP-1 via complementary or synergistic actions. Treatment with
tirzepatide (a GLP-1R/GIPR dual agonist) improved insulin
response and glycemic control compared with GLP-1R agonist
alone [144]. In a phase 2 clinical trial, tirzepatide significantly
reduced HbA,. and body weight of T2DM patients in 26 weeks
[144]. Based on the weight loss findings, the effects of tirzepatide
on biomarkers of NASH and liver fibrosis among 316 T2DM
patients were explored as a phase 2 trial [123]. Once a week
subcutaneous tirzepatide (1, 5, 10, or 15 mg), dulaglutide (1.5 mg),
or placebo was given for 26 weeks. Tirzepatide treatment (10 mg)
significantly decreased serum keratin-18 (K-18) level by 135.2 unit/
L compared with the placebo group, which may be clinically
meaningful for the treatment of NASH. In a previous trial,
reduction of 150 unit/L in K-18 level was associated with a
greater chance of NASH resolution [145]. However, compared with
dulaglutide group, the higher doses of tirzepatide did not
demonstrate advantages in improving K-18, procollagen Il (PRO-
C3) and adiponectin levels. Although this work has limitations
because it is a post hoc analysis, the NASH biomarker data along
with the weight loss findings warrant further evaluation of
tirzepatide in patients with NASH. More clinical trials that assess
liver histology are thus required.

In summary, with the globalization of obesity and metabolic
disorders, NAFLD has become the most common cause of chronic
liver diseases. NASH as a progressive form of NAFLD usually results
in cirrhosis and hepatocellular cancer. Presently, there is no
approved drug for these diseases. However, GLP-1 mimetics,
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including GLP-1R agonists and DPP-4 inhibitors used to treat
T2DM and obesity have been shown to be efficacious in
mitigating NAFLD and possibly in preventing NASH. Apart from
weight loss and glycemic control, GLP-1 mimetics also improved
liver histology in animal models and some human studies. There
exist laboratory data supporting the rationale of treating NASH
with GLP-1 mimetics, showing positive effects on insulin
sensitivity, lipid metabolism, glucose transport, oxidative stress,
inflammatory response, and energy expenditure. Unfortunately,
most of them were derived from murine models and some
conclusions are either controversial or inconsistent between
rodent and human studies. In order to objectively present the
cited work, we summarized the basic information of NASH-related
references in two tables describing the main findings in rodents
(Supplementary Table S1) and in humans (Supplementary
Table S2, including one monkey study). It remains unclear if the
observed effects of GLP-1 are originated from its direct action
since the presence of GLP-1R in insulin-targeted tissues such as
liver, AT and muscle has yet to be confirmed. Therefore, suitable
animal models as well as long-term and well-designed clinical
trials are required to advance this import filed of research to a
new height.
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