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Abstract

Metabolic dysfunction-associated steatohepatitis (MASH) is the severe form of
non-alcoholic fatty liver disease which has a high potential to progress to cir-
rhosis and hepatocellular carcinoma, yet adequate effective therapies are lack-
ing. Hypoadiponectinemia is causally involved in the pathogenesis of MASH.
This study investigated the pharmacological effects of adiponectin replacement
therapy with the adiponectin-derived peptide ALY688 (ALY688-SR) in a mouse
model of MASH. Human induced pluripotent stem (iPS) cell-derived hepato-
cytes were used to test cytotoxicity and signaling of unmodified ALY688 in vitro.
High-fat diet with low methionine and no added choline (CDAHF) was used
to induce MASH and test the effects of ALY688-SR in vivo. Histological MASH
activity score (NAS) and fibrosis score were determined to assess the effect of
ALY688-SR. Transcriptional characterization of mice through RNA sequencing
was performed to indicate potential molecular mechanisms involved. In cultured
hepatocytes, ALY688 efficiently induced adiponectin-like signaling, including
the AMP-activated protein kinase and p38 mitogen-activated protein kinase path-
ways, and did not elicit cytotoxicity. Administration of ALY688-SR in mice did
not influence body weight but significantly ameliorated CDAHF-induced hepatic
steatosis, inflammation, and fibrosis, therefore effectively preventing the devel-
opment and progression of MASH. Mechanistically, ALY688-SR treatment mark-
edly induced hepatic expression of genes involved in fatty acid oxidation, whereas
it significantly suppressed the expression of pro-inflammatory and pro-fibrotic
genes as demonstrated by transcriptomic analysis. ALY688-SR may represent an
effective approach in MASH treatment. Its mode of action involves inhibition of
hepatic steatosis, inflammation, and fibrosis, possibly via canonical adiponectin-
mediated signaling.
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Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Hypoadiponectinemia is causally involved in the pathogenesis of metabolic dys-
function-associated steatohepatitis (MASH), that may ultimately lead to cirrhosis
and hepatocellular carcinoma. Accordingly, strategies to boost adiponectin ac-
tion are proposed to be beneficial in treating MASH. However, multiple technical
challenges have hindered therapeutic development of native adiponectin protein
or small molecule adiponectin receptor agonists.

WHAT QUESTION DID THIS STUDY ADDRESS?

This study investigated the effects of ALY688, a peptide agonist of adiponectin
receptors, in a preclinical mose model of MASH and examined the underlying
mechanisms of action.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

ALY688 induced adiponectin-like signaling without cytotoxic effects in hepato-
cytes. Notably, ALY688 effectively alleviated the development of MASH and its
progression to hepatic fibrosis in a mouse model of MASH. These effects were
achieved via induction of hepatic fatty acid oxidation and inhibition of both he-
patic inflammation and fibrogenesis.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

The protective effects of ALY688 against MASH support the potential therapeutic

INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease
(MASLD) is strongly associated with obesity and its re-
lated metabolic complications.! It affects more than a
quarter of the population worldwide with a rapidly ris-
ing prevalence in parallel with the global epidemic of
obesity. MASLD comprises a spectrum of liver diseases
ranging from simple steatosis to metabolic dysfunction-
associated steatohepatitis (MASH).> While simple stea-
tosis is characterized by excessive lipid accumulation in
the liver, which is generally a benign condition, MASH
is the advanced stage of MASLD characterized by not
only lipid accumulation, but also hepatic inflammation
and necrosis of hepatocytes.” MASH is generally con-
sidered as an irreversible disease as it can also prompt
collagen synthesis and deposition, leading to end-stage
liver diseases, including cirrhosis and hepatocellular
carcinoma (HCC).? Indeed, the prevalence of MASLD-
associated HCC has strikingly increased over the last
few decades due to the global epidemic of metabolic
disorders. MASH and metabolic etiology of HCC has
replaced viral hepatitis as the leading cause of HCC
nowadays.® Furthermore, different etiology of HCC may
produce different responsiveness to systemic therapies.
In this regard, non-viral etiology of HCC has been found

application of this peptide in the clinic for treatment of MASH in the future.

to be associated with a better prognosis in patients
treated with lenvatinib, a multi-tyrosine kinase inhibi-
tor, than viral etiology.* Although the pathogenesis of
MASH is not fully elucidated, it is generally agreed that
abnormal lipid accumulation in the liver, lipotoxicity,
hepatic inflammation, and gut dysbiosis are all contrib-
uting factors to MASH development.” However, cur-
rently there are no established therapeutics effectively
targeting MASH, probably due to the multifactorial na-
ture of this disease.

Adiponectin is one of the most abundant adipokines
secreted by adipocytes.6 Adiponectin possesses pleio-
tropic effects on the regulation of insulin sensitivity,
lipid catabolism, and inflammation in various tissues
via interacting with its receptors, adipoR1 and adi-
poR2.” Circulating levels of adiponectin are decreased
in both rodents and human patients with obesity
and are inversely correlated with insulin resistance.®
Hypoadiponectinemia has also been associated with
MASH. Patients with biopsy-proven MASH had a sig-
nificantly lower serum level of adiponectin than those
with simple steatosis independent of insulin resistance.’
Circulating adiponectin levels are negatively associated
with hepatic necroinflammation.’ Adiponectin circu-
lates mainly in high molecular weight (HMW) oligo-
meric and medium-molecular weight hexameric forms,
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and to a lesser extent, low molecular weight trimeric
forms. Although total adiponectin was measured in most
studies and the HMW form of adiponectin is generally
agreed to be more closely associated with insulin resis-
tance and obesity,m there has been no significant differ-
ence in the distribution of adiponectin isoforms between
MASH patients and healthy individuals.'! Rather, ani-
mal studies suggest that overall hypoadiponectinemia is
causally involved in MASH. For example, adiponectin
knockout mice were more prone to develop cirrhosis and
even hepatic tumors than wild-type mice when fed with
a choline-deficient L-amino acid-defined diet, which is
used to induce MASH."? Adiponectin deficiency also ac-
celerated MASH development with increased oxidative
stress and Kupffer cell polarization in mice fed with a
methionine choline-deficient (MCD) diet." Transgenic
mice expressing nuclear sterol regulatory element-
binding protein 1c (nSREBP-1c¢) in adipose tissue de-
veloped spontaneous MASH and hypoadiponectinemia
as they aged; whereas the MASH liver phenotype was
decelerated in nSREBP-1/adiponectin double transgenic
mice, that paralleled with lower ER stress."* Moreover,
pharmacological administration of recombinant full-
length mouse adiponectin alleviated MASLD in ob/ob
mice potentially by induction of fatty acid oxidation and
suppression of inflammation in the liver."®

Despite the hepatoprotective effects of adiponectin
as shown in the aforementioned studies, development
of adiponectin replacement therapy for treatment of
MASH based on recombinant proteins has been hin-
dered by several challenges. First, the extreme insolubil-
ity of the C-terminal globular domain and larger peptide
fragments limits the generation of the full-length pro-
tein.'® Second, the heterogenous nature of adiponectin
isoforms produces non-reproducible results between
in vitro and in vivo experiments.17 In addition, differ-
ent isoforms have different biodistribution in tissues,
especially where the HMW form is considered most ac-
tive, yet less likely to penetrate tissues due to its large
size. Small molecule-based adiponectin mimetics have
emerged in the last decade to fill the gap. Among them,
an adiponectin-derived peptide named ALY688-acetate
(ALY688), also referred to as ADP355, has been devel-
oped.'® It is a 10-amino acid (10-mer) short peptide cov-
ering the active site of the adiponectin globular domain
with a molecular weight of ~1100 Da so that it can easily
penetrate into tissues. It has been shown to activate both
adipoR1 and adipoR2, eliciting adiponectin-like signal-
ing in various cell types.'® It has been shown to exert
liver protective effects against thioacetamide (TAA)-
induced liver injury and carbon tetrachloride (CCl,)-
induced liver fibrosis in mice.'® However, the effects of
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ALY688 on MASH has not been investigated. Although
recently a 6-mer globular adiponectin-based adipoR ag-
onist JTO03 has been suggested to recover MASH via the
endoplasmic reticulum-mitochondria axis, this conclu-
sion was made mainly based on a mouse model with
16-week high-fat diet, which only produces steatosis,
but not MASH as evidenced by the histological data in
the same study.”® In addition, JT003 is relatively short-
acting with a half-life of approximately 45 min.*

In this study, we established experimental MASH mod-
els using high-fat diet with low methionine and no added
choline (CDAHF)* and high-fat diet fed to mice with
streptozotocin (STZ)-induced insulin insufficiency22 to
evaluate the effects of ALY688. We found that adminis-
tration of ALY688, and especially ALY688-SR, protected
mice against the development of MASH and fibrosis by
increasing lipid catabolism and decreasing inflammation
and fibrogenesis in the liver.

METHODS
Animals

For pharmacokinetic assay, male Sprague-Dawley (SD)
rats were purchased from Charles River Laboratories
and adapted to the animal facility with ad libitum ac-
cess to water and a certified laboratory diet. Two rats
were housed per cage. All rats were maintained under
controlled conditions of temperature (22-24°C), humid-
ity, and lighting (12-h artificial light and dark cycles).
All animals used in this study were housed and cared
for in accordance with the Guide for the Care and Use of
Laboratory Animals (ILAR Publication, 2011, National
Academy Press).

For the streptozotocin and high-fat diet (STAM) model,
C57BL/6 mice (14-day pregnant female) were obtained
from Japan SLC (Japan). The animals were maintained
in a specific pathogen-free facility under controlled con-
ditions of temperature (23+2°C), humidity (45+10%),
lighting (12-h artificial light and dark cycles; light from
8:00 to 20:00), and air exchange. Gamma-irradiated solid
high-fat diet was provided ad libitum, from the top of the
cage. Drinking water was provided ad libitum by water
bottle that was replaced once a week. All animals used in
the study were housed and cared for in accordance with
the Japanese Pharmacological Society Guidelines for
Animal Use.

For the CDAHF model, C57BL/6N male mice at 6 weeks
of age were purchased from the Centre for Comparative
Medicine Research of the University of Hong Kong
(CCMR, HKU) and adapted to the animal facility with
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ad libitum access to water and standard chow (STC) diet
(LabDiet 5053, Saint Louis, MO, USA) until they reached
8weeks of age. All animals were maintained under con-
trolled conditions of temperature (22-24°C), humidity,
and lighting (12-h artificial light and dark cycles). All
animal experiments were approved by the Committee on
the Use of Live Animals in Teaching and Research at the
University of Hong Kong.

Pharmacokinetic study

Male adult SD rats were administered a single subcuta-
neous (s.c.) injection of ALY688 (unmodified form) at
10mg/kg and ALY688-SR (sustained release form) at
20mg/kg. Blood samples were collected at 30 min and
1, 2,4,8, 24, 48, 72, 96, 144, and 192 h following the in-
jection and immediately centrifuged at 4°C at 2500x g
for 10min to obtain plasma samples. Plasma concen-
trations of the peptides were measured by liquid chro-
matography/tandem mass spectrometry (LC-MS/
MS) (ThermoFisher Scientific, Waltham, MA, USA).
Pharmacokinetic parameters ALY688 and ALY688-SR
were calculated using Phoenix® WinNonlin® version 8.0
(Certara, Clayton, MO, USA). Concentration values less
than the lower limit of quantitation (LLOQ) were set to
zero for the analysis.

General experimental procedures for
mouse studies

For the STAM model, male C57BL/6N mice at 2days
after birth received a single s.c. injection of 200 pg STZ
(Sigma-Aldrich, St. Louis, MO, USA) solution; these
mice were fed with high-fat diet (HFD, 57kcal% fat,
Cat# HFD32, CLEA Japan, Tokyo, Japan) from 4 to
9weeks of age to induce MASH.** From 6 to 9weeks
of age, the mice were administered with vehicle or two
doses of ALY688 (low: 0.5mg/kg/day, high: 5mg/kg/
day) via daily s.c. or continuous s.c. infusion via osmotic
pumps (OP; Cat# 2004, Alzet, Cupertino, CA, USA) at
an infusion rate of 0.25pL/h. Mice were randomized
into two cages of three for each of the five treatment
groups (N =6/treatment group).

For the CDAHF model,” male C57BL/6N mice at
8weeks of age were fed with choline-deficient with low
methionine high-fat diet (CDAHFD, 60kcal% fat, Cat#
CDAHF60, Dyets, Bethlehem, PA, USA) for 12weeks to
induce MASH. Threeweeks after CDAHFD feeding, the
mice were treated with ALY688-SR (low: 3mg/kg/day,
high: 15mg/kg/day) or vehicle by daily s.c. injection for

9weeks. Mice treated with obeticholic acid (OCA, 30 mg/
kg) by daily oral gavage were used as the positive control
group, STC-fed mice treated with vehicle were considered
as the negative control group. Mice were randomized into
two cages of five for each of the five treatment groups
(N=10/treatment group).

Measurement of body composition

Lean, fat tissue, and free fluid in living mice were meas-
ured using the Bruker Minispec LF90 II NMR body com-
position analyzer.

Measurement of serum and hepatic
ALY688-SR

At the end of the CDAHF study, the animals were sac-
rificed, and terminal blood samples by cardiac punc-
ture and liver tissues were collected after 1h of the
ALY688-SR injection and shipped to AIT BioScience
(Indianapolis, IN, USA) for bioanalytical quantification.
Briefly, tissue samples were transferred to 7mL Precellys
tubes and weighed. To effect liver tissue homogeniza-
tion, 2-3 zirconium oxide 2.8 mm beads and 6-12 zir-
conium oxide 1.4 mm beads were added to each sample
tube. The tissue was then diluted 10x with blank mouse
plasma. Following addition of the plasma to each tissue
sample, samples were homogenized on the Precellys at
6500 rpm for 3x30s. A sample volume of 25 pL was ali-
quoted into a 1.2mL 96-well plate and mixed with 12 pL
internal standard solution (10ng/mL ALY688-D7 in
water: acetonitrile, 50:50). The peptide concentrations
in the serum and liver were measured by LC-MS/MS
(ThermoFisher Scientific). Raw data from the mass spec-
trometer were acquired and processed with the Thermo
Scientific Watson Laboratory Information Management
System. Peak area ratios from the calibration standard
responses were regressed using a (1/concentration?) lin-
ear fit for ALY688. The regression model was chosen for
analysis based on the behavior of the analyte across the
concentration range used.

Measurement of serum adiponectin

At the end of the CDAHF study, terminal blood sam-
ples were collected, and serum level of adiponectin
was determined using the mouse adiponectin enzyme-
linked immunosorbent assay (ELISA) kit (Cat# 32010,
ImmunoDiagnostics Limited, Hong Kong).
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Evaluation of liver injury markers

For the STAM model, plasma alanine transaminase (ALT)
and aspartate transaminase (AST) levels were measured by
FUJI DRI-CHEM 7000 (Fujifilm, Japan). For the CDAHF
model, plasma ALT and AST were measured by commercial
assays (Cat# 2930 and #2920, Stanbio Laboratory, Boerne,
TX, USA) according to the manufacturer's instructions.

Hepatic triglyceride content

Total liver lipids were extracted as previously described.*®
Hepatic triglyceride (TG) content was quantified using a
commercial kit (Cat# BD386, Stanbio Laboratory) accord-
ing to the manufacturer's instructions.

Histological analysis and NAS evaluation

Paraformaldehyde-fixed (4%) liver samples were paraffin-
embedded, sliced into 10pm sections, and stained with
hematoxylin and eosin (H&E) for the evaluation of sever-
ity of hepatocellular steatosis, inflammation, ballooning,
and fibrosis according to the MASH Clinical Research
Network (CRN) Scoring System.>***

Association of collagen deposition in liver

The paraffin-embedded liver sections were stained with
Masson's trichrome (Cat# ab150686, abcam, Cambridge,
UK) and Picro Sirius Red (Cat# ab150681, abcam) for col-
lagen deposition according to the manufacturer's instruc-
tions. Quantitative morphometric measurements were
processed as previously described.*®

Immunoblotting

Proteins were extracted from liver tissues in the presence
of the protease inhibitors cocktail, resolved by sodium
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene fluoride (PVDF)
membranes. The membranes were probed with the anti-
body against a-SMA (Cat# ab5694, abcam) and GAPDH
(Cat# 2118, Cell Signaling Technology, Danvers, MA,
USA) followed by incubation with anti-rabbit antibody
conjugated with horseradish peroxidase (Cat# #7074, Cell
Signaling Technology). Proteins in the membrane were
finally visualized with enhanced chemiluminescence rea-
gents exposed by a ChemiDoc MP Imaging System (Bio-
Rad, Hercules, CA, USA). The intensity of protein bands
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was quantified by using the ImageJ software (National
Institutes of Health).

Measurement of hepatic hydroxyproline

Hepatic hydroxyproline levels were measured using a
commercial kit (Cat# ab222941, abcam) according to the
manufacturer's instructions.

RNA extraction and RT-qPCR

Total RNA was isolated from liver tissues using RNAiso
plus according to the manufacturer's instructions (Cat#
9108, Takara, Shiga, Japan) and reverse-transcribed into
complementary DNA using RT kits (Cat# RR037B, Takara,
Japan). Real-time quantitative polymerase chain reaction
(RT-qPCR) was performed using SYBR Green Master Mix
(Cat# RR820L, Takara) for the analysis of hepatic expres-
sion of fatty acid oxidation-related genes (Acotl, Acoxl,
and Cyp4al2), pro-inflammatory genes (Tnf-a, IL-1p, and
Mcp-1), and fibrotic markers (Tgf-p, Timp1, and Col1A1).
The relative gene expression was normalized against the
housekeeping gene 18S.

qPCR primers

Mouse Acotl:

Fw: ATACCCCCTGTGACTATCCTGA, Rv: CAAACAC
TCACTACCCAACTGT

Mouse Acox1:

Fw: TAACTTCCTCACTCGAAGCCA, Rv: AGTTCCAT
GACCCATCTCTGTC

Mouse Cyp4al2:

Fw: CCTCTAATGGCTGCAAGGCTA, Rv: CCAGGTG
ATAGAAGTCCCATCT

Mouse Tnf-o:

Fw: ACGGCATGGATCTCAAAGAC, Rv: AGATAGCA
AATCGGCTGACG

Mouse IL-1p:

Fw: ACGGCATGGATCTCAAAGAC, Rv: AGATAGCA
AATCGGCTGACG

Mouse Mcp-1:

Fw: TTAAAAACCTGGATCGGAACCAA, Rv: GCATT
AGCTTCAGATTTACGGGT

Mouse Collal:

Fw: CCTCAGGGTATTGCTGGACAAC, Rv: CAGAAG
GACCTTGTTTGCCAGG

Mouse Timpl:

Fw: GCAACTCGGACCTGGTCATAA, Rv: CGGCCCG
TGATGAGAAACT
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Mouse Tgfp:

Fw: CTCCCGTGGCTTCTAGTGC, Rv: GCCTTAGTTT
GGACAGGATCTG

Mouse 18S:

Fw: GGACCAGAGCGAAAGCATTTGCC, Rv: TCAAT
CTCGGGTGGCTGAACGC

Transcriptomic analysis

At the end of the CDAHF study, total RNA was isolated
from liver samples of vehicle and high dose of ALY688-
SR-treated mice fed with CDAHF using RNAiso plus.
The quality and integrity of purified RNA were examined
with the NanoPhotometer® spectrophotometer (Implen,
Westlake Village, CA, USA) and RNA Nano 6000 assay
kit of the Bioanalyzer 2100 system (Agilent Technologies,
Santa Clara, CA, USA). Sequencing libraries were gener-
ated using NEBNext® Ultra™ RNA Library Prep kit for
Ilumina® (New England Biolabs, Ipswich, MA, USA) fol-
lowing the manufacturer's protocol. Paired-end sequenc-
ing was performed at Novogene, Guangzhou, China, with
a sequencing depth of ~40 million reads per sample. RNA
sequencing raw data were analyzed using a combination
of programs including STAR (v2.5) and HTseq (v0.6.1) for
mapping reads to a reference mouse genome, quantifica-
tion, and finally differential expression analysis using the
DESeq2 (v2_1.6.3)/EdgeR (v3.16.5).

Cell culture, cytotoxicity assay, and
signaling assay

For the cytotoxicity assay, human induced pluripotent
stem (iPS) cell-derived hepatocytes were incubated with
0.5, 1, 100, 500, 1000, 1500, and 2000 nM of ALY688, 1 pg/
mL of globular adiponectin (gAd), or 500 uM of hydrogen
peroxide (H,0,) for 4 and 24 h. Cytotoxicity was assessed
and quantified using MTT formazan (Cat. No. 57360-69-7,
Sigma Aldrich) and lactate dehydrogenase (LDH) release
according to the manufacturer's instructions (Cat. No.
786-210, G-Biosciences, St. Louis, MO, USA).

For evaluation of adiponectin-like signaling, human in-
duced pluripotent stem (iPS) cell-derived hepatocytes were
treated with 0.01, 0.1, 0.5, 1, 100, 200, 300, 500, 700, and
1000nM of ALY688, 1 ug/mL of gAd, 10 pg/mL full-length
adiponectin (fAd), 1 ug of anisomycin (for pP38MAPK
assay), or 10uM of AdipoRON (for pAMPK assay) for
30min. The level of phosphorylation of AMP-activated
protein kinase(AMPK) in human induced pluripotent
stem (iPS) cell-derived hepatocytes was determined using
an ELISA kit (EnzyFluo™ AMPK Phosphorylation Assay
Kit, BioAssay systems, EAMPK-100) to measure AMPK-a

phosphorylation at Thr172, following the manufacturer's
instructions. The level of phosphorylation of p38 mitogen-
activated protein kinase (MAPK) T180/Y182 in human
induced pluripotent stem (iPS) cell-derived hepatocytes
was determined using an ELISA kit (p38 MAPK alpha
(Thr180/Tyr182) In-Cell ELISA Kit, abcam AB126425) to
measure p38 MAPK phosphorylation at Thr180/Tyr182,
following the manufacturer's instructions.

Data and statistical analysis

All the data analyses were performed with GraphPad
Prism 8.0 (GraphPad, San Diego, CA, USA). Data were
presented as mean+standard error of mean (SEM). All
experiments were repeated at least three times with repre-
sentative data shown. Sample sizes of animal studies were
chosen based on our previous experience with similar
experiments.?’ Statistical significance was determined by
unpaired two-sided Student's t-test. In all statistical analy-
sis, a p-value of <0.05 was considered as a statistically sig-
nificant difference.

Materials

ALY688 (Lot# ALL.0918.BR.01 and GM-ALL-03-49) and
ALY688-SR (Lot# ALL.1278.BR.01) were provided by
Allysta Pharmaceuticals (Bellevue, WA, USA) for study
with the STAM model and CDAHF models, respec-
tively. To prepare dosing solutions, ALY688 was diluted
in vehicle (0.9% sterile saline). OCA was purchased from
Shanghai Hope-Chem Co., Ltd. and freshly dissolved in
0.5% carboxymethylcellulose sodium salt (CMC, Cat#
C5678, Sigma-Aldrich) and 0.01% Tween-80 and for oral
administration.

RESULTS

ALY688 shows no cytotoxicity but induces
adiponectin-like signaling in human
hepatocytes

To test the cytotoxicity of ALY688 peptides in hepatocytes,
human induced pluripotent stem (iPS) cell-derived hepat-
ocytes were incubated with ALY688 at concentrations
ranging from 0.5 to 2000nM. No toxicity was observed
with addition of ALY688 even at the highest concentra-
tion tested or with the globular adiponectin as the control
protein in either 3-(4,5-dimethyltriazol-2-yl)-2,5-diphenyl
-2H-tetrazolium bromide (MTT) or lactate dehydrogenase
(LDH) assays (Figure S1A,B).
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As several signaling pathways involving the energy-
sensing AMP-activated protein kinase (AMPK) and p38
mitogen-activated protein kinase (MAPK) are known to
mediate the metabolic effects of adiponectin,®® the ef-
fects of ALY688 on phosphorylation of AMPK and p38
MAPK in hepatocytes was assessed using ELISA. ALY688
was demonstrated to induce adiponectin-like signaling
in hepatocytes as evident by the phosphorylation of both
AMPK and p38 MAPK. Phosphorylation of p38 MAPK
at T180/Y182 was significantly enhanced by addition of
ALY688 at 100-1000nM, whereas the statistically sig-
nificant changes in phosphorylation of AMPK at T172
were observed by treating with ALY688 at 700-1000nM
(Figure S1C,D). Notably, the magnitude of maximum re-
sponse elicited by ALY688 was similar to that induced by
globular adiponectin at 1 pg/mL.

ALY688 slows the development of MASH
in the STAM mouse model

We next examined the efficacy of ALY688 treatment in
the progression of MASH in a mouse STAM model. In
this model, mice were given a mild dose of STZ via s.c.
injection 2days postnatal to partially destroy beta cells
and impair insulin secretion, followed by feeding with
an HFD from 4 to 9 weeks of age to induce MASH.** The
mice were administered with 0.5 or 5mg/kg of ALY688
or vehicle solution by daily s.c. injection or continuous
subcutaneous infusion via osmotic pumps at 2weeks
after initiation of HFD feeding when steatosis is estab-
lished (Figure 1a). Administration of ALY688 did not in-
duce change in body weight during the treatment period
(Figure 1b). The apparent divergence in body weight be-
tween the osmotic pump and the injected groups, be-
tween weeks 6 and 7, was likely due to the weight of
implanted osmotic pump. Treatment with ALY688 by
daily s.c. injection did not affect serum ALT and AST
levels, markers of liver injury. Although mice with
continuous infusion of low-dose ALY688 showed simi-
lar levels of serum ALT and AST with vehicle-treated
mice, mice with infusion of high-dose ALY688 exhibited
slightly lower levels of ALT without statistical signifi-
cance but significantly reduced levels of AST as com-
pared with the control mice (Figures 1c and 2d). Mice
from all the treatment groups had similar liver weights
to those from the control group (Figure 1e). Mice in the
control group receiving vehicle developed borderline
MASH as indicated by a total MASH activity score (NAS)
of 4.83 (Figure 1f). Notably, mice receiving continuous
infusion of both low- and high-dose ALY688 showed
significantly less ballooned hepatocytes and improved
liver histology as indicated by ballooning and NAS and
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a trend towards a lower degree of steatosis (Figure 1f).
Subcutaneous injection of ALY688 at a high dose re-
duced NAS to a lesser extent than continuous infusion
even at low dose, whereas injection of low-dose ALY688
slightly reduced the NAS without statistical significance
(Figure 1f). These findings together demonstrate that
ALY688 treatment is able to protect mice against the de-
velopment of MASH. Sustained release of the peptide by
osmotic pump is more effective than daily injection with
the equivalent dose.

A sustained release form of ALY688
attenuates the development of MASH

Since continuous release of ALY688 delivered by os-
motic pump produced better effects than daily injection,
we next evaluated the effect of a sustained release depot
formulation designed for s.c. administration. First, we
compared the pharmacokinetic profiles between the un-
modified form (ALY688) and the sustained release form
(ALY688-SR) by single s.c. injection of both forms of the
peptide into male SD rats. A single injection of ALY688
resulted in a rapid and robust increase in the plasma con-
centration of ALY688 with a half-life of 0.45h, whereas
injection of ALY688-SR markedly extended the plasma
half-life of ALY688 to 20.6 h (Figure S2). We then evalu-
ated the effects of ALY688-SR on MASH in an improved
mouse model that develops definite MASH.*' In this
model, mice were fed with CDAHF for a total period of
12 weeks to induce MASH. Treatment was started by s.c.
injection of 3 or 15mgkg ™" day ™' of ALY688-SR or vehicle
at 3weeks after initiation of CDAHF feeding, a timepoint
when steatosis is established (Figure 2a). STC-fed mice
treated with vehicle served as the negative control group
without MASLD. Administration of ALY688-SR resulted
in a significant increase in both serum and hepatic levels
of ALY688 in a dose-dependent manner without affecting
serum levels of adiponectin (Figure S3A-C). Treatment
with either dose of ALY688-SR did not affect the body
weight of mice fed with CDAHF (Figure 2b). High-
dose ALY688-SR led to a mild, but significant, reduc-
tion of fat content and induction of lean content in mice
(Figure S3D). Despite the lower body weight, mice fed
with 12-week CDAHF exhibited liver injury as reflected
by higher serum levels of ALT and AST as compared to
the STC-fed mice (Figures 2c and 3d). They also showed
increased liver weight and size with higher hepatic TG
content (Figure 2e-g). Histological examination of liver
sections by H&E staining demonstrated that there were
extensive steatotic areas and inflammatory foci with a
total NAS score of 5.25, indicative of MASH in CDAHF-
fed mice (Figure 2c-g). Treatment with either low- or
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**p <0.01, ***p < 0.001 vs. vehicle-treated STAM mice

FIGURE 1 ALY688 ameliorates the development of metabolic dysfunction-associated steatohepatitis (MASH) in streptozotocin and
high-fat diet (STAM) mice. (a) Schematic diagram for induction of MASH in mice and the treatment regime. Male C57BL/6N mice at 2days
after birth received a single subcutaneous injection of 200 pg streptozotocin (STZ) solution; these mice were fed with a high-fat diet (HFD)
from 4 to 9 weeks of age to induce MASH. From 6 to 9weeks of age, the mice were administered with vehicle (veh) or two doses of ALY688
(low: 0.5mg/kg/day, high: 5mg/kg/day) via daily subcutaneous injection (SC) or continuous subcutaneous infusion via osmotic pumps (OP).
(b) Body weight of the mice treated with vehicle or ALY688 during the treatment. Serum alanine transaminase (ALT) (¢), serum aspartate
transaminase (AST) (d), and liver weight (e) of the mice at the end of treatment. (f) Representative images of liver sections stained with
hematoxylin and eosin (H&E) (scale bar, 100 um). Lower panel, quantitative analyses of the grades of steatosis, inflammation, ballooning,
and the total MASH activity score (NAS) for the H&E staining. Data represent mean +standard error of the mean; n=6 per group; *p <0.05,
#p <0.01, ¥¥*p < 0.001 versus veh-STC (standard chow), “p <0.05, *p <0.01, **p <0.001 versus veh-CDAHFD (choline-deficient with low
methionine high-fat diet).

high-dose ALY688-SR significantly reduced the serum
ALT and AST levels (Figures 2c and 3d). Liver weight
and hepatic TG content was significantly decreased in
mice treated with high-dose ALY688-SR (Figures 2e and
3f). Histological examination revealed that low-dose
ALY688-SR significantly reduced the degree of steatosis,
whereas high-dose treatment decreased both steatosis
and inflammation (Figure 2g). While treatment at a low
dose led to a mild but significant decrease in the NAS

score by 10%, high-dose ALY688-SR led to a 23% reduc-
tion in the NAS score (Figure 2g). In contrast, admin-
istration of OCA, a farnesoid X receptor (FXR) agonist
that was previously reported to protect against steatosis
and fibrosis,?>*° did not show beneficial effects on allevi-
ating MASH even at a high dose (30mgkg™" day ™', oral
dosing) in our experimental model (Figure 2c-g). These
findings strongly suggest that ALY688-SR is capable of
effectively protecting against MASH development.
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FIGURE 2 Sustained release form of ALY688 (ALY688-SR) protects against diet-induced metabolic dysfunction-associated
steatohepatitis (MASH) in mice. (a) Schematic diagram for establishment of diet-induced mouse model of MASH and the treatment regime.
Male C57BL/6N mice at 8 weeks of age were fed with choline-deficient with low methionine high-fat diet (CDAHFD) for 12weeks to induce
MASH. Three weeks after CDAHFD feeding, the mice were treated with vehicle or ALY688-SR (low: 3mg/kg/day, high: 15mg/kg/day)

by daily subcutaneous injection for 9weeks. Obeticholic acid (OCA) was used as a positive control, standard chow (STC)-fed mice treated
with vehicle were considered as the negative control group. (b) Body weight of the mice receiving vehicle (veh) or ALY688-SR during

the treatment. Serum alanine transaminase (ALT) (c), aspartate transaminase (AST) (d), liver weight (e), and hepatic triglyceride (TG)
concentration (f) of the mice at the end of treatment. Panel (g), representative gross photos of livers and histological images of liver sections
stained with hematoxylin and eosin (H&E) (scale bar, 100 pm). Lower panel, quantitative analyses of the grades of steatosis, inflammation,
and the total MASH activity score for the H&E staining. Data represent mean + standard error of the mean; n=10 per group; *p <0.05,

#*p <0.01, **p < 0.001 versus veh-STC, “p <0.05, *p <0.01, **p <0.001 versus veh-CDAHFD (see also Figure S3).
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FIGURE 3 ALY688-SR protects
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OCA against metabolic dysfunction-associated
steatohepatitis (MASH)-induced hepatic
fibrosis in mice. (a) Representative
images of liver sections from standard
chow (STC) or choline-deficient with low
methionine high-fat diet (CDAHFD)-
fed mice treated with vehicle (veh) or
ALY688-SR stained with Sirius red or
Masson's trichrome (scale bar, 100 pm).
(b) Quantitative analysis for Sirius red
staining. (c) Quantitative analysis for
Masson's trichrome staining. (d) Hepatic
hydroxyproline (OH-proline) content of
the mice. (e) Western blot analysis for
o-SMA protein expression in the liver.
The bottom panel is the densitometric
analysis for the relative abundance of
o-SMA normalized with glyceraldehyde
3-phosphate dehydrogenase (GAPDH).
(f) Quantitative analysis for a-SMA.
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ALY688-SR protects against MASH-related
hepatic fibrosis

As sustained liver injury in MASH can lead to progres-
sive fibrosis,®’ we further evaluated the severity of he-
patic fibrosis in MASH mice treated with ALY688-SR.
Histological analyses with both Sirius Red and Masson's
trichrome staining demonstrated that the fibrotic area
was significantly increased in the livers of mice fed
with CDAHF for 12weeks (Figure 3a-c). Treatment
with ALY688-SR markedly reduced the hepatic fibrotic
area in mice with MASH, in a dose-dependent manner
(Figure 3a—c). Consistent with the histological analyses,
quantitative analysis of collagen by measuring hydroxy-
proline content in the liver supported the improvement
of hepatic fibrosis by ALY688-SR treatment (Figure 3d).
In addition, immunoblotting further confirmed down-
regulation of hepatic expression of a-SMA, a fibrotic
marker, in mice treated with ALY688-SR (Figure 3e,f).

In line with previous reports, administration of OCA
exhibited protective effects against hepatic fibrosis as
demonstrated by histological examination (Figure 3a—c).
However, ALY688-SR generally achieved greater effects in
suppression of fibrosis at a 10-fold lower dose than OCA.
These results collectively support a protective effect of
ALY688-SR in halting the progression of MASH towards
hepatic fibrosis.

ALY688-SR up-regulates lipid
catabolism, and down-regulates
inflammation and fibrosis in the liver

To gain mechanistic insights on the molecular basis un-
derlying the effects of ALY688-SR in MASH, transcrip-
tomic analysis of liver samples obtained from vehicle
and high-dose ALY688-SR-treated mice fed with CDAHF
was performed. Among 27,467 transcripts assessed by
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RNA sequencing (RNA-seq), there were 1600 genes sig-
nificantly down-regulated and 2128 genes significantly
up-regulated following ALY688-SR treatment (false dis-
covery rate [FDR] adjusted p<0.05; Figure 4a). To fur-
ther identify the differentially expressed genes (DEGSs)
induced by ALY688 treatment that may be involved in
the development of MASH, we incorporated our dataset
into the publicly available RNA-seq dataset: hepatic gene
expression profiles in MASH mice fed with a high-fat,
cholesterol, and fructose diet for 24 weeks versus healthy
mice fed a chow diet.*> Among the DEGs between the
MASH and the healthy liver, ALY688-SR treatment sig-
nificantly reversed 605 of 2450 up-regulated genes and
917 of 3142 down-regulated genes mediated by MASH
(Figure 4b). Unbiased gene ontology (GO) enrichment
analysis revealed that the genes decreased in MASH and
induced by ALY688-SR treatment were enriched for lipid
catabolism, whereas the genes increased in MASH and
suppressed by ALY688-SR treatment were enriched for
inflammatory response and fibrosis (Figure 4c,d). We
also examined expression patterns of key genes involved
in fatty acid oxidation (Acotl, Acoxl, Cyp4al2), fibrosis
(Tgfp, Collal, Timpl), and inflammation (Tnfa, Mcpl, IL-
1p) in the liver of mice from all the experimental groups.
Hepatic expression levels of genes involved in fatty acid
oxidation were significantly down-regulated in CDAHF-
fed mice as compared to STC-fed mice, but they were
restored by treatment with ALY688-SR, especially at the
high concentration, and OCA (Figure 4e). By contrast,
the expression levels of key genes related to inflamma-
tion were markedly induced in the liver of CDAHF-fed
mice (Figure 4g). However, the induction of these genes
was significantly reduced by high-dose ALY688-SR treat-
ment (Figure 4g). Notably, OCA treatment failed to re-
verse the expression of MASH-induced inflammatory
genes (Figure 4g). Similarly, fibrosis-related genes were
induced in the MASH liver, but both low- and high-dose
ALY688-SR treatment effectively suppressed these genes
relative to the vehicle treatment (Figure 4f). Treatment
with OCA appeared to reduce the expression of most of
these fibrotic genes, although without statistical signifi-
cance (Figure 4f). Furthermore, based on the regulatory
network, the control over lipid catabolism in ALY688-
SR-treated mice appeared to be predominantly regulated
by transcription factors HNFla, NR3C2, ETV1, PPARa,
HNF4a, and ARNT, whereas the transcriptional control
over inflammation and fibrosis appeared to be mainly reg-
ulated by JUN, TRP53, NFKB1, NFE2L2, AHR, SMADI,
FOSL1, SP1, JUN, and NFIC (Figure 4h,i). Taken to-
gether, these findings suggest that ALY688-SR effectively
reversed MASH-induced genes and pathways back to the
normal levels, especially in relation to lipid catabolism,
inflammation, and fibrosis.

ASCPT

DISCUSSION AND CONCLUSIONS

Although adiponectin has been demonstrated to have pro-
tective effects against MASH, therapeutic development of
native adiponectin protein has been restricted by a num-
ber of challenges, including short plasma half-life and poor
druggable properties (i.e., insolubility and multimeric
isoforms). ALY688 is an adiponectin-based short peptide
with good stability in mouse plasma, excellent safety pro-
file, and protective effects against CCL, and TAA-induced
liver injuries.'®'? In the present study we investigated the
efficacy of ALY688 on MASH in mouse models. We found
that intervention with the unmodified form of ALY688
by continuous infusion reduced disease severity in the
STAM model to a larger extent than that with daily s.c.
injection, suggesting that sustained release of the peptide
is more effective than daily injection with the equivalent
dose. We further tested the effects of a sustained release
form, ALY688-SR, on MASH in a CDAHF-induced mouse
model, and found that it markedly alleviated MASH and
its related fibrosis. The improved efficacy of ALY688-SR
against MASH and fibrosis is presumed to be attributed
to its greatly extended plasma half-life of 20.6 h compared
to 0.45h for the unmodified form, according to our phar-
macokinetic study performed with rats. Mechanistically,
ALY688-SR alleviated the disease by increasing lipid ca-
tabolism and eliminating inflammation and fibrosis in the
liver.

The role of adiponectin in the regulation of lipid me-
tabolism in the liver has been well documented in previ-
ous studies. Treatment of primary rat hepatocytes with
adiponectin in vitro markedly increased insulin sensi-
tivity.** Infusion of full-length recombinant adiponectin
suppressed de novo lipogenesis and induced fatty acid
oxidation in the liver of ob/ob mice with steatosis."® In
addition to these direct effects on the liver, adiponec-
tin also strongly induced fatty acid oxidation in skele-
tal muscles,* thereby limiting the influx of circulating
fatty acid into the liver. In line with these findings, we
have demonstrated that administration of ALY688-SR
reduced hepatic lipid accumulation and the steatosis
score in CDAHF-fed mice (Figure 2f,g). Additionally,
transcriptomic analysis of liver revealed that treatment
with ALY688-SR induced hepatic expression of genes
involved in fatty acid oxidation that were suppressed
in MASH (Figure 4c,e). Our in vitro experiments with
human induced pluripotent stem (iPS) cell-derived he-
patocytes demonstrated that ALY688 activated AMPK
(SF 1D), the canonical adiponectin-mediated signal-
ing pathway that is involved in the activation PPAR«.*
Since PPAR« is a key transcription factor controlling the
expression of a number of genes involved in peroxisomal
and mitochondrial p-oxidation,*® it is likely that ALY688
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FIGURE 4 ALY688-SR improves lipid metabolism, reduces inflammation and fibrosis in the liver in mice with metabolic dysfunction-
associated steatohepatitis (MASH). (a-d) After 9weeks of treatment, liver samples from vehicle (veh) and high-dose ALY688-SR-treated
mice fed with choline-deficient with low methionine high-fat diet (CDAHFD) were harvested for transcriptomic analysis. (a) Heat map
illustrates all differentially expressed transcripts (adjusted p-value <0.05) in the liver. Colors refer to gene expression z-score. (b) Venn
diagram identifies the genes induced by MASH and reversed by ALY688-SR treatment or suppressed by MASH and reversed by ALY688-
SR treatment. The publicly available dataset (MASH vs. Control: GSE162249) was used for the analysis. Gene ontology (GO) enrichment
analysis of the genes downregulated by MASH and upregulated by ALY688-SR (c) and upregulated by MASH and downregulated by
ALY688-SR (d). The top 20 regulated pathways are shown. n =6 per group. Real-time polymerase chain reaction was performed to
determine the mRNA expression of genes related to lipid metabolism (e), fibrosis (f), and inflammation (g) in the livers of the indicated
groups. Data represent mean + standard error of the mean; n=10 per group; *p <0.05, **p < 0.01, ***p < 0.001 versus veh-STC, *p <0.05,
#p <0.01, "*p <0.001 versus veh-CDAHFD. (h, i) TRRUST database®® was used to create a transcriptional regulatory model using the 917
differentially expressed genes (DEGs) downregulated by MASH, upregulated by ALY688-SR (h) and the 605 DEGs upregulated by MASH,

downregulated by ALY688-SR (adjusted p <0.01).

may attenuate hepatic steatosis by induction of fatty
acid p-oxidation through a AMPK-PPARa-dependent
pathway. Indeed, PPARa was identified as an upstream
regulator of DEGs after ALY688 treatment by in silico
prediction (Figure 4h). In addition, HNFla and HNF4q,
master regulators of lipid metabolism in the liver, were
also predicted to control ALY688-mediated genes. This
is partially in line with a previous study showing that
interaction of HNF4a with promoter regions of genes
encoding several key metabolic enzymes in the liver was
reduced in adiponectin knockout mice.*’

Hepatic inflammation fuels the transition from steato-
sis to MASH and is an important driving force of fibro-
genesis.”® Targeting inflammation has been shown to be a
promising approach for treatment of MASH. In particular,
CC motif chemokine receptor (CCR) 2/5 antagonist and
apoptosis signaling kinase-1 (ASK1) inhibitor targeting
inflammatory response has been shown to resolve MASH
and fibrosis in early clinical trials.>® However, since these
approaches failed in phase III trials, there is an urgent
need to discover additional anti-inflammatory candidates
for potential therapy. The anti-inflammatory proper-
ties of adiponectin have been well studied. Adiponectin
suppresses the secretion of lipopolysaccharide (LPS)-
stimulated TNFa production and induces the secretion
of anti-inflammatory cytokine IL-10 in cultured human
macrophages.*® Adiponectin is required for polarization
of macrophages to an anti-inflammatory M2 phenotype
both in vitro and in vivo.*!

In the present study, we found that the overall his-
tological improvement in the livers of mice receiving
ALY688 treatment was predominantly driven by reduced
lobular inflammation (Figure 2g), confirming the anti-
inflammatory effects of ALY688. Our RNA-seq anal-
ysis further demonstrated that pathways enriched for
leukocyte migration and cytokine production were upreg-
ulated in MASH and suppressed by ALY688 intervention
(Figure 4d). Additionally, administration of ALY688 sig-
nificantly reduced hepatic expression of pro-inflammatory
cytokines, as shown by RT-PCR analysis (Figure 4g). In

silico analysis predicted c-Jun and NF«B as the top tran-
scription factors regulating genes induced in MASH but
suppressed by ALY688 treatment (Figure 4i). In line with
these results, it was reported by previous studies that
activation of NFkB and JNK (the latter is the c-Jun acti-
vator) contributes to hepatic inflammation and the patho-
genesis of MASH.** Moreover, pretreatment of human
macrophages with adiponectin inhibits phosphorylation
of NFkB and JNK.* Overall, these findings collectively
suggest that ALY688-SR intervention alleviates hepatic
inflammation associated with MASH severity, possibly
through the NFxB and JNK signaling pathways.

Fibrosis is an important indicator of disease progres-
sion of MASH. The extent of liver fibrosis is the major risk
for cardiovascular comorbidity and mortality in MASH.*
During development of MASH, hepatocyte death and
inflammation predispose hepatic stellate cells (HSCs) to
transdifferentiate from a quiescent, vitamin A storing state,
to activated, a-SMA-positive myofibroblasts. These myofi-
broblasts are the major source of extracellular matrix that
leads to liver fibrosis.*’ Most genetic and dietary models of
MASH do not exhibit prominent hepatic fibrosis within a
short period of time, typically within 4-5months.*® In our
study, mice fed with CDAHF developed MASH with fibro-
sis within 12 weeks (Figure 4). Liver fibrosis was markedly
reduced by ALY688 treatment (Figure 3a-c). Furthermore,
MASH-mediated induction of hepatic a-SMA expression
was also significantly reduced by ALY688-SR (Figure 3d),
indicating that HSC activation during MASH was sup-
pressed by ALY688-SR. TGFp is the most potent inducer
of hepatic fibrosis, as it activates HSCs and inhibits the
apoptosis of activated HSCs.*’ Serum level of TGFp is
positively correlated with the severity of fibrosis in pa-
tients with MASLD.* The present study showed that
hepatic expression levels of TGFp were induced in mice
fed with 12-week CDAHEF, but significantly attenuated
by ALY688-SR treatment (Figure 3f). TGFf exerts its ef-
fects mainly via small mothers against decapentaplegic
(SMAD)-dependent pathways.*’ SMAD1 was identified as
an upstream regulator of the genes induced in mice with
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MASH and reduced by ALY688-SR intervention according
to in silico analysis (Figure 3i), suggesting the protective
effect of ALY688-SR against fibrosis is likely through inhi-
bition of the TGFp-SMAD1 signaling.

OCA is a synthetic bile acid with highly selective ago-
nistic activity on FXR, a nuclear receptor that regulates the
metabolism of bile acids, lipids, and glucos.e.50 Previous an-
imal studies showed that OCA improved hepatic steatosis
and inflammation in various murine models of MASH,”
therefore OCA was used as a positive control for MASH
treatment in our study. However, we found that OCA did
not exhibit a significant effect on hepatic steatosis or inflam-
mation according to the gold standard criteria of liver his-
tology (Figure 2g). Instead, hepatic fibrosis was significantly
curtailed in mice treated with OCA, which contributed
to the lower level of liver injury in these mice (Figure 3).
Although OCA was demonstrated to mainly protect against
steatosis and inflammation in previous preclinical studies,
it did not show statistically significant resolution of MASH
but reduced liver fibrosis in the phase III clinical trial
(NCT02548351). The discrepancy between the results from
previous preclinical studies and ours can be reconciled by
considering the use of different murine models of MASH,
which exhibit varying histopathological and metabolic fea-
tures and demonstrate different drug responsiveness.*°

Although we have provided in vivo evidence demon-
strating the anti-steatotic, anti-inflammatory, and anti-
fibrotic effects of ALY688-SR in a mouse model of MASH,
the direct molecular targets and signaling pathways con-
ferring these effects of ALY688-SR remain undetermined.
Furthermore, the conclusions drawn from this study were
based on two mouse models of MASH, including a STAM
model and a CDAHF-fed mouse model, which do not ex-
hibit weight loss during MASH development compared to
the MCD model. However, there is a possibility that they
may not fully recapitulate the features of MASH observed
in humans, which are typically associated with metabolic
dysfunctions. The effectiveness of ALY688-SR for MASH
therapy in patients remains to be determined in future
clinical studies. Notably, the STAM mouse model was
not fully progressed to MASH, but developed borderline
MASH instead, therefore ALY688-SR effectively reversed
MASLD. Additionally, in the CDAHF-induced mouse
model of definite MASH, since the mice were treated
with ALY688-SR at the timepoint when steatosis, but not
MASH, is developed, the present study only demonstrated
the protective effects of ALY688-SR on MASH. Further
studies are required to evaluate its effects on reversal of
MASH and its related hepatic fibrosis.

Overall, our study showed that the adiponectin ana-
logue ALY688-SR exerted multiple beneficial effects in
the liver, including inhibition of steatosis, inflammation,
and fibrosis, thus protecting against the development and

progression of MASH in both induced MASH models.
These actions are likely to be attributed to the activation of
adiponectin-mediated signaling, such as AMPK. Sustained
release formulation of the peptide produced better effects
in alleviating MASH and its related fibrosis, supporting its
potential therapeutic application for the diseases in clinic.
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