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ARTICLE INFO ABSTRACT

Keywords: Scope: Global increase in obesity and metabolic syndrome has led to a marked rise in comorbidities, with liver
Ghrelin disease emerging as a major concern. Metabolic dysfunction-associated fatty liver disease (MAFLD) affects over
LEAP2

30% of the population, making it the most prevalent liver disorder worldwide. Hepatic steatosis, hallmark of

EPe}il;yt diet MAFLD, can progress to inflammation, fibrosis, steatohepatitis, and cirrhosis. Despite advances in elucidating its
igh fat die . . . ) ) . L . -
ag?ﬂg mechanisms, no effective pharmacological therapy exists to reverse disease progression. Ghrelin signaling axis
steatosis has been implicated in energy and lipid homeostasis, and the recent identification of liver-expressed antimi-

liver crobial peptide 2 (LEAP2) as an endogenous ghrelin receptor antagonist and inverse agonist has generated in-
terest in its potential role in liver metabolism. The primary objective of this study was to evaluate LEAP2 on
hepatocyte lipid metabolism and determine its capacity to prevent diet- and age-induced steatosis in vivo.
Methods and results: We investigated LEAP2 actions on hepatocyte lipid metabolism using human and mouse
hepatocyte cultures, also we did in vivo studies in mice with chronic central LEAP2 administration in models of
diet-induced and age-related steatosis.
LEAP2 inhibited lipid accumulation in hepatocytes and reduced hepatic lipid deposition in mice fed a standard
diet. However, LEAP2 did not prevent high-fat diet-induced steatosis in young mice although it attenuated
hepatic inflammation. In aged animals, LEAP2 failed to suppress age-associated inflammation and steatosis.
Conclusion: LEAP2 has been identified as a novel regulator of hepatic lipid metabolism with the potential to
counteract inflammation-associated steatosis, although its effects on age-related steatosis appear limited. Tar-
geting the LEAP2-ghrelin axis may represent a promising therapeutic strategy; however, further studies are
required to determine its efficacy in diet-induced hepatic disease.

1. Introduction pathology, which has a very high incidence in patients with metabolic
syndrome. Classically, it is considered that obesity generates a process of

Among the comorbidities generated because of the obesity hepatic steatosis that in later stages can progress to steatohepatitis or
pandemic, one of the most worrying is the development of liver even fibrosis and cirrhosis [1]. Due to the limited number of therapeutic

Abbreviations: LEAP2, liver-expressed antimicrobial peptide 2; GH, Growth hormone; GHSR1a, Growth hormone secretagogue receptor 1 A; FASN, Fatty Acid
Synthase; ACACA, Acetyl-CoA Carboxylase; SREBF, Sterol Regulatory Element Binding Transcription Factor 1; MLXIPL, Carbohydrate-responsive element-binding
protein; CPTla, Carnitine Palmitoyltransferase 1 A; PPARa, Peroxisome Proliferator-Activated Receptor; pIREla, Serine/threonine-protein kinase/endor-
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options that can prevent this progressive deterioration in liver function
and above all the need to have therapeutic tools that allow these pro-
cesses to be reversed, uncovering the mechanisms involved that could
lead to new therapies is eagerly awaited [2-4].

A key figure of liver deterioration induced by obesity is steatosis,
which in turn indicates an alteration of lipid metabolism. Among the
multiple signals involved in its etiopathogenesis, hepatic insulin resis-
tance stands out. Data accumulated in recent years have also highlighted
the relevance of other endocrine signals such as ghrelin. The supporting
data can be summarized as follows: 1) In addition to its potent orexi-
genic effect, chronically elevated levels of ghrelin, acting through the
Growth hormone secretagogue receptor la (GHSR1a), increase
adiposity in white adipose tissue (WAT) and liver [5]; 2) Ghrelin re-
ceptors are expressed in hepatocytes and their in vitro activation in-
creases lipogenesis [6]; 3) The effect of ghrelin in vivo on the liver reflect
its effects on different tissues leading to an increase in the activity of
enzymes involved in lipogenesis and a decrease in lipid oxidation [7]; 4)
Ghrelin regulates hepatic lipogenesis de novo in a GH-independent
fashion but lipid mobilization in a GH-dependent fashion as shown in
GH-deficient rats [7]; 5) The signaling pathways involved in ghrelin
effects on lipogenesis and lipolysis include AMP-activated protein kinase
(AMPK), mechanistic target of rapamycin kinase (mTOR) and p53 [8]
[9]; 6) In vivo studies carried out in animals with silencing of the ghrelin
gene showed a marked resistance to the development of age-induced
steatosis [10]; 7) Contradictory effects of ghrelin on steatohepatitis
and liver fibrosis have been reported [11], the reason of which are
unclear.

Data gleaned recently have shown that the ghrelin system is much
more complex than originally envisaged since the discovery of the liver-
expressed antimicrobial peptide 2 (LEAP2), as an endogenous non-
competitive allosteric antagonist of the ghrelin receptor [12]. Further-
more, based on data reported in tissue databases including mRNA and
protein levels it is now generally accepted that LEAP2 is synthesized in
the CNS (https://www.proteinatlas.org/ENSG00000164406-LEAP2/br
ain). It is worth noting in this regard that LEAP2 has been shown to
exert a marked inhibitory effect on the orexigenic effect and growth
hormone (GH) secretion exerted by ghrelin in the hypothalamus [13]. In
keeping with these opposing biological effects of ghrelin, they are also
related to opposing changes in circulating levels in situations of obesity
or weight loss [14,15]. Further in vivo studies in mice showed that
leptin-deficient mice develop MAFLD [10] while treatment with long-
acting LEAP2 led to prevention of weight loss and a decrease diet-
induced liver inflammation [16]. This raised many questions
regarding whether hepatic LEAP2 levels are regulated by nutrients and
exposure to different diets and what are the effects of LEAP2 in vitro and
in vivo in relation to hepatic lipid metabolism and on age-induced
steatosis. Our data demonstrates that LEAP2 exerts an inhibitory effect
on hepatic lipid accumulation through a dual mechanism. In vitro ex-
periments revealed a direct effect of LEAP2 on hepatocytes, while in
vivo studies showed that LEAP2 reduced hepatic lipid deposition and
inflammation in mice fed a standard diet. However, LEAP2 failed to
prevent steatosis in animals fed a high-fat diet, and in aged mice, it did
not ameliorate either age-related steatosis or hepatic inflammation.
These findings suggest that LEAP2 may hold therapeutic potential for
metabolic-associated steatohepatitis (MASH), although its efficacy ap-
pears to depend on metabolic and physiological context.

2. Materials and methods
2.1. Cell culture

2.1.1. Human Hepatic Cell Line (HepG2)

The human hepatocellular carcinoma cell line HepG2 (European
Collection of Animal Cell Cultures, 85011430) was maintained in Min-
imum Essential Medium Eagle (EMEM, M2279, Merck) supplemented
with 10% (v/v) fetal bovine serum (FBS, 15377636, Gibco), 1% (v/v)
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Glutamine (11,500,626, Gibco)-Penicillin-Streptomycin solution
(11,548,876,Gibco), and 1% (v/v) non-essential amino acids (NEAA;
M7145, Merk). For experiments, HepG2 cells were seeded onto collagen
type I-coated plates (collagen diluted in PBS, 1:40, C3867-1VL, Merck).
Cells were cultured at 37 °C in a humidified atmosphere containing 5%
CO2. Experiments performed in HepG2 cells were carried out with n =
6-7 technical replicates per condition.

2.1.2. Isolation and culture of primary hepatocytes

Primary hepatocytes were isolated from male C57BL/6 wild-type
(WT) mice fed either a standard diet (STD) or a high-fat diet (HFD)
via collagenase perfusion. Hepatocytes were also obtained from GHSR
WT and GHSR knockout (KO) mice. Briefly, mice were anesthetized with
isoflurane, the abdomen was surgically opened, and a catheter was
inserted into the inferior vena cava while the portal vein was transected.
The liver was perfused with warm (37 °C) Krebs-Henseleit (KH) buffer.
Following perfusion, 0.05% (w/v) EGTA was added to the KH buffer and
perfusion continued for 5 min. Enzymatic digestion was then carried out
for 10-12 min with KH buffer supplemented with Ca>" and 50 mg/mL
collagenase type I (LS004196, Worthington). The liver was subsequently
dissociated, and viable hepatocytes were purified by density centrifu-
gation at 500 rpm for 5 min, repeated three times at 4 °C. Purified pri-
mary hepatocytes were seeded onto collagen-coated plates at a density
of 4 x 10° cells/well in adhesion medium consisting of serum-free
Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10%
(v/v) FBS and 1% (v/v) Glutamine-Penicillin-Streptomycin. Experi-
ments in primary hepatocytes were performed with n = 6 technical
replicates derived from two independent hepatocyte isolations.

2.1.3. LEAP2 silencing

For RNA interference, 3.0 x 10° HepG2 cells were seeded per well in
six-well plates. Cells were transfected with a pool of small-interference
RNAs (siGENOME SMART Pool, Dharmacon) targeting LEAP2 or a
non-targeting control siRNA (siGENOME Non-Targeting siRNA Pool,
Dharmacon) using the TransIT-siQUEST reagent (Mirus). Specifically,
0.05 nmol of each siRNA diluted in 250 pL OptiMEM (31,985,070, Life
Technologies) was mixed with 7.5 pL TransIT-siQUEST (pre-diluted in
243.5 puL OptiMEM), and 500 pl of this mixture was added to each well.

2.1.4. Oleic acid experiments

For experiments with oleic acid, 0.8 x 10° HepG2 cells and 0.5 x 10°
primary hepatocytes were plated per well in 24-well plates. Control and
LEAP2-silenced HepG2 cells were exposed to FBS-free medium supple-
mented with 1 mM oleic acid (MERCK) conjugated to fatty acid-free BSA
(Capricorn) at a 2:1 M ratio for 24 h to induce lipid accumulation;
control wells received BSA alone. Oleic acid was added 24 h after LEAP2
silencing. Separately, HepG2 and primary hepatocytes were also treated
with oleic acid for 24 h and subsequently exposed to LEAP2. Lipid
accumulation was assessed by Oil Red O staining.

2.1.5. Cell treatments

Cells were starved for 6 h in Krebs-Henseleit-HEPES buffer (KHH;
composition: 120 mmol I-1 NaCl, 4.7 mmol 171 KCl, 2.5 mmol 17! CaCly,
1.2 mmol 1-1 MgSOy4, 1.2 mmol 1-1 KHyPOy4, 25 mmol 1-1 NaHCO3, 25
mmol 17! HEPES pH 7.4.), a fasting medium with neither nutrients nor
hormones.

2.1.6. LEAP2 treatment

HepG2 cells and primary mouse hepatocytes were treated with the
human LEAP2(38-77) peptide (Biorbyt) in the culture medium. HepG2
cells were exposed to 0.1 nM or 1 nM LEAP2 for 3 or 6 h, while primary
hepatocytes were treated with 100 nM LEAP2 for 12 h. Dose and time
conditions were selected based on preliminary dose-response experi-
ments (data not shown). Following treatment, cells were collected for
protein and mRNA extraction.
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2.1.7. Viability experiments

2.1.7.1. MTT. The evaluation of cell viability in vitro was performed
with a (3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
(MTT) test (M2003, MERCK). Cells were seeded in a 96 well plate at a
density of 0.2 x 10°cells per well. After adhesion, cells were treated with
oleic acid (OA) or its control (BSA) for 24 h, then, the treatment with
LEAP2 was applied to the corresponding wells. After the treatment times
of 3h and 6 h, MTT solution was diluted at 10% in cell culture medium.
The cell plate medium was changed for 100 pL of medium with 10%
MTT solution and cells were incubated for 30 min at 37 °C, 5% CO2.
After 30 min, crystals were observed accumulating in the cells; the
medium with MTT was aspirated and 100 pL. DMSO was pipetted into
each well.

Absorbance was measured at 570 nm wavelength. Data was
normalized to the absorbance values of a basal group measured before
any treatment.

2.1.7.2. Crystal violet. Cells were seeded in a 24 well plate at a density
of 1.2 x 10° cells per well. After adhesion, cells were treated with oleic
acid (OA) or its control (BSA) for 24 h, then, the treatment with LEAP2
was applied to the corresponding wells. After the treatment times of 3 h
and 6 h, the cell medium was aspirated, and 250 pL of crystal violet
staining solution was pipetted into each well. The plate was incubated at
room temperature in the dark for 30 min, then each well was thoroughly
washed with PBS until a soft lilac colour was achieved. Plates were left to
dry in the dark for 24 h. Then pictures were taken, 500 pL of methanol
was pipetted into each well and the plate was put in a shaker for 20 min.
The resulting liquid was pipetted into a 96 well plate and absorbance
was measured at 590 nm wavelength. Data was normalized to the
absorbance values of the control group.

2.2. Animals

Adult male C57BL/6 J WT and GHSR-KO mice (Dr T.D Miiller Lab-
oratory) [17] were used. For aged mouse experiments, animals were
maintained until 30 months of age. Animal experiments were conducted
using n = 6-8 independent animals per group. Mice were fed either with
standard chow (STD) or high-fat diet (HFD; Research Diets D12492, 60%
fat, 5.24 kcal/g, Research Diets, New Brunswick, NJ) for 12 weeks.
Animals were housed under controlled temperature (22-24 °C) and
humidity, under a 12-h light (08:00-20:00)/12-h dark cycle, with ad
libitum access to food and water. Mice were randomized by body weight
immediately post-acclimatization. Animals were excluded pre-surgery
for body weight loss (<15%), clinical signs (hunching, piloerection),
palpable masses; post-surgery: weight-loss (<20% from baseline after
48 h surgery), persistent impairment of water and/or food intake (sus-
tained anorexia), hypothermia (<2 °C decrease in body temperature),
infection signs or general deterioration of physical condition (including
piloerection, pronounced dorsal hunching, significant reduction in
cardiorespiratory rate, immobility or prostration). All procedures com-
plied with ARRIVE2.0 guidelines (https://arriveguidelines.org/arrive-g
uidelines). In this study, complete blinding across both the surgical
procedures and downstream molecular analyses was not feasible due to
the limited availability of appropriately trained personnel, which made
it technically impracticable to allocate separate, independent operators
for fully blinded in vivo and ex vivo phases without compromising
procedural integrity or animal welfare. Importantly, the absence of
blinding during the surgical phase was restricted to what was strictly
necessary for practical and ethical reasons. To mitigate potential bias, all
subsequent molecular and in vitro analyses were conducted using coded
samples, and investigators performing these analyses were explicitly
blinded to treatment groups and in vivo outcomes until all data acqui-
sition was finalized.

Following the experimental protocols, animals were euthanized,
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livers were weighed and snap-frozen in dry ice, and all tissues were
stored at —80 °C until analysis.

All procedures were approved by the Animal Care Research Bioethics
Committee of the University of Santiago de Compostela (license 15,012/
2024/005) and conducted in accordance with Directive 2010/63/EU
and the Spanish Royal Decree 53/2013.

2.2.1. Central chronic LEAP2 and ghrelin treatments

For chronic intracerebroventricular (ICV) treatments, guide
cannulae were stereotaxically implanted into the lateral ventricle as
previously described [18]. Brain infusion cannulae were connected via
catheter tubing to osmotic minipumps (Alzet, model 1007D, Durect, CA)
placed subcutaneously in the interscapular region, delivering LEAP2
(10 pg/day), ghrelin (16.5 pg/day), LEAP2 plus ghrelin, or vehicle (sa-
line) over 7 days (pump volume: 103.5 pL; flow rate: 0.51 pL/h). Sur-
gical wounds were closed with silk sutures, and animals were allowed to
recover individually in warmed cages. Body weight and food intake
were monitored daily during infusion. Doses were determined based on
previous studies [19-21].

After 7 days, animals were sacrificed, and tissues were rapidly har-
vested, snap-frozen, and stored at —80 °C. Blood samples were collected,
centrifuged, and serum stored at —80 °C. For histological analysis,
samples were fixed in 10% paraformaldehyde and embedded in paraffin.

2.3. Biochemical measures

LEAP2 concentrations in hepatocyte lysates and culture medium
were determined by enzyme-linked immunosorbent assay (ELISA;
Human LEAP2 [38-77] ELISA kit, Phoenix Pharmaceuticals) according
to the manufacturer's instructions. This assay has been previously vali-
dated [22,23].

The intra- and inter-assay coefficients of variation were < 10% and
< 15%, respectively, and the detection limit was 0.15 ng/mL. Absor-
bance was measured in duplicate at 450 nm using a microplate reader
(Epoch 2, Biotek Instruments). Results are expressed as ng/mL.

2.4. Liver Triglycerides and free fatty acids content

Tissue triglycerides (TGs) and free fatty acids (FFAs) were extracted
as previously described [24]. Approximately 0.05 g of liver tissue was
homogenized in ice-cold chloroform:methanol (2:1, v/v) using a Tissue
Lyser II (Qiagen) for 4 min (22 Hz), then incubated at room temperature
for 3 h with rotation. Water was then added for phase separation, and
samples were centrifuged; the organic layer was collected, evaporated
with a SpeedVac (Thermo Fisher), and re-dissolved in chloroform. TGs
(Spinreact SA, Spain, Cat #1001313) and FFAs (WAKO, Spain, Cat
#436-91,995, #434-91,795) were quantified using colorimetric enzy-
matic assays, with each sample assayed in duplicate.

2.5. Western blot analysis

Western blotting was performed as previously described [24].
Briefly, 20 pg of total protein from tissue lysates (liver and WAT) or 8 pg
from cells were resolved by SDS-PAGE and transferred to PVDF mem-
branes (Bio-Rad). Membranes were probed with antibodies against
CPT1a (ab128568, Abcam), PRDM16 (ab106410, Abcam) [25], PPAR«
(sc-398,394, Santa Cruz Biotechnology) [26] GRP78 (BiP, sc-13,539,
Santa Cruz Biotechnology), pIREla (NB100-2323SS, Novus Bi-
ologicals), CHOP (sc-793, Santa Cruz Biotechnology), and PGCla (sc-
517,380, Santa Cruz Biotechnology) at 1:1000 dilution. HRP-conjugated
secondary antibodies (Dako, P0448 and P0260) were used with ECL
substrate (Pierce, Thermo Scientific) for visualization. X-ray films (Fuji
Super RX) were developed under standard darkroom conditions.
Densitometric quantification was performed using ImageJ 1.52p soft-
ware, and protein levels were normalized to GAPDH for each sample and
expressed relative to controls (Table 1).
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Table 1
List of antibodies.
Protein Target Manufacturer (catalog number) Host Dilution
species
CPT1a Abcam (ab128568) Mouse 1:1000
PRDM16 Abcam (ab106410) Rabbit 1:1000
PPARx Santa Cruz Biotechnology (Sc- Mouse 1:1000
398,394)
GRP78 (BIP) Santa Cruz Biotechnology (sc- Rabbit 1:1000
13,539)
PIRElx Novus Biologicals (NB100-2323SS) Rabbit 1:1000
CHOP Santa Cruz Biotechnology (sc-793) Rabbit 1:1000
PGCla Santa Cruz Biotechnology (sc- Mouse 1:1000
517,380)
GAPDH Merck-Millipore (CB-1001) Mouse 1:5000
Rabbit DAKO (P0448) Goat 1:5000
antibodies
Mouse DAKO (P0260) Rabbit 1:5000
antibodies

2.6. Gene expression analysis

Gene expression was assessed by real-time PCR (TagMan, Applied
Biosystems, USA), as previously described [24]. Total RNA was isolated
from tissues or cells using TRIzol reagent (15,596,018, Invitrogen) ac-
cording to the manufacturer's instructions, followed by cDNA synthesis
with the SuperScript First-Strand Synthesis System (Invitrogen) and
random primers. Negative controls included reactions without template.
Real-time PCR was performed in duplicate using QuantStudio 5 (Applied
Biosystems) and appropriate TagMan assays (Applied Biosystems, Life
Technologies). Cycling conditions: 50 °C for 10 min, then 40 cycles of
95 °C for 15 s and 60 °C for 1 min. Relative gene expression was
normalized to hypoxanthine-guanine phosphoribosyltransferase (Hprt,
Mm03024075_m1) using the 2~24¢ method. TaqMan primer/probe sets
(Applied Biosystems). SYBR greenreagent (Agilent Technologies) for
albumin and VE-cadherin. The SYBR green cycling conditions included
an initial denaturation at 95 °C for 2 min followed by 40 cycles at 95 °C
for 10 s and 60 °C for 1 min, with a holding stage of 95 °C for 15 s, 60 °C
for 1 min and 95 °C for 15 s. To assess the purity of primary hepatocyte
cultures, hepatocyte marker (albumin) and non-parenchymal cell
markers (Collal, F4/80, VE-cadherin) were analyzed. After normali-
zation to GAPDH, gene expression of each gene was further expressed
relative to albumin, by calculating 2"-(ACt gene — ACt albumin).
(Table 2)

2.7. Histological procedures

2.7.1. Hematoxylin and eosin staining

Tissue samples were fixed in 10% buffered formalin for 24 h, dehy-
drated, and embedded in paraffin. Sections of 3 pm thickness were cut
using a microtome and stained with hematoxylin and eosin by the
standard alcohol-based protocol according to the manufacturer's in-
structions (BioOptica, Italy). Slides were mounted using a permanent,
non-alcohol, non-xylene-based mounting medium. Histological sections
were examined and imaged with a BX51 microscope equipped with a
DP70 digital camera (Olympus, Japan).

2.7.2. Oil red O staining

Frozen liver sections (8 pm thick) were prepared using a cryostat and
placed onto glass slides. Sections were fixed in 10% buffered formalin
and then stained with filtered Oil Red O solution for 10 min. After
staining, slides were rinsed in distilled water, counterstained with
Mayer's hematoxylin for 3 min, and mounted using an aqueous
mounting medium (glycerin jelly). In all the histological staining, we
used up to 4 representative microphotographs of each animal were taken
at 20x or 40x with a BX51 microscope equipped with a DP70 digital
camera (Olympus). Oil-Red O staining was imaged under identical

Table 2

List of primers.
Gene ID Reference
Hprt Mm Taqman: Mm03024075_m1
HPRT Hs Tagman: Hs02800695_m1

Fasn (FAS) Mm
FASN (FAS) Hs
Acaca (ACC) Mm
ACACA (ACC) Hs
Mlxipl (ChREBP)

Tagman: Mm00662319_m1
Tagman: Hs01005622_m1
Tagman: Mm01304257_m1
Tagman: Hs01046047_m1
Tagman: Mm2342723_m1

Mm
MLXIPL (ChREBP) Taqman: Hs00975714_m1
Hs
Srebfl Mm Tagman: Mm00550338_m1
SREBF1 Hs Taqman: Hs01088679_g1
PCK-1 Hs Taqman: Hs00159918_m1
Scdl Mm Taqman: Mm00772290_m1
Tnfa Mm Taqman: Mm00443258_m1

Adgrel (f4/80) Mm
Lgals3 (Mac-2) Mm

Taqman: Mm00802529_m1
Tagman: Mm00802901_m1

IL6 Mm Taqman: Mm00446190_m1
IL1b Mm Tagman: Mm00434228 m1
Xbpl Mm Taqman: Mm00457357_m1
Chop (Ddit3) Mm Tagman: Mm01135937_g1
Collal Mm Tagman: Mm00801666_g1

Primer sequence Sybr-Green

Gapdh Mm Gapdh Fw 5- CAT CAC TGC CAC CCA GAA GACTG -3’
Mm Gapdh Rv 5'- ATG CCA GTG AGC TTC CCG TTC AG —3’
Albumin Mm Alb FW 5- GAC AAG GAA AGC TGC CTG AC -3’

Mm Alb RV 5- TTC TGC AAA GTC AGC ATT GG -3
Mm VE cadherin Fw 5’-CACTGCTTTGGGAGCCTTC-3’
Mm VE-cadherin Rv 5’-GGGGCAGCGATTCATTTTTCT-3’

VE-cadherin

acquisition parameters across all samples, including objective, magni-
fication, illumination, intensity, exposure time and camera gain). Image
quantification was performed using ImageJ software (National Institutes
of Health and the Laboratory for Optical and Computational Instru-
mentation, LOCI, University of Wisconsin). For each image, the total Oil
Red O-positive area was segmented by colour-thresholding and quan-
tified as integrated area. In parallel, the number of cells per field was
determined with cell counter. Lipid content was expressed as stained
area per cell by dividing the Oil Red O-positive area by the correspond
cell-count. These values were then normalized to the mean of the control
group and reported as relative Oil Red O staining.

2.8. Statistical analysis

Data are reported as mean + standard error of the mean (SEM).
Normality was assessed using the Anderson-Darling test, and homo-
scedasticity was evaluated with the Fligner—Killeen test. For compari-
sons across treatment groups, Statistical significance was determined by
two-tailed Student's t-test or Mann-Whitney test when two groups were
compared. For more than 2 groups one-way analysis of variance
(ANOVA) was applied when model assumptions were met; otherwise,
the Kruskal-Wallis rank-sum test was used. For longitudinal weight
measurements, repeated-measures ANOVA or the Friedman rank-sum
test (when normality was not satisfied) was conducted. Multiple com-
parisons were adjusted using the Holm method. On All statistical tests P
value < 0.05 was considered statistically significant. Analyses were
performed in R version 4.3.2 (R Core Team, 2023) using the statsplot
package (Patil, 2021) or GraphPad Prism version 9.0 (GraphPad Soft-
ware, San Diego, CA, USA).
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3. Results

3.1. HepG2 cells expressed LEAP2 preventing oleic-acid induced lipid
accumulation

LEAP2 expression has been reported to depend on nutritional status
in both mice and humans [15,20].

To determine whether LEAP2 expression in human hepatic cells is
similarly regulated, we used the HepG2 cell line and observed a decrease
in LEAP2 expression following incubation with nutrient-depleted KHH
medium (Fig. 1a). Conversely, under high-energy conditions, LEAP2
expression was increased after treatment with 1 mM oleic acid for 24 h
(Fig. 1b). Additionally, HepG2 cells not only express but also secrete
LEAP2 into the culture medium in a time-dependent and cumulative
manner (Fig. 1c).

Given the established involvement of ghrelin in lipid metabolism, we
hypothesized that LEAP2 may also modulate lipid accumulation. To test
this, we conducted dose-response (0.1-1 nM) and time-course (3-6 h)
experiments in HepG2 cells pre-treated with 1 mM oleic acid. Both
concentrations of LEAP2 significantly reduced lipid droplet accumula-
tion (Fig. 1d), with the 3-h treatment (Fig. 1d, upper panel; Fig. le)
showing a greater effect than the 6-h treatment (Fig. 1d, lower panel;
Fig. 1f), with no changes in cellular viability (Fig. 1g,h). Based on these
results, we selected 0.1 nM LEAP2 and a 3-h treatment for subsequent
experiments, as these conditions elicited the most pronounced reduction
in lipid droplets.

Molecular analysis revealed that 0.1 nM LEAP2 for 3 h, following 24
h of oleic acid exposure, led to decreased expression of key de novo
lipogenesis genes, including FASN (Fatty Acid Synthase), ACACA
(Acetyl-CoA Carboxylase), SREBF (Sterol Regulatory Element Binding
Transcription Factor 1), and MLXIPL (Carbohydrate-responsive
element-binding protein) (Fig. 1i). At the protein level, LEAP2 treatment
induced upregulation of lipolytic and lipid oxidation markers, such as
CPT1la (Carnitine Palmitoyltransferase 1 A), PRDM16, and PPAR«
(Peroxisome Proliferator-Activated Receptor) (Fig. 1j).

Since oleic acid-induced lipid accumulation is associated with
increased endoplasmic reticulum (ER) stress, we assessed whether
LEAP2 modulates these pathways. LEAP2 treatment after oleic acid
exposure decreased protein levels of key components of the unfolded
protein response (UPR) pathway, including BiP, pIREla (Serine/threo-
nine-protein kinase/endoribonuclease inositol-requiring enzyme 1 a),
and CHOP (C/EBP-homologous protein), suggesting an improvement in
ER stress (Fig. 1k).

To confirm the functional relevance of LEAP2, we silenced LEAP2 in
HepG2 cells using specific siRNA. Knockdown efficiency was verified by
ELISA in both cell lysates and culture medium (Fig. 11). Oil Red O
staining demonstrated that LEAP2-silenced cells accumulated signifi-
cantly more lipids after 24 h of oleic acid exposure compared to siRNA
control cells (Fig. 1m). Gene expression analysis showed a tendency
toward increased FASN expression and a significant increase in PCK1
expression, further supporting a direct role for LEAP2 in regulating
hepatocyte lipid accumulation (Fig. 1n). Taken together these findings
imply that hepatocytes's LEAP2 synthesis and secretion are influenced
by oleic acid and that LEAP2 acting in a paracrine fashion can influence
hepatocyte's lipid synthesis.

3.2. LEAP2 prevents lipid accumulation in primary hepatocytes from diet-
induced obese (DIO) mice

To confirm these findings in a more translational context, we isolated
primary hepatocytes (with high degree of hepatocyte enrichment (Suppl
Fig. 1a)) from mice fed either a high-fat diet (HFD) or standard diet
(STD). Oil Red O staining demonstrated that LEAP2 treatment signifi-
cantly reduced lipid accumulation in hepatocytes from HFD-fed mice
(Fig. 2a). Furthermore, molecular analysis showed that hepatocytes
from mice subjected to either 15 weeks (Fig. 2b) or 1 year (Fig. 2c) of
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HFD exhibited decreased expression of de novo lipogenesis markers
(Fasn, and Acaca), which was further reduced by LEAP2 treatment in
both groups. Since the relevance of GHSR expression in liver is contro-
versial, we pursue this issue further. Of note, we demonstrated that the
effect of LEAP2 is dependent on the ghrelin receptor (GHSR), as treat-
ment with LEAP2 in primary hepatocytes isolated from GHSR knockout
(GHSR /") mice had no effect, as indicated by Oil Red O staining (Suppl
Fig. 1b). Taken together these findings indicate that the direct effect of
LEAP2 is also observed in hepatocytes derived from animals exposed to
HFD and that its effect is mediated by the GHSR.

3.3. Chronic central administration of LEAP2 modulates hepatic lipid
metabolism and inflammatory markers in normal-weight mice

Given the established metabolic effects of LEAP2 and the ability of
central ghrelin administration to promote hepatic lipid storage and
suppress lipid mobilization, we investigated the effects of central LEAP2
delivery on liver metabolism in normal-weight mice. Mice received
chronic central administration of either LEAP2 or vehicle, and the
impact on hepatic metabolism was assessed.

As expected, a significant difference in body weight was observed
between ghrelin- and vehicle-treated groups (Fig. 3a). Histological
analysis revealed no overt morphological differences between groups
(Fig. 3b); however, liver weight was increased in ghrelin-treated mice
and reduced in LEAP2-treated mice compared to controls (Fig. 3c). Oil
Red O staining showed enhanced hepatic lipid deposition in ghrelin-
treated mice, whereas lipid accumulation was attenuated following
LEAP2 treatment (Fig. 3e). Biochemical analysis indicated that hepatic
triglyceride levels were significantly greater in ghrelin-treated mice,
while free fatty acid (FFA) levels remained unchanged among all groups
(Fig. 3d).

Molecular analysis indicated that LEAP2 reduced the expression of
genes involved in de novo lipogenesis, including fasn, mlxipl, and scd1
(Fig. 3f). To assess mitochondrial p-oxidation, the expression of key
proteins such as CPT1a, PPARa, PGCla, and PRDM16 was quantified
(Fig. 3g). Both CPTla and PPARa were significantly upregulated,
consistent with enhanced lipid oxidation capacity.

Since the early stages of metabolic liver disease involve oxidative
stress, ER stress, inflammation, and apoptosis, we explored whether
LEAP2 treatment could ameliorate these processes. Notably, LEAP2
administration resulted in reduced expression of hepatic inflammatory
markers, including tumor necrosis factor (tnfa) and the macrophage
markers mac2 and adhesion G Protein-Coupled Receptor E1 (adgrel
(F4/80)) (Fig. 3h).

3.4. Mice with diet-induced obesity develop resistance to the effects of
LEAP2 central administration in lipid accumulation

We next evaluated the effect of LEAP2 in mice fed a very high-fat diet
(HFD), a regimen that induces both obesity and ghrelin resistance. As
anticipated, no significant differences in body weight were observed
among the groups due to ghrelin resistance (Fig. 4a). Histomorpho-
logical analysis likewise revealed no significant differences between
groups (Fig. 4b), although a non-significant reduction in liver weight
was noted in LEAP2-treated mice (Fig. 4c). Importantly, LEAP2 treat-
ment did not prevent the development of hepatic steatosis, as evidenced
by Oil Red O staining (Fig. 4e). While hepatic triglyceride content did
not differ significantly among the groups (Fig. 4d), an increase in free
fatty acids (FA) was observed in LEAP2-treated mice compared to
controls.

Molecular analysis of de novo lipogenesis revealed no change in Fasn
expression; however, there was a significant upregulation of Acaca,
Srebf, and MIxipl (Fig. 4f). No significant changes were detected in the
expression of genes involved in mitochondrial p-oxidation (Fig. 4g).
Importantly, LEAP2 treatment was also associated with reduced
expression of the macrophage marker Adgrel (F4/80) and Mac2
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Fig. 1. HepG2 cells expressed LEAP2 preventing oleic-acid induced lipid accumulation. (a) LEAP2 mRNA expression in HepG2 cells. (b) LEAP2 levels and its secretion into
the culture medium. (c) LEAP2 levels (ng/mL, determined by ELISA) in culture medium from HepG2 cells treated with oleic acid. (d) Representative Oil Red O
staining images (scale bar = 100 pm, 20x magnification) and quantification in HepG2 cells treated with LEAP2 (0.1 nM and 1 nM) and oleic acid for 3 (e) or 6 h (f).
() Representative images and quantification of cell viability crystal violet assay after 3 h of treatment with LEAP2 and 6 h of treatment with LEAP2 (n = 6-7). (h)
Quantification of cell viability in MTT assay after 3 h and 6 h of treatment with LEAP2. Data was normalized to a control-non treated group (n = 4). (i)Analysis of
FASN, ACACA, SREBF1, and MLXIPL mRNA expression after treatment with 0.1 nM LEAP2 for 3 h in medium containing oleic acid. (j) Semiquantification and
representative immunoblot analysis of B-oxidation proteins (PRDM16, PPAR«a, CPT1a,) in HepG2 cells after treatment with 0.1 nM LEAP2 for 3 h in medium
containing oleic acid. (k) Semiquantification and representative immunoblot analysis of ER stress proteins BIP, pIREla, and CHOP. (1) LEAP2 levels (ng/mL,
measured by ELISA) in HepG2 cell extracts and culture medium after LEAP2 knockdown by siRNA. (m) Representative Oil Red O staining images (scale bar = 100
pm, 20x magnification) and semiquantification in HepG2 cells with LEAP2 silencing and 24 h treatment with 1 mM oleic acid. (n) Analysis of FASN and PCK1 mRNA
expression.

Protein levels are expressed relative to the loading control GAPDH, and mRNA levels are normalized to HPRT. Data is expressed as mean + SEM, n = 6-7 per group.
*p < 0.05, ** p < 0.01, *** p < 0.001.
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Fig. 2. LEAP2 preventing induced lipid accumulation in primary hepatocytes from DIO mice. (a) Representative Oil Red O staining images (scale bar = 100 pm, 20x
magnification) and semiquantification in primary hepatocytes from mice fed STD diet or HFD during 15 weeks and treated with vehicle or LEAP2 (100 nM). (b)
Analysis of Fasn, Acaca mRNA expression in primary hepatocytes from mice fed STD diet or HFD during 15 weeks and treated with vehicle or LEAP2 (100 nM). (c)
Analysis of Fasn, Acaca mRNA expression in primary hepatocytes from mice fed STD diet or HFD during 1 year and treated with vehicle or LEAP2 (100 nM). mRNA
levels are normalized to HPRT. Data is expressed as mean + SEM, n = 6 per group. *p < 0.05, ** p < 0.01, *** p < 0.001.

(Fig. 4h) and ameliorate ER stress (Fig. 4i). monitoring body weight and food intake to assess weight loss or insta-
bility in food intake as well as spontaneous physical activity. Since one
key feature of these animals is reduced resilience to experimental
stressors, we decided against testing with stressors such as fasting, cold
exposure, exercise capacity, wound healing, susceptibility to infections
etc. which are commonly altered in frail individuals. As a common
practice in all our experimental studies, independently of the age of the
animals, all individuals exhibiting unexplained food intake and/or
decreased weight loss or lack of spontaneous physical activity are dis-
carded (data is not shown). Based on that we consider that our mice did
not reach the frailty stage.

LEAP2 failed to alter basal body weight (Fig. 5a) and histological
analysis revealed no differences between groups (Fig. 5b). Liver weight
was unchanged under all experimental conditions (Fig. 5c¢) also tri-
glyceride content (Fig. 5d). Oil Red O staining and quantification

3.5. Effects of LEAP2 on aged-induced liver inflammation

Finally taking into account that liver disease reflects the consequence
of different noxious stimuli, either in a sequential or simultaneous
fashion, we assess the effect of LEAP2 in aged animals under chow diet.
This way we have a model in which to test the effect therapeutic po-
tential of LEAP2 in a steatosis free-model.

Mice aged 27-30 months, like “oldest-old” humans, are expected to
exhibit a progressive physiological decline characterized by sarcopenia,
metabolic dysfunction, immunosenescence, neuroendocrine dysregula-
tion, and increased frailty, with substantial inter-individual variability
and reduced resilience to experimental stressors. For these reasons, we
carry out standard animal wellbeing biomarkers for mice such as
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Fig. 3. Central chronic administration of LEAP2 has effect on lipid metabolism and inflammatory markers in the liver in normal-weight mice. (a) Body weight change in mice
with administration of LEAP2, ghrelin, ghrelin and LEAP2 or vehicle during 7 days. Data is expressed as mean + SEM *p < 0.05, ** p < 0.01, *** p < 0.001 vehicle vs
ghrelin; # p < 0.05, LEAP2 + ghrelin vs vehicle; & p < 0.05 LEAP2 vs ghrelin+LEAP2. (b) Representative Hematoxylin & Eosin staining images (scale bar = 20 pm,
10x magnification) of liver of treated mice after 7 days of treatment. (c) Liver weight. (d) Liver triglycerides and free fatty acids content after 7 days of treatment. (e)
OilRed O staining images (scale bar = 20 pm, 10x magnification) and semiquantification of liver of treated mice after 7 days of treatment (f) mRNA gene expression
levels of Fasn, Acaca,Srebf, Mixipl, Scd1 in treated with vehicle or LEAP2 mice after 7 days treatment. (g) Semiquantification of immunoblot and representative blot
analysis of p-oxidation proteins PGCla, PRDM16, PPAR«a and CPT1a in liver after 7 days treatment (h) mRNA gene expression levels of Tnfa, Adgrel, Lgals3, IL6, IL1b
in treated with vehicle or LEAP2 mice after 7 days treatment. (i) Semiquantification of immunoblot and representative immunoblot analysis of ER-stress proteins BIP,
pIREla, CHOP in liver after 7 days treatment. Data is expressed as mean + SEM, n = 6-8 per group. *p < 0.05, ** p < 0.01, *** p < 0.001.
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Fig. 4. Central administration of LEAP2 in mice with diet-induced obesity showed a resistance to the effect of decreased lipid accumulation in the liver. a) Body weight change
in mice under HFD (20 weeks) with administration of LEAP2, ghrelin, ghrelin and LEAP2 or vehicle during 7 days. N = 6-8. Data is expressed as mean + SEM. (b)
Representative Hematoxylin & Eosin staining images (scale bar = 20 pm, 10x magnification) and weight of liver of mice under HFD and treated with LEAP2, ghrelin,
ghrelin and LEAP2 or vehicle during 7 days. (c) Liver weight. (d) Liver triglycerides and free fatty acids content after 7 days of treatment. (e) Oil Red O staining
images (scale bar = 20 pm) and semiquantification of liver of treated mice after 7 days of treatment (f) mRNA gene expression levels of Fasn, Acaca,Srebf, Mixipl in
treated with vehicle or LEAP2 mice after 7 days treatment. (g) Semiquantification of immunoblot and representative immunoblot analysis of p-oxidation proteins
PGCla, PRDM16, PPAR« and CPT1a in liver after 7 days treatment (h) mRNA gene expression levels of Tnfa, Adgrel, Lgals3 in treated with vehicle or LEAP2 mice
after 7 days treatment. (i) Semiquantification of immunoblot and representative immunoblot analysis of ER-stress proteins BIP, pIREla, CHOP in liver after 7 days
treatment. Protein levels are expressed relative to the loading control GAPDH, and mRNA levels are normalized to HPRT. Data is expressed as mean + SEM, n = 6-8
per group. *p < 0.05, ** p < 0.01, *** p < 0.001.
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Fig. 5. Effects on lipid metabolism in hepatic aging. a) Body weight change in aged mice (30 months) with administration of LEAP2 or vehicle during 7 days. (b)
Representative Hematoxylin & Eosin staining images (scale bar = 20 pm, 10x magnification) and weight of liver of aged mice and treated with LEAP2 or vehicle
during 7 days. (c) Liver weight. (d) Liver triglycerides and free fatty acids content after 7 days of treatment. (e) Oil Red O staining images (scale bar = 20 pm, 10x
magnification) and semiquantification of liver of treated mice after 7 days of treatment (f) mRNA gene expression levels of Fasn, Acaca,Srebf, Mixipl in treated with
vehicle or LEAP2 mice after 7 days treatment. (g) mRNA gene expression levels of Ppargcla, Prdm16, Ppara, Cptla in treated with vehicle or LEAP2 mice after 7 days
treatment (h) mRNA gene expression levels of Tnfa, Adgrel, Lgals3, IL1b in treated with vehicle or LEAP2 mice after 7 days treatment. (i) mRNA gene expression
levels of ER-stress markers Xbpl, CHOP in liver after 7 days treatment. Protein levels are expressed relative to the loading control GAPDH, and mRNA levels are
normalized to HPRT. Data is expressed as mean + SEM, n = 7-8 per group. *p < 0.05, ** p < 0.01, *** p < 0.001.
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indicated that LEAP2-treated animals maintained hepatic lipid levels
comparable to controls (Fig. 5Se).

Molecular analysis showed a significant reduction in Fasn mRNA
expression—a key enzyme in de novo lipogenesis—in LEAP2-treated
mice compared to controls, with no significant changes detected in
other lipid metabolism markers (Fig. 5f). LEAP2 treatment led to a
marked increase in CPT1a protein levels and a trend toward increased
PRDM16 expression but unexpectedly was associated with decreased
PGCla expression (Fig. 5g). No significant effects were observed on
markers of ER stress (Fig. 5h) or inflammation (Fig. 5i), as the expression
levels of the genes analyzed remained unchanged. Taken together, the
changes in the expression of these markers indicate that they are not
sufficient to induce a relevant change in the lipid metabolism-related
phenotype.

Finally, our data shows that in this scenario, and contrary to that
obtained in young animals exposed to either chow or HFD, LEAP2 failed
to decrease aging-induced liver inflammation. This finding will be of
relevance in relation to the development of new drugs for treatment of
MASH.

4. Discussion

The possible involvement of the ghrelin system in liver function and
in the development of obesity-associated comorbidities such as steatosis
and steatohepatitis has been extensively investigated in recent years
[27]. However, the data obtained to date do not allow for clear con-
clusions regarding its pathophysiological role or its potential as a ther-
apeutic target in the context of liver disease. This uncertainty arises, in
part, from the widespread expression of the ghrelin receptor both in the
liver and in other tissues, centrally and peripherally [28,29].

This is particularly relevant when discussing comorbidities such as
obesity, which develops largely as a consequence of altered organ
crosstalk that gives rise to phenomena such as glucotoxicity, lip-
otoxicity, and ER stress in multiple organs, including the liver.

The complexity of the ghrelin system has been recognized since its
discovery. For its principal effects—orexigenic action and GH release
[30,311], acylation at a specific serine residue is required for binding to
its receptor, GHSR1a [32]. Additionally, the non-acylated (unacylated)
ghrelin peptide (UAG) can exert biological effects via a yet unidentified
receptor distinct from GHSR1a [33] [34,35]. Complexity has further
increased with the recent identification of LEAP2 as an endogenous
antagonist and inverse agonist of GHSR1a. This discovery requires a
reinterpretation of previously published findings on ghrelin signaling,
and is of special interest because LEAP2 is synthesized in the liver [36]
raising the possibility that its levels fluctuate according to the nutritional
and functional state of hepatocytes. Furthermore, given the presence of
GHSR1a in hepatocytes and given that this receptor exhibits constitutive
activity even in the absence of ligand [37], LEAP2 may exert biological
effects both in the presence and absence of ghrelin. These considerations
justify the need to investigate LEAP2 actions both in vitro in hepatocytes
and in vivo in animal models.

Consistent with previous reports, our data in a human hepatocyte
cell line show that LEAP2 is expressed in hepatocytes, and that its
expression is modulated by exposure to oleic acid. We further demon-
strate that LEAP2 treatment leads to a marked reduction in lipid accu-
mulation as well as a decrease in ER stress induced by oleic acid. In
support of this, siRNA-mediated silencing of LEAP2 resulted in the
opposite phenotype—namely, increased lipid accumulation. Impor-
tantly, in primary hepatocytes from mice fed a HFD, LEAP2 exerted the
same protective effect as observed in the human cell line. Taken
together, these data indicate that endogenous LEAP2 plays a key role in
preventing hepatic steatosis. Our data also indicates that this direct ef-
fect is exerted directly in a paracrine fashion through the GHSR since it
was absent in GHSR ™/~ mice.

Given the well-established metabolic actions of ghrelin at the hy-
pothalamic level, we next explored the effects of LEAP2 on hepatic lipid
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metabolism in vivo in animals maintained on either standard or high-fat
diets. Our data demonstrate that, in mice fed a standard diet, central
ghrelin administration increased hepatic steatosis, but this effect was
inhibited by LEAP2, likely through decreased de novo lipogenesis and
enhanced lipid oxidation. Mechanistically, our data suggest that these
LEAP2 effects are mediated by decreased ER stress and are also associ-
ated with a reduction in hepatic inflammation. Although these findings
contrast with a previous study [38] in which LEAP2 knockdown
improved liver steatosis—implying a pro-steatotic role for LEAP2 in that
context—those authors employed a virogenic approach to reduce
LEAP2. By contrast, our findings are consistent with those of Shankar
et al., [39] who reported that deletion of LEAP2 in mice led to increased
fat accumulation in females fed a high-fat diet, and that long-acting
LEAP2 analog administration reduced body weight [40]. Furthermore,
our results are supported by studies showing that chronic ghrelin
administration is associated with hepatic steatosis [6,41] and that
lowering circulating ghrelin improves hepatic lipid accumulation [42].

Previous studies have shown that animals fed a HFD develop resis-
tance to ghrelin actions at the hypothalamic level [25]. We therefore
evaluated the actions of LEAP2 in mice fed a HFD. Contrasting with the
findings in standard-diet animals, HFD exposure induced resistance to
LEAP2's actions in terms of hepatic lipid accumulation, with no signif-
icant effects observed. This was reflected by minimal alterations in
markers of de novo lipogenesis or lipid oxidation. While some studies
using AAV-mediated overexpression of LEAP2 in the arcuate nucleus
[43] have observed hepatic effects in diet-induced obese mice, others
using different genetic approaches reported ghrelin/LEAP2 resistance
only in males and not females [39]. Such discrepancies likely stem from
differences in experimental model, sex, and administration route.
Notably, our experiments were performed exclusively in male mice,
which is a limitation. Some authors have hypothesized that LEAP2 may
be a determinant of ghrelin resistance [39] thus, the observation of
resistance to LEAP2 under obesogenic conditions is not unexpected.

There are several mechanisms, non-mutually exclusive, that can be
put forward. 1) Hypothalamic inflammation is a key feature of exposure
to HFD appearing before weight gain. Resistance to ghrelin, as assessed
by lack of c-fos response, appears in the course of a few days in response
to microglial activation and disruption of ghrelin receptor coupling
thereby failing to increase NPY/AgRP neurons [44-46] . 2) Increased
levels of LEAP2 leads to a decrease in the ghrelin/LEAP2 ratio. In this
context since LEAP2 is, both, a competitive antagonist and an inverse
agonist, LEAP2 occupancy reduces the ghrelin signal at the receptor
[12,13] . 3) Another relevant feature is that HFD leads to decrease GHSR
expression in relevant neuronal populations such as the ARC in the VTA,
thereby preventing LEAP2 effects [47]. 4) Ghrelin orexigenic effect is
mediated by a signaling pathway which include Sirtl/p53- AMPK,
CPT1c which leads to NPY-AgRP neuronal depolarization [19,48-50].

Nevertheless, our model revealed that one of the main consequences
of steatosis—inflammation—was improved by LEAP2 treatment, in
agreement with previous reports showing that subcutaneous adminis-
tration of long-acting LEAP2 ameliorates steatosis in HFD-fed mice [16].
In contrast, an opposing pro-inflammatory effect of LEAP2 has been
described in models of caloric restriction [51].

Aging is associated with impaired liver function, manifesting as both
steatosis and fibrosis, which predispose to more rapid disease progres-
sion and poorer clinical outcomes. The mechanisms underpinning age-
related hepatic dysfunction are diverse and include structural and
functional changes within the liver, alterations in mitochondrial activ-
ity, increased cellular senescence, and metabolic imbalances such as
elevated oxidative stress and reduced stress tolerance [52-54]. In light
of these considerations, we examined the effect of LEAP2 on hepatic
lipid metabolism in 30-month-old mice. The “oldest-old.” Mice at this
life stage manifest a broad spectrum of age-associated phenotypes
analogous to advanced human aging, including systemic organ
dysfunction This chronological age in mice correlates approximately to
humans in late senescence (exceeding 85 years of age), a demographic
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classified by the British Geriatrics Society as, cognitive impairment,
sarcopenia, and immunosenescence. Utilizing this model provides sig-
nificant translational value for studying age-related pathologies. The
selection of this specific cohort is further necessitated by global de-
mographic shifts; current forecasts indicate that the “oldest-old” popu-
lation is projected to reach nearly 500 million within the next two
decades, highlighting an urgent need to understand the metabolic shifts
associated with extreme longevity.

Our data indicate that aged animals are markedly resistant to the in
vivo effects of LEAP2 on hepatic metabolism—as observed in young
animals fed standard diet—particularly at the level of de novo lipo-
genesis and inflammatory markers. However, some effects on markers of
lipid oxidation persist, though they are insufficient to elicit overt
changes in hepatic steatosis or triglyceride content. These findings are
consistent with our previous observations showing that aged mice are
resistant to the effects of LEAP2 on food intake and body weight [25].
Nevertheless, in this scenario, and contrary to that obtained in young
animals exposed to either chow or HFD, LEAP2 failed to decrease aging-
induced liver inflammation. This finding will be of relevance in relation
to the development of new drugs for treatment of MASH.

LEAP2 is produced mainly by the liver and small intestine. Leap2
mRNA levels is also detectable in brain tissue albeit at much lower levels
than liver/intestine. Although detailed studies on protein expression in
different neuronal populations are still lacking, it is well established that
it acts centrally, when delivered intracerebroventricularly (icv) or
overexpressed in hypothalamic nuclei, suppressing ghrelin actions as
shown by reduced hypothalamic Fos activation, inhibition of ghrelin
orexinergic effect without affecting NPY- induced food intake
[20,25,39,55,56]. Of note, chemogenetic inhibition of POMC neurons
abolishes LEAP2-induced hypophagia, showing POMC neurons are
required for its central anorectic effects [43]. Thus, centrally acting
LEAP2 (from local brain expression or circulating entry) directly mod-
ulates GHSR-expressing circuits, especially POMC neurons. Further
studies, assessing LEAP2 effects following specific deletion of GHSR in
different hypothalamic neuronal subtypes are needed in order to un-
cover the mechanisms involved in these central effects. In any case,
whatever the mechanism the physiological role of LEAP2, either pro-
duced at central or peripheral level is beyond any doubt considering that
genetic deletion of LEAP2 markedly influence energy and metabolic
homeostasis [39].

In the context of our Ms. it should be noted that there is, at present,
no definitive in vivo pharmacokinetic study showing saturable, carrier-
mediated LEAP2 transport across the BBB, so the precise contribution of
peripherally produced LEAP2 to brain levels remains an open question.
Whether entry of LEAP2 could share a similar mechanism to ghrelin via
tanycytes [57] or through fenestrated capillaries is also unknown.
Therefore, the data obtained assessing the effects of intra-
cerebroventricular (icv.) infusion of very low doses of native LEAP2, is
quite robust in terms of assessing the central of LEAP2 but it does not
allow to answer the relative relevance of central vs peripheral endoge-
nous synthesized LEAP2 in the effects being described.

In summary, our data demonstrate that LEAP2 regulates hepatic lipid
metabolism both directly (in vitro in human hepatocytes) and in vivo (in
rodents). Importantly, the protective effect of LEAP2 observed in
standard-diet-fed young mice is lost in aged animals and is similarly
absent in young animals exposed to HFD. Elucidating the mechanisms
underlying this resistance will improve our understanding of liver dis-
ease progression, particularly in the context of obesity and the growing
population of “oldest-old” subjects.
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