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ARTICLE INFO ABSTRACT

Keywords: Background: Metabolic dysfunction-associated steatotic liver disease (MASLD) is a prevalent chronic liver disease,
MASLD encompassing a spectrum from simple steatosis to steatohepatitis (MASH), cirrhosis, and hepatocellular carci-
Steatosis noma. As part of metabolic syndrome, MASLD/MASH is characterized by inflammation, oxidative stress, and
Ic:;ll:z:;:tis:;less fibrosis, highlighting the need for targeted therapies. The dysregulation of Janus kinase/signal transducers and
Fibrosis activators of transcription (JAK/STAT) pathway and its negative regulators the suppressors of cytokine signaling

JAK/STAT (SOCS), plays a critical role in liver function and contributes to MASLD progression.

Aim: Based on a SOCS1 functional domain, we developed mimetic peptides (linear and cyclic) targeting JAK
activity and assessed their hepatoprotective potential in experimental MASLD/MASH.

Results: In dietary mouse models of MASLD/MASH, the administration of peptides ameliorated liver damage at
both early and advanced stages, as evidenced by significant decreases in serum transaminases and hepatic
content of lipids, inflammatory cells, and collagen. Treatment attenuated hepatic STAT1/3 activation and
downregulated genes involved in inflammation, fibrosis, and lipid metabolism. Livers from treated mice
exhibited lower levels of oxidative damage markers, reduced expression of NADPH oxidase 1 (NOX1), and
upregulation of the antioxidant genes catalase and superoxide dismutase. In vitro, the peptides were safe for
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COL1A, Collagen type Ial; CPT1a, Carnitine palmitoyltransferase-la; ECM, Extracellular matrix; ER, Endoplasmic reticulum; FA, Fatty acid; FABP1, Fatty acid-
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hepatocytes at different doses and effectively counteracted palmitate-induced cytotoxicity, superoxide anion
production, and cytokine and NOX1 expression, while increasing anti-inflammatory and antioxidant genes.
Conclusions: SOCS1 mimetic peptides exhibit hepatoprotective effects in experimental MASLD/MASH by
modulating lipotoxicity, inflammation, redox balance and fibrogenesis. This proof-of-concept supports their
potential as candidates for preclinical MASLD therapy development.

1. Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD),
formerly named non-alcoholic fatty liver disease (NAFLD), is a common
chronic liver condition affecting 32 % of adults worldwide, frequently
associated with obesity, type 2 diabetes and dyslipidemia [1]. MASLD
ranges from simple steatosis to metabolic dysfunction-associated stea-
tohepatitis (MASH), a progressive subtype associated with higher
morbidity, mortality and cardiovascular risk [2], characterized by lipid
accumulation, hepatocyte injury, inflammation, and fibrosis that can
progress to cirrhosis, liver failure, and hepatocellular carcinoma [3].

MASLD progression involves a cascade of "multiple hits" derived
from gut, adipose tissue, and liver [4], including lipid and glucose
metabolism alterations and insulin resistance, leading to the release of
inflammatory mediators and reactive oxygen species (ROS), mitochon-
drial dysfunction, and endoplasmic reticulum (ER) stress. These harmful
factors trigger several signaling pathways that ultimately perpetuate
inflammation and promote hepatocyte death, hepatic stellate cells
(HSC) activation, and extracellular matrix (ECM) deposition, all hall-
marks of MASH [3,5].

No specific medical therapies exist for MASLD, except for the recent
approval of resmetirom for non-cirrhotic MASH [6]. Lifestyle modifi-
cations remain the primary intervention, with adjunctive treatments like
vitamin E or pioglitazone. Ongoing clinical trials are exploring drugs
targeting metabolism, such as fatty acid (FA) synthesis inhibitors,
incretin-based therapies, and peroxisome proliferator-activated receptor
agonists. Investigational drugs targeting inflammation and fibrosis are
in development stages [7,8]. Understanding the mechanisms driving
MASLD and MASH is crucial for developing effective therapies and
improving patient outcomes.

The Janus kinase/signal transducer and activator of transcription
(JAK/STAT) transduces signals from metabolically relevant molecules
like hormones, lipids, and cytokines. Its overactivation is linked to in-
sulin resistance, lipid dysfunction, immune responses, and tumor
development [9]. In MASLD/MASH, JAK/STAT regulates macrophage
functions, hepatocyte survival and regeneration, and HSC activation via
cytokine and fibrogenic molecule expression [10,11]. Negative feedback
regulation of JAK/STAT is achieved by the suppressors of cytokine
signaling (SOCS). SOCS1, the main family member, inactivates JAK
through competitive inhibition via its kinase inhibitory region (KIR),
counteracting STAT1/STAT3-driven transcription, and regulating
inflammation and oxidative stress [12]. Functional SOCS1 poly-
morphisms associate with obesity and MASLD [13]. SOCS1 inhibition in
animal models worsens hepatic damage [14-16] and tumor develop-
ment [17], highlighting its protective role in the liver.

We previously tested SOCS1 peptidomimetics for therapeutic use.
Lead compound S1, mimicking the SOCS1 KIR domain, showed pro-
tective effects in experimental atherothrombosis and nephropathy
[18-21]. New mimetics (liPS, IC, and ICNal) demonstrated improved
affinity, stability, and anti-inflammatory properties in vitro [22-24]. In
the present work we investigate, for the first time, the ability of this
family of SOCS1 mimetics to suppress hepatic JAK/STAT activation in
vitro and in vivo, and to alleviate MASLD/MASH progression in two
dietary mouse models.

2. Material and methods
2.1. Peptide synthesis

Lead compound S1, derived from SOCS1 KIR region (53-68), and
new mimetics comprising a linear sequence with acetaminomethyl-
cysteine substitution (liPS) and two cyclopeptides with a side-chain
lactam bridge and additional 3-(1-naphthyl)-alanine substitution (IC
and ICNal) were synthesized (ProteoGenix, Schiltigheim, France; Kar-
eBay Biochem, Monmouth Junction, NJ, USA) and structural charac-
terized as previously reported [18,23,24]. Chemical structures and
lipophilicity profiles of peptides are shown in Supplementary Figs. S1
and S2, respectively. S1 was conjugated to palmitoyl-lysine for
cell-permeability and initially dissolved in 3 % DMSO. LiPS, IC and
ICNal were conjugated to the 48-60 fragment of the HIV-1 trans-
activator of transcription and dissolved in saline.

2.2. Experimental mouse models

Animal procedures conformed to ARRIVE Guidelines and Directive
2010/63/EU of the European Parliament and were approved by the
Institutional Animal Care and Use Committee of IIS-Fundacién Jiménez
Diaz and Comunidad de Madrid (PROEX 217/19 and 128.4/23). Male
C57BL/6J mice (Charles River Laboratories, France) and apolipoprotein
E-deficient (ApoE’/ 7) mice (Jackson Laboratory, Bar Harbor, ME, USA)
were maintained in ventilated cages (2-4 mice per cage) with controlled
temperature (20-22 °C), a 12-h light/dark cycle, and free access to food
and water.

In the first experiment, 20-week-old C57BL/6J mice (n = 32) were
fed a methionine-choline-deficient (MCD) diet (TD.90262; Envigo,
Indianapolis, IN, USA) for 3 weeks and were randomized to receive S1 or
liPS at two different doses (0.6 and 1.2 nmol/g body weight, intraperi-
toneally, 3 times weekly) or vehicle (<0.5 % DMSO) as a control group.
Peptide and vehicle doses were based on our previous experiments that
demonstrated no adverse effects on mice [18,20,23]. In the second
experiment, C57BL/6J mice (n = 36) on a 3-week MCD diet were ran-
domized into a control untreated group and four treatment groups (S1,
liPS, IC or ICNal; 1.2 nmol/g) while continuing MCD diet feeding for
another 3 weeks. In the third experiment, 12-week-old ApoE~/~ mice (n
= 48) were placed on a high-fat western diet (HFD; Envigo TD.88137)
and untreated or treated with S1, liPS, IC or ICNal (1.2 nmol/g) for
12 weeks. Age-matched mice on a normal chow diet (ND) served as
reference groups (n = 7-8).

Animals were monitored weekly for body weight and blood glucose,
as well as for clinical signs of toxicity, including abnormal behavior and
changes in the appearance of urine, stool, or fur. A glucose tolerance test
was performed on 12h-fasted ApoE ™/~ mice (at 11 weeks of HFD) by
measuring blood glucose levels from tail vein samples at 0-120 min
following an intraperitoneal glucose injection (1 mg/g). At the end of
the study, 12h-fasted mice were anesthetized (100 mg/kg ketamine and
15 mg/kg xylazine) and saline-perfused, then blood and liver were
collected post-euthanasia.

For single-dose pharmacokinetics, mice (n = 3/group) were injected
intraperitoneally with carboxytetramethylrhodamine-labeled peptides,
and plasma and urine samples were collected at different times as pre-
viously described [19]. Fluorescence intensity was directly measured in
20 pl of sample using a Tecan Infinity M Plex (Aemission = 540 nm;
Aexcitation = 570 nm), and the signal was normalized to initial
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fluorescence and body weight. Plasma half-lives were calculated using a
one-phase exponential decay model.

2.3. Biochemical and hepatic lipid analysis

Serum alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) were measured using a spectrophotometric activity assay
(Reflotron, Roche). Serum triglycerides (TG) and total cholesterol were
determined by enzymatic colorimetric assays (11528; BioSystems, Bar-
celona, Spain; STA-384; Cell Biolabs, San Diego, CA, USA). Total hepatic
lipids were extracted from homogenized tissue (10-20 mg) by Folch
method [25]. Cholesterol and TG concentration were determined by
colorimetric assay. Finally, TG and non-esterified FA fractions were
isolated from liver homogenates by lipid extraction followed by
solid-phase extraction. FA methyl esters of each fraction were obtained
by transmethylation and further determined by gas chromatogra-
phy/electron ionization-mass spectrometry. Concentrations were
normalized to liver tissue weight [26].

2.4. Liver histopathology

Formalin-fixed liver samples were paraffin embedded, and 4-pm
sections were stained with hematoxylin/eosin. Samples were blindly
evaluated for MASLD/NAFLD activity score (encompassing steatosis,
lobular inflammation and hepatocyte ballooning) by an experienced
liver pathologist, according to mouse criteria [27]. For immunohisto-
chemistry, paraffin sections were incubated with antibodies against
macrophages (F4/80; Bio-Rad Cat# MCA497, RRID:AB 2098196),
T-cells (CD3; Agilent Cat# A0452, RRID:AB 2335677), 8-hydrox-
y-2-deoxyguanosine (80HdG; Abcam Cat# ab48508, RRID:
AB _867461), 4-hydroxynonenal (4HNE; Abcam Cat# ab46545, RRID:
AB 722490) and phosphorylated STATs (P-STAT1 (Y701), Thermo
Fisher Scientific Cat#44-376, RRID:AB_2533642; P-STAT3 (S727), Cell
Signaling Technology Cat# 9134, RRID:AB 331589), followed by
respective secondary antibodies conjugated to either horseradish
peroxidase or biotin (Jackson Immunoresearch, West Grove, PA, USA)
plus avidin-biotin complex (PK-4000; Vector Laboratories, Burlingame,
CA, USA), and color development with 3,3-diaminobenzidine. Liver
fibrosis was assessed by Sirius red staining. Oil-Red-O (ORO) staining
was performed on frozen 7-pm liver sections. Positive staining in
captured images (6-8 fields at 10X magnification; 2 slices/mice) was
quantified using Image-Pro Plus software (Media Cybernetics, Bethesda,
MD, USA) and expressed as percentage of total area.

2.5. Cell culture and stimulation

Palmitic acid complexed to FA-free bovine serum albumin (BSA)
(Sigma-Aldrich, St. Louis, MO, USA) in a 2:1 M ratio, was prepared as
described [28]. Immortalized neonatal mouse hepatocytes [29] were
cultured in DMEM with 10 % fetal bovine serum (FBS), 2 mM 1-gluta-
mine, 100 U/mL penicillin and 100 pg/mL streptomycin (Sigma-Al-
drich). Cells were starved overnight in low serum (0.5 % FBS) medium,
then treated with different concentrations of mimetic peptides for 90
min before stimulation with 0.4 mM palmitic acid for additional 6-24 h.
The palmitic concentration aligns with levels found in MASLD patients
[30]. BSA was used as negative control. In some experiments, hepato-
cyte conditioned medium was collected, centrifuged to remove cell
debris, and stored at —20 °C. Mouse macrophage RAW 264.7 cells
(ATCC Cat# TIB-71, RRID:CVCL_0493) were plated on 6-well plates (1
x 10° cells/well) in DMEM with 10 % FBS, serum-deprived overnight,
and then incubated with hepatocyte conditioned medium for 24 h.

2.6. Cell viability, lipid content and ROS measurement

Hepatocytes on 96-well plates (1 x 10* cells/well) were incubated
with palmitic acid with/without peptides. After 24 h, cells were stained
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with  3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
tetrazolium (MTT; 0.5 mg/mL, Sigma-Aldrich) for 60 min at 37 °C. The
resulting formazan crystals were dissolved in DMSO, and absorbance
was measured at 570 nm.

For intracellular lipid staining, hepatocytes on 8-well chambers were
fixed in 10 % paraformaldehyde, treated with 60 % isopropanol, and
incubated with ORO solution for 5 min, then washed and counterstained
with hematoxylin.

NADPH oxidase (NOX)-dependent ROS generation was measured by
lucigenin chemiluminescence assay [31]. Cell homogenates were mixed
with 5 pM lucigenin and 100 pM NADPH (Sigma-Aldrich), then chem-
iluminescence was recorded in a Berthold luminometer at 10-s intervals
for 10 min and normalized to protein content. The NOX inhibitor
apocynin (3 mM; Sigma-Aldrich) was used as control.

2.7. Protein analysis

Protein lysates (30-35 pg) from homogenized livers and cells were
electrophoresed and immunoblotted for P-STAT1 (Thermo Fisher Sci-
entific Cat# 33-3400, RRID:AB 2533113), STAT1 (Cell Signaling
Technology Cat# 9172, RRID:AB_2198300), P-STAT3 (Cell Signaling)
and STAT3 (Cell Signaling Technology Cat# 9139, RRID:AB_331757),
with p-actin (Sigma-Aldrich Cat# A1978, RRID:AB 476692) and
a-tubulin (Sigma-Aldrich Cat# T9026, RRID:AB 477593) as loading
controls. STAT1 activation was assessed by modified cellular ELISA
using P-STAT1 or total STAT1 antibodies as previously described [32].
Protein concentrations of CC Motif Chemokine Ligand 2 (CCL2) and
tumor necrosis factor-a (TNFa) in cell supernatants were measured by
ELISA (DY479 and DY410; R&D Systems, MN, USA).

2.8. Quantitative real-time PCR (qPCR) analysis

Total mRNA from livers and cells was extracted using TRI Reagent
(Thermo Fisher Scientific). Complementary DNA was synthesized (High-
Capacity ¢cDNA Reverse Transcription Kit; 4368813, Applied Bio-
systems, Foster City, CA, USA) and analyzed by qPCR using Premix Ex
Taq (RR390; Takara, Shiga, Japan). TagMan mouse gene expression
assays (Thermo Fisher Scientific) are detailed in Supplementary
Table S1. Expression data were normalized to 18S rRNA and expressed
as arbitrary units or fold increases versus normal diet mice or cell basal
conditions.

2.9. Statistics

Outcome assessments and data analysis were conducted in a blinded
manner. Results are presented as individual data points and mean + SD
from separate experiments and mice, with each condition analyzed in
duplicate/triplicate and including the corresponding negative controls.
Statistical analysis was conducted with GraphPad Prism v8 (GraphPad
Software Inc, La Joya, CA, USA). Data were assessed for normality
(D’Agostino and Pearson test) and variance homogeneity (Bartlett test).
Pearson’s correlation was used for normally distributed data. Statistical
significance was set at P < 0.05 using one- or two-way ANOVA with
Tukey’s multiple comparisons test.

3. Results

3.1. Linear S1 and liPS peptides dose-dependently attenuate early hepatic
damage caused by MCD diet in mice

To evaluate SOCS1 linear mimetics in early MASLD, mice were fed an
MCD diet for 3 weeks and simultaneously administered S1 or liPS (0.6
and 1.2 nmol/g). As expected [7], MCD diet reduced body and liver
weight, serum glucose, cholesterol and TG levels, while increasing AST
and ALT (Table 1). Compared to the vehicle control group, treated mice
showed partial restoration of liver weight, serum glucose and lipids, and
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Metabolic parameters in C57BL/6 mice after 3 weeks of MCD diet feeding. Mice on MCD diet were treated with vehicle (Control), S1 or 1iPS peptides at the doses
indicated (nmol/g body weight). Normal diet (ND) was used as reference group. Mean =+ SD of the indicated number of animals per group. *P<0.05 vs ND; °P < 0.05 vs
Control. Abbreviations: BW, body weight; LW, liver weight; LW/BW, relative liver-to-body weight; BG, blood glucose; ALT, alanine aminotransferase; AST, aspartate

aminotransferase; Chol, total cholesterol; TG, triglycerides.

3wk MCD

ND (n = 8) Control (n = 8) $1-0.6 (n = 5) $1-1.2 (n = 7) 1iPS-0.6 (n = 5) 1iPS-1.2 (n = 7)
Initial BW (g) 29.0 £ 1.3 30.0 £ 1.5 29.7 1.0 203+ 1.1 31.6 + 1.4 30.1 £ 0.8
Final BW (g) 29.6 + 1.2 20.1 + 1.3 20.9 + 0.2 21.6 + 0.9° 19.7 + 1.1° 21.1 + 0.9
LW (g) 1.82 + 0.08 0.94 + 0.20° 1.08 £ 0.17% 1.28 + 0.08*" 1.10 + 0.122 1.25 + 0.12*P
LW/BW (g/g) 0.061 + 0.002 0.047 + 0.010% 0.052 + 0.008 0.059 + 0.004" 0.056 + 0.008 0.060 + 0.006"
BG (mg/dL) 136.4 + 15.9 73.5 + 4.9 93.8 + 3.9° 94.7 + 5.8*° 97.8 + 17.7%° 92.6 + 14.9%°
ALT (IU/L) 41.8+9.5 299.1 + 31.1% 229.5 + 32.7P 177.2 + 43.7%° 234.2 + 41.0%° 188.8 + 24.5%°
AST (IU/L) 60.1 + 17.6 236.6 + 35.3° 191.4 + 22.5%P 151.4 + 20.8%° 187.1 + 16.1%P 170.6 + 27.3%°
Chol (mg/dL) 137.0 + 16.5 47.4 +13.2° 62.7 +11.1° 78.6 + 12.7%° 70.2 + 9.9% 84.8 + 17.3%°
TG (mg/dL) 108.3 + 9.9 44.4 + 8.0 58.6 + 7.5% 63.9 + 10.5*" 71.8 + 7.9*° 60.9 + 12.8%°

reduced transaminase levels, indicating attenuated liver damage
(Table 1). Histological analysis revealed significant decreases in MASLD
activity scores (steatosis, hepatocyte ballooning and lobular inflamma-
tion) in high-dose treatment groups, with no differences observed be-
tween the two peptides (Fig. 1A and B).

Livers of peptide-treated mice displayed reduced lipid droplet
accumulation (ORO staining; Fig. 1, A and C), total cholesterol and TG
levels (Fig. 1D and E). Inmunohistochemistry (Fig. 1F) revealed that S1
and liPS at higher doses significantly reduced macrophage and T-cell
content (F4/80 and CD3; Fig. 1G and H), and markers of oxidative DNA
damage and lipid peroxidation (80HdG and 4HNE; Fig. 1I and J).
Treatment also attenuated hepatic STAT phosphorylation/activation (P-
STAT1/3; Fig. 2A and B). Additionally, qPCR analysis indicated that
MCD feeding upregulated liver injury-related genes, including chemo-
kines like Ccl2, Ccl5 and CXC Motif Chemokine Ligand 10 (Cxcl10)
(Fig. 2C); cytokines like interleukin-1 (I11b), Il6 and Tnfa (Fig. 2D); the
ROS-generating enzyme Nox1; the ER-stress molecule C/EBP homolo-
gous protein (Chop) (Fig. 2E); and the scavenger receptor class B (Cd36)
(Fig. 2F). Notably, S1 and liPS significantly downregulated these genes
while upregulating antioxidant enzymes like catalase (Cat) and super-
oxide dismutase-1 (Sod1) (Fig. 2E); the FA p-oxidation gene carnitine
palmitoyltransferase 1o (Cptla) and the ATP-binding cassette trans-
porters (Abcal/gl) involved in lipid efflux (Fig. 2F), supporting the
histological findings.

3.2. Therapeutic effect of peptides in advanced stages of MASLD/MASH
induced by MCD diet

To assess the effects of SOCS1 peptidomimetics in an intervention
model of MASLD progression, we developed a MASH-like model by
feeding mice an MCD diet for 3 weeks, followed by 3 weeks of treatment
with linear (S1 and liPS) and cyclic (IC and ICNal) peptides while
continuing the MCD diet (Fig. 3A). We first evaluated the pharmacoki-
netics of fluorescent-labeled peptides after a single dose. Our previous
biodistribution studies showed that intraperitoneal administration tar-
gets multiple tissues, including the liver [19,23]. In MCD-fed mice,
plasma fluorescence peaked at 4-6 h and urine fluorescence at 8 h
(Fig. 3B and C), with cyclic peptides showing sustained detection for up
to 30 h. Plasma half-life calculations varied depending on structural
modifications (tj/o: S1, 4.1 h; liPS, 6.5 h; IC, 8.5 h; ICNal, 12.1 h;
Fig. 3D).

Therapeutic administration of peptides after the onset of MCD-
induced liver damage significantly restored glucose and lipid levels,
reduced transaminases (Supplementary Table S2), and improved liver
histomorphology, as evidenced by decreased steatosis, hepatocyte
ballooning, and lobular inflammation (Fig. 3E-G). Remarkably, peptides
did not exacerbate body weight loss (Supplementary Table S2) thus
reinforcing their protective effect, as observed in our previous studies in
diabetes models [19,20]. Treatment also reduced liver cholesterol and

TG levels (Fig. 3H and I) and restored lipid transporter expression (Cd36
and Abcgl; Fig. 3J) in 6 week-MCD fed mice. Although no significant
differences were observed among the four peptides, ICNal appeared
most effective in reducing disease severity, likely due to its enhanced
stability in cellular contexts, as we previously reported [23,24].

Changes in the FA profile of liver TG were evaluated by lipidomic
analysis. Compared to control MCD-fed mice, peptide-treated groups
showed a significant decrease in FA composition (Fig. 4A), mainly in the
saturated FA, palmitic (C16:0; Fig. 4B) and stearic (C18:0; Fig. 4C); and
the monounsaturated FA, palmitoleic (C16:1n7; Fig. 4D) and oleic
(C18:1n9; Fig. 4E). A similar decrease in these major FA was also
observed in the hepatic non-esterified FA fraction (Supplementary
Table S3). These results suggest that peptides help to counteract long-
chain FA alterations in advanced MASLD.

We next investigated the effect of peptides on liver inflammation,
oxidative stress and fibrosis, which are key pathogenic factors in
MASLD/MASH progression [5]. At 6 weeks of MCD diet feeding, peptide
treatment markedly reduced the hepatic content of macrophages, T
cells, 8OHdG, and P-STAT1, compared to the intense staining observed
in MCD controls (Fig. 5A and B). Treated mice also displayed reduced
gene expression of chemokines and cytokines in liver tissue (Fig. 5C),
and restored expression of redox balance genes (Nox1, Cat, and SodI;
Fig. 5D). Sirius red staining showed decreased collagen accumulation in
treated mice, indicating attenuated liver fibrosis (Fig. 5A and B). This
was further reflected by downregulated expression of profibrogenic
markers such as collagen type I al (Colla), a-smooth muscle actin
(Acta2), transforming growth factor-pl (Tgfb), matrix metal-
loproteinases (Mmp2, 9 and 13), and tissue MMP inhibitor-1 (Timp1)
(Fig. 5E). Pearson analysis revealed positive correlation between
P-STAT1 and profibrotic markers in all MCD groups (Supplementary
Table S4), linking STAT activation with MASLD/MASH progression.

3.3. Hepatoprotective actions of peptidomimetics in MASLD/MASH
mouse model induced by HFD feeding

After confirming that both linear and cyclic SOCS1 mimetics improve
hepatic damage in the MCD diet-induced lean MASH model, we exam-
ined their effects in ApoE’/ ~ mice fed an HFD for 12 weeks (Fig. 6A), a
MASLD model that better represents human metabolic syndrome fea-
tures such as hyperlipidemia, overweight/obesity and insulin resistance
[33,34]. Compared to the untreated control group, mice receiving S1,
liPS, IC, or ICNal peptides during the HFD regime showed significantly
lower serum ALT, serum and hepatic TG, and fasting glucose levels
(Table 2). Although food intake was not directly assessed, stable body
weight in HFD-fed mice during treatment (Table 2) is consistent with our
previous studies where no major changes in feeding behavior were
observed [18,23]. Treatments also improved glucose tolerance, as
shown by lower area under the curve values in the glucose tolerance test
(Fig. 6B and C). Liver histology (Fig. 6D) revealed overall improvements
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in multiple parameters, including MASLD activity score (Fig. 6E), lipid
accumulation (Fig. 6F), macrophage infiltration (Fig. 6G), oxidative
stress markers (80HdG and 4HNE; Fig. 6H), and STAT1 activation
(Fig. 6I). Notably, Sirius red staining showed a 40 % reduction in

collagen deposition in peptide-treated groups (Fig. 6J).

Peptides alleviated the abnormal lipidomic profile in HFD-fed mouse
livers, particularly reducing palmitic, oleic, stearic, and palmitoleic acid
levels in TG fractions (Fig. 7A and B). This was associated with
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downregulation of lipid transport genes such as Cd36 and FA-binding Cptla, and peroxisome proliferator-activated receptor-gamma coac-
protein-1 (Fabpl) and upregulation of lipid efflux genes (Abcal/gl) tivator-1a (Ppargcla) (Fig. 7D).
(Fig. 7C). Treatment partially restored liver expression of genes involved In HFD-fed mice, treatment with either linear or cyclic sequences

in de novo lipogenesis and FA B-oxidation, including sterol regulatory attenuated hepatic expression of key inflammatory mediators, including
element-binding transcription factor-1 (Srebfl), FA synthase (Fasn), chemokines (Ccl2/5 and Cxcl10), proinflammatory cytokines (Tnfa and
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Il1b; Fig. 7E), and M1 macrophage markers (inducible NO synthase
(Nos2) and arginase 2 (Arg2); Fig. 7F). Genes involved in oxidative
(Nox1) and ER stress (Chop) were also affected (Fig. 7G). Conversely,
peptide treatment upregulated anti-inflammatory M2 macrophage
markers (Argl, Cd206, and I110; Fig. 7F) and antioxidant genes (Sod1/2,
and Cat; Fig. 7G). Furthermore, a reduced expression of profibrogenic
genes (Colla and Tgfb; Fig. 7H) was observed. Significant correlations
between hepatic markers and STAT1 activation was found in HFD model

(Supplementary Table S5).

These findings suggest that SOCS1 peptidomimetics provide hep-
atoprotection against HFD-induced MASLD/MASH by regulating lipid
metabolism, redox balance, inflammation and fibrogenesis.

3.4. Peptides attenuate palmitate-induced cell responses in vitro

To support the in vivo findings, we performed in vitro studies in
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hepatocytes stimulated with 0.4 mM palmitate, a known lipotoxic agent.
MTT assay indicated no cytotoxicity after 24 h of peptide treatment at
different doses (Supplementary Fig. S3A). Notably, peptides improved
the viability of lipid-treated cells (Fig. 8A). Cell-based ELISA (Fig. 8B)
and Western blot (Supplementary Fig. S3B) revealed that peptides dose-
dependently inhibited palmitate-induced STAT1 activation (ICs( ranges:
S1, 45-71 pM; 1iPS, 21-33 pM; IC, 15-28 pM; ICNal, 11-20 pM).
Lucigenin assay in cell homogenates showed that palmitate triggered
NOX-dependent ROS generation in hepatocytes, an effect significantly
reduced by the peptides (Fig. 8C). Linear peptides prevented the

expression of oxidative and cellular stress genes (Nox1 and Chop) and
upregulated antioxidant genes (Sod1/2 and Cat) (Fig. 8D), whereas cy-
clic peptides elicited comparable, dose-dependent transcriptional effects
(Fig. 8E). Additionally, peptides reduced lipid droplet accumulation
(Supplementary Fig. S3C) and the expression of genes linked to lipid
transport and lipogenesis while upregulating lipid metabolism genes
(Fig. 8E; Supplementary Fig. S3D). Regarding inflammation, peptides
reversed palmitate-induced chemokine and cytokine gene expression
(Fig. 8F; Supplementary Fig. S3E), and reduced CCL2 and TNFa« secre-
tion into the culture medium (Fig. 8G).
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Biochemical parameters in ApoE~/~ mice fed a chow or HFD for 12 weeks. Mean + SD of the indicated number of animals per group. *P<0.05 vs ND; °P < 0.05 vs
Control. Abbreviations: ABW, body weight gain; LW, liver weight; LW/BW, relative liver-to-body weight; BG, blood glucose; ALT, alanine aminotransferase; TG,

triglycerides.
12 wk HFD

ND (n = 8) Control (n = 12) S1(n=9) 1iPS (n = 9) IC(n=9) ICNal (n = 9)
ABW (g) 29+1.1 7.6 +1.7° 6.2 +1.8° 5.8 £ 1.4° 6.2 + 2.2° 6.5+ 1.6%
LW (g) 1.56 + 0.11 1.86 + 0.09% 1.76 + 0.11° 1.73 + 0.09 1.74 £ 0.17% 1.71 £ 0.14
LW/BW (g/g) 0.051 =+ 0.003 0.061 + 0.007% 0.056 =+ 0.005 0.063 £ 0.004* 0.060 + 0.008° 0.057 =+ 0.005
BG (mg/dL) 123.4 + 8.4 159.9 + 18.7° 137.8 + 21.9° 138.3 +17.1° 136.0 + 9.5° 128.7 +12.2°
ALT (IU/L) 33.4+7.4 86.5 + 21.2° 44.2 + 12.4° 52.3 + 12.3" 48.2 + 20.5° 46.1 + 13.9°
Serum TG (mg/dL) 144.2 + 26.3 252.7 + 68.9° 183.2 + 43.2° 182.0 + 33.3° 171.7 + 35.2° 191.3 + 44.0°
Liver TG (pg/mg prot) 17.7 + 7.0 42.8 + 11.0° 27.7 +7.1° 23.3 + 6.9° 23.9 +9.1° 21.1 + 8.0°

Given the role of macrophage polarization in MASLD, we investi-
gated whether peptides modulate hepatocyte-induced macrophage
activation. Conditioned media from palmitate-treated hepatocytes
upregulated cytokine and M1 markers in RAW264.7 macrophages, and
effect blunted by peptide pretreatment, which also upregulated M2
markers (Fig. 8H and I). Heat inactivation of conditioned media abol-
ished these responses (Supplementary Fig. S3F), implicating heat-
sensitive, JAK/STAT-depending mediators that activate liver immune
cells.

4. Discussion

The global burden of MASLD and its progression to MASH under-
score the urgent need for therapies that target the key pathological
mechanisms driving liver injury. This study demonstrates the hep-
atoprotective effects of a series of SOCS1 peptidomimetics in experi-
mental MASLD/MASH. We provide evidence of: a) inhibition of JAK/
STAT pathway and downstream effectors by hepatocyte-safe doses of
linear and cyclic peptides; b) mitigation of liver damage at early and
advanced stages in MASLD/MASH mouse models; c¢) mechanistic
involvement of molecules linked to lipotoxicity, oxidative stress,
inflammation, and fibrogenesis. Fig. 9 provides a schematic overview of
the mechanism of action of SOCS1 peptidomimetics, highlighting their
effects on JAK/STAT signaling and downstream gene regulation.

Clinical and animal studies highlight the relevance of JAK/STAT/
SOCS axis in metabolic and liver diseases, making it a promising ther-
apeutic target [35]. STAT1/3 activation is elevated in MASLD/MASH
patients and experimental models, contributing to liver infiltration,
fibrosis, and tumorigenesis [9,36]. SOCS1 downregulation associates
with liver dysfunction [14,37,38] and promotes insulin resistance,
inflammation and fibrosis when silenced in macrophages or hepatocytes
[15,39-41], whereas its overexpression protects hepatocytes and exerts
tumor-suppressive effects [16,17,42]. Agents that upregulate SOCS1
while suppressing cytokines (e.g., sennoside A, herbal extracts, and
miR-222-3p knockdown) have reduced liver damage in models [38,43,
44], supporting the therapeutic potential of SOCS1-based approaches to
prevent MASLD/MASH progression.

This work demonstrates the hepatoprotective effects of SOCS1 pep-
tidomimetics in two MASLD/MASH models. In the MCD-induced lean
model, the 1.2 nmol/g dose reduced liver damage both preventively and
therapeutically. The cyclic ICNal, with enhanced protease resistance
[24], showed improved pharmacokinetics and efficacy in advanced
stages. To better mimic human metabolic disease, compounds were also
tested in HFD-fed ApoE~/~ mice, where both linear and cyclic forms
reduced transaminases and lipids, improved glucose tolerance, and
alleviated liver pathology, suggesting hepatoprotection independent of
obesity.

Intrahepatic fat accumulation, a hallmark of MASLD, results from
enhanced lipid uptake and synthesis alongside reduced FA export and
oxidation, leading to insulin resistance, ER stress, and liver dysfunction
[3]. Our study shows that peptide administration in MASLD/MASH
mouse models reduced hepatic cholesterol and TG levels, altered key
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saturated and monounsaturated FA (palmitic, stearic, palmitoleic and
oleic), and restored lipid transport gene expression by upregulating
exporters (ABCA1/G1l) and downregulating importers (CD36 and
FABP1). CHOP reduction linked this to ER stress [45]. In HFD mice,
treatment partially normalized lipogenic and FA p-oxidation genes,
including FASNa (de novo saturated FA synthesis), SREBF1 (transcrip-
tional lipogenesis regulator), CPTla (mitochondrial long-chain FA
oxidation) and PPARGCla (FA metabolism co-activator), which are
downstream targets of JAK/STAT pathway [46-49]. Additionally, in
palmitate-exposed hepatocytes, peptides reduced lipid accumulation
and improved cell viability, suggesting that mimicking SOCS1 function
may restore lipid homeostasis in JAK/STAT-driven lipotoxicity.

Diabetes, obesity, and dyslipidemia promote chronic low-grade
inflammation with elevated proinflammatory cytokines that exacer-
bate liver inflammation and oxidative damage, contributing to MASLD
[3]. Hepatocyte- and macrophage-derived mediators amplify the
response to free FA, promoting immune cell infiltration, M1 macrophage
polarization, lipogenesis, and HSC activation [50,51]. In this work,
peptides improved steatosis, reduced immune cell infiltration, down-
regulated chemokines and cytokines, and shifted the M1/M2 ratio to-
ward an anti-inflammatory profile. Treatment also attenuated lipid
peroxidation and oxidative DNA damage, suggesting partial restoration
of redox balance. In vitro, SOCS1 mimetics prevented ROS production in
palmitate-treated hepatocytes. This associated with downregulation of
NOX1, a key source of ROS-induced liver damage [52], and upregulation
of antioxidant enzymes SOD and catalase. Our previous work in renal
and vascular cells demonstrated that SOCS1 therapies reduce ROS by
inhibiting JAK2 activity, thereby suppressing downstream phosphati-
dylinositol 3-kinase activity and NOX complex assembly, while also
repressing STAT1-dependent NOX expression [23,31]. Although further
research is needed to confirm these mechanisms in the context of
MASLD/MASH, our results indicate that peptides affect multiple aspects
of JAK/STAT-driven inflammatory and oxidative stress pathways in
liver cells. Previous reports have shown that levels of TNFa, IL-1p,
CCL2/5, and NOX1 associated with MASH progression, while their
deletion reduces MASLD severity in experimental models [50-52].
However, pharmacological inhibition of individual targets has shown
limited therapeutic benefit in MASLD despite some metabolic im-
provements [50,53]. Notably, we previously demonstrated that S1
peptide reduced systemic inflammation in a diabetic atherosclerosis
model by decreasing circulating proinflammatory monocytes and cyto-
kines [18], supporting its potential to restore immune homeostasis at
both hepatic and systemic levels. By simultaneously modulating in-
flammatory and oxidative pathways, SOCS1 peptidomimetics may offer
a broader and more effective approach to counteract MASLD/MASH
progression.

Inflammation and oxidative stress in MASLD/MASH drive liver
fibrosis, which can progress to cirrhosis and liver cancer. Damaged he-
patocytes activate macrophages, which release cytokines and growth
factors that induce HSC transdifferentiation into collagen-producing
myofibroblasts and ECM remodeling [3,5]. In our study, MASLD/-
MASH mice exhibited liver fibrosis characteristics, including collagen
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deposition, elevated ACTA2 (myofibroblast differentiation factor) and
TGFp (profibrogenic mediator that activates HSCs and regulates ECM
deposition). Peptide treatment attenuated these markers and restored
the balance between ECM-degrading enzymes and their inhibitors.
Previous studies have shown that modulating TGFp and MMP activity
limits ECM accumulation and promotes fibrosis resolution [54,55]. Our
findings suggest SOCS1 mimetics may modulate fibrogenesis in
MASLD/MASH, although further studies are needed to assess their ef-
fects in advanced fibrosis, where effective therapies are lacking.

A key advantage of our compounds is their mimicry of the natural
SOCS1 KIR domain, which selectively binds the JAK activation loop and
blocks substrate phosphorylation without affecting ATP binding [56].
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Unlike the full-length SOCS1 protein, which contains domains like SH2
and SOCS box involved in substrate targeting and proteasomal degra-
dation [12,56], KIR-based peptides lack these motifs, minimizing
interference with broader metabolic pathways such as insulin signaling.
SOCS1 mimetics specifically target JAK1/2, acting as potent and selec-
tive inhibitors with fewer off-target kinase interactions. In contrast,
commercial JAK inhibitors used in rheumatoid arthritis and thrombo-
cytopenia, target the conserved ATP-binding site, and then carry a
higher risk of off-target toxicity and have been linked to cardiovascular
events, despite some have shown efficacy in liver disease models
[57-59]. S1 peptide has demonstrated cardiovascular safety in diabetic
mice (unpublished) and protective effects in models of renal and
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Fig. 8. Effects of linear and cyclic peptides in vitro. (A) Cell viability MTT assay in hepatocytes treated with 0.4 mM palmitic acid (PA) with/without peptides (S1,
59 uM; liPS, IC and ICNal, 25 pM). Medium with 10 % FBS was used as positive control. (B) Cell-based ELISA assay for STAT1 activation in hepatocytes stimulated

with PA for 6 h in the presence of increasing concentrations of peptides. Values

expressed as ratio P-STAT1/STAT1 versus PA alone. (C) NOX-dependent mea-

surement of O2e— in hepatocytes after 16 h of stimulation, assessed by chemiluminescence assay. BSA and apocynin were used as controls. Lucigenin relative units
are expressed as fold increases versus basal conditions. (D-F) Expression levels of redox, cell stress, lipid metabolism, and inflammatory genes in hepatocytes
pretreated with peptides (S1, 59 pM; liPS, 25 pM; IC/ICNal, 12 and 25 pM) before stimulation with PA for 6 h (D) and 24 h (E and F). (G) ELISA analysis of cytokine
concentrations in hepatocyte conditioned media after 24 h of stimulation. Gene expression of M1 (H) and M2 (I) markers in macrophages incubated for 24 h with
conditioned media from hepatocytes stimulated with PA with/without peptides. The qPCR values normalized by 18S are expressed as fold increases versus basal
conditions. Results are represented as individual data points and/or mean + SD of n = 4-6 independent experiments. *P < 0.05 vs basal; *P < 0.05 vs PA.

vascular injury [18,21]. Structural modifications, such as cyclization
and non-native amino acids, have enhanced affinity, solubility, and
protease resistance [22-24], supporting peptide potential as effective
and safer treatment for MASLD and related conditions.

5. Conclusion

We demonstrate that SOCS1 mimetic peptides attenuate hepatic
damage in experimental MASLD/MASH by restoring the balance of lipid
metabolism, inflammation, oxidative stress, and fibrogenesis. Our re-
sults provide proof-of-concept and support the preclinical development
of these compounds as potential treatment for MASLD patients.
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