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Abstract

Background: Non-alcoholic fatty liver disease (NAFLD) is the most prevalent chronic liver disorder
globally. Mazdutide has shown clinical benefits in weight management and metabolic regulation,
indicating its potential as a therapeutic agent for NAFLD. This study aimed to investigate the efficacy
and mechanism of action of Mazdutide against early-stage NAFLD. Methods: A NAFLD mouse
model was induced by a 12-week high-fat diet, followed by a 4-week treatment with subcutaneous
Mazdutide (100, 200, or 400 pg/kg). In vitro, a cellular NAFLD model was established by treating
hepatocytes with 1 mM free fatty acids for 24 h, followed by co-treatment with Mazdutide (10, 20, or
50 nM) or the endoplasmic reticulum (ER) stress inhibitor 4-phenylbutyric acid (4-PBA). Serum and
hepatic lipid profiles, liver injury markers, and pro-inflammatory cytokines were quantified. Liver
histopathology was assessed by hematoxylin and eosin and Oil Red O staining. Protein expression
related to ER stress, inflammation, and lipid metabolism was analyzed by immunohistochemistry
and Western blot. Results: Mazdutide treatment significantly ameliorated systemic and hepatic lipid
metabolism disorders, reduced liver injury markers and hepatic steatosis, and mitigated
inflammation and oxidative stress in NAFLD mice and hepatocytes. Mechanistically, Mazdutide
alleviated ER stress by modulating the PERK-elF2a-ATF4-CHOP pathway, suppressed the NF-«B-
mediated inflammatory response, and downregulated key lipogenic regulators, including SREBP-1,
C/EBPp, and PPARY. Conclusion: Our findings demonstrate that Mazdutide alleviates hepatic ER
stress in NAFLD, leading to suppressed inflammatory responses and improved lipid metabolism,
which ultimately attenuates disease progression.

Keywords: Mazdutide; non-alcoholic fatty liver disease; endoplasmic reticulum stress; PERK
pathway; lipid metabolism; NF-kB

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a chronic liver disease closely associated with metabolic
dysfunction, with a global prevalence of approximately 25% [1], making it the most common chronic liver
disease worldwide [2]. In recent years, the terminology for NAFLD has been updated to metabolically
dysregulated-associated steatotic liver disease (MASLD) to reflect its association with metabolic disorders
[3,4]. The NAFLD spectrum ranges from simple fatty liver to non-alcoholic steatohepatitis, which can
progress to liver fibrosis, cirrhosis, and even hepatocellular carcinoma [5,6]. Notably, NAFLD not only
increases the risk of liver-related diseases but is also associated with cardiovascular disease, chronic
kidney disease, and certain extrahepatic cancers [7]. Consequently, NAFLD has emerged as a major global
health issue, imposing a significant socioeconomic burden [3].

In NAFLD, excessive lipid accumulation within hepatocytes leads to lipotoxicity, which disrupts
endoplasmic reticulum (ER) homeostasis and triggers ER stress. This stress, through sustained
activation of the unfolded protein response (UPR), causes dysregulation of hepatic lipid metabolism
and exacerbates hepatic fat accumulation [8]. ER stress activates pro-inflammatory signaling and
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apoptotic pathways through the UPR pathway, suppresses the expression of antioxidant enzymes,
and exacerbates hepatic inflammation and oxidative stress [9,10]. The protein kinase R-like
endoplasmic reticulum kinase (PERK) signaling pathway is one of the three core pathways of the
UPR. In NAFLD, excessive lipid accumulation activates PERK, leading to phosphorylation of its
downstream signaling molecule eukaryotic initiation factor 2 alpha (elF2a) and subsequent
upregulation of activating transcription factor 4 (ATF4) and C/EBP homologous protein (CHOP)
expression. Studies indicate that inhibiting the PERK pathway not only reduces ER stress but also
modulates lipid metabolism, alleviates inflammation and oxidative stress [11-13], thereby
multidimensionally interfering with the pathological progression of NAFLD.

Currently, approved drugs for NAFLD are limited, necessitating a deeper understanding of
disease mechanisms to develop effective therapies. The development of Mazdutide offers a potential
new option in this field [14]. Mazdutide is a dual glucagon-like peptide-1 (GLP-1) and glucagon (GCG)
receptor agonist. Activation of the GLP-1 receptor promotes insulin secretion, inhibits glucagon
release, and increases satiety, whereas activation of the GCG receptor enhances energy expenditure
and lipolysis [15,16]. Beyond weight management for obesity and type 2 diabetes, Mazdutide is being
evaluated for MASLD [14]. This study aims to preliminarily elucidate the therapeutic effects and
potential mechanisms of Mazdutide on NAFLD through in vivo and in vitro experiments, thereby
providing an experimental foundation and theoretical basis for the clinical application of Mazdutide
and similar drugs in treating NAFLD.

2. Results
2.1. Effects of Mazdutide on Body Weight, Liver-to-Body Weight Ratio, and Liver Morphology in NAFLD Mice

The effects of Mazdutide on NAFLD progression were assessed by monitoring weekly body
weight, terminal liver-to-body weight ratio, and liver morphology. After a 1-week acclimation, initial
body weights were comparable across all groups. After 17 weeks, mice in the high-fat diet (HFD)
group showed a significant increase in body weight compared to the normal chow diet (NCD) group.
Conversely, treatment with low, medium, or high doses of Mazdutide (HFD+L/M/H) significantly
attenuated this HFD-induced weight gain (Figure 1A). Consistently, the liver-to-body weight ratio
was markedly elevated in the HFD group but was significantly reduced by Mazdutide treatment at
all doses (Figure 1B). Macroscopically, livers from the NCD group displayed a normal deep-red color
and texture. In stark contrast, HFD-fed mice developed pale yellow, enlarged, and friable livers with
a granular surface, indicative of severe steatosis. Mazdutide treatment improved these gross
morphological alterations (Figure 1C).
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Figure 1. Effects of Mazdutide on body weight, liver-to-body weight ratio, and liver morphology in NAFLD

mice. (A) Dynamic changes in body weight from the beginning of the acclimation period to the end of the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

d0i:10.20944/preprints202601.1103.v1


https://doi.org/10.20944/preprints202601.1103.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 January 2026

3 of 16

experiment. (B) Quantification of the liver-to-body weight ratio. (C) Representative macroscopic photographs of
liver specimens from each group. Data are presented as the mean + standard deviation (n=15). ## P <0.01 vs. the
NCD group; **P < 0.01 vs. the HFD group. Abbreviations: NCD, normal chow diet; HFD, high-fat diet;
HFD+L/M/H, HFD + low/medium/high-dose Mazdutide (100/200/400 ug/kg, every 3 days, s.c.).

2.2. Effects of Mazdutide on Serum Lipids and Liver Enzymes in NAFLD Mice

Mazdutide's effects on lipid metabolism and hepatoprotection were evaluated by measuring
serum lipid profiles and liver enzyme activities. The HFD group displayed a dyslipidemic profile,
characterized by significantly elevated levels of total cholesterol (TC), triglycerides (TG), and low-
density lipoprotein cholesterol (LDL-C), alongside reduced high-density lipoprotein cholesterol
(HDL-C), compared to the NCD group. The HFD+L/M/H group significantly reversed these HFD-
induced alterations, lowering TC, TG, and LDL-C and increasing HDL-C relative to the HFD group
(Figure 2A-D). Consistently, serum alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) levels were markedly increased in the HFD group compared to the NCD group, indicating
hepatic injury. Mazdutide treatment at all doses significantly attenuated this increase in both ALT
and AST levels (Figure 2E, F).
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Figure 2. Effects of Mazdutide on serum lipids and liver enzymes in NAFLD mice. (A-D) Serum evels of
triglycerides (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and high-density
lipoprotein cholesterol (HDL-C). (E, F) Serum activities of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST). Data are presented as the mean + SD (n=10-15 per group). ## P <0.01 vs. the NCD group;
* P <0.05, ** P <0.01 vs. the HFD group. Animal groups are defined in Figure 1.

2.3. Mazdutide Attenuates Hepatic Steatosis and Pathological Injury in NAFLD Mice

Hepatic lipid accumulation and histopathology were assessed. Liver tissue levels of TG, TC, and
free fatty acid (FFA) were significantly higher in the HFD group than in the NCD group. These lipid
levels were reduced in the HFD+L/M/H group (Figure 3A-C). Histological analysis by Hematoxylin
and Eosin (HE) staining showed normal liver architecture in the NCD group. The HFD group
exhibited hepatocyte ballooning, disarray, macrovesicular steatosis (vacuolation), inflammatory
infiltration, and focal necrosis. These pathological features were markedly alleviated by Mazdutide
treatment, with the HFD+H showing near-normal histology. Consistently, Oil Red O staining
revealed minimal lipid droplets in NCD livers, whereas HFD livers displayed extensive, dense
staining indicative of severe steatosis. Mazdutide treatment significantly reduced the area and
intensity of lipid droplet staining (Figure 3D).
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Figure 3. Mazdutide attenuates hepatic steatosis and pathological injury in NAFLD mice. (A-C) Hepatic levels
of TG, TC, and free fatty acid (FFA). (D) Representative photomicrographs of liver sections stained with
hematoxylin and eosin (HE) and Oil Red O (scale bar = 50 um; 200x magnification). Data are presented as the
mean * SD (n=15). ## P < 0.01 vs. the NCD group; ** P < 0.01 vs. the HFD group. Animal groups are defined in
Figure 1.

2.4. Mazdutide Alleviates Systemic Inflammation and Hepatic Oxidative Stress in NAFLD Mice

Serum levels of the pro-inflammatory cytokines tumor necrosis factor-alpha (TNF-o),
interleukin-6 (IL-6), and interleukin-1 beta (IL-1f3) were significantly elevated in the HFD group
compared to the NCD group. Mazdutide treatment significantly reduced the levels of all three
cytokines (Figure 4A-C). Consistently, hepatic oxidative stress was markedly induced by HFD, as
evidenced by increased malondialdehyde (MDA) content and decreased superoxide dismutase (SOD)
activity. Mazdutide administration reversed these alterations, significantly lowering MDA levels and
enhancing SOD activity compared to the HFD group (Figure 4D, E).
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Figure 4. Mazdutide alleviates systemic inflammation and hepatic oxidative stress in NAFLD mice. (A-C) Serum

concentrations of tumor necrosis factor-a (TNF-a), interleukin-1p3 (IL-1B), and interleukin-6 (IL-6). (D, E) Hepatic
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levels of malondialdehyde (MDA) and superoxide dismutase (SOD) activity. Data are presented as the mean +
SD (n=10-15 per group). ## P < 0.01 vs. the NCD group; * P <0.05, ** P < 0.01 vs. the HFD group. Animal groups
are defined in Figure 1.

2.5. Mazdutide Suppresses ER Stress via the PERK Pathway in NAFLD Mouse Liver Tissue

To assess ER stress, we analyzed key markers by immunohistochemistry and Western blot.
Immunohistochemistry revealed strong positive staining for GRP78 and CHOP in the HFD group,
which was visibly attenuated in all Mazdutide-treated groups compared to the HFD group (Figure
5A). Western blot analysis confirmed these findings. Protein levels of the ER chaperone GRP78 were
significantly elevated in the HFD group compared to the NCD group. Furthermore, key components
of the PERK-elF2a- ATF4-CHOP branch were markedly activated in the HFD group, as evidenced by
increased phosphorylation levels of PERK (p-PERK/PERK ratio) and elF2a (p-elF2a/elF2a ratio),
along with upregulated protein expression of ATF4 and its downstream target CHOP. Mazdutide
treatment reversed these HFD-induced increases, significantly reducing the phosphorylation of
PERK and elF2a and downregulating the protein levels of GRP78, ATF4, and CHOP compared to the
HEFD group (Figure 5B, C).
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Figure 5. Mazdutide suppresses ER stress via the PERK pathway in NAFLD mouse liver tissue. (A)
Representative immunohistochemical staining of GRP78 and CHOP in liver sections (scale bar = 50 um, 200x
magnification). (C) Quantitative densitometric analysis of the phosphorylation of PERK and elF2a and the
protein levels of GRP78, ATF4, and CHOP. All protein levels were normalized to {3-actin. (B) Representative
Western blot images of key proteins in the PERK pathway from each experimental group. (C) Quantitative
densitometric analysis of PERK and elF2a phosphorylation (presented as the p-PERK/PERK and p-elF2o/elF2a
ratios) and the protein levels of GRP78, ATF4, and CHOP. All values were normalized to B-actin. Data are
presented as the mean + SD (n=3). ## P <0.01 vs. the NCD group; * P <0.05, ** P <0.01 vs. the HFD group. Animal

groups are defined in Figure 1.
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2.6. Mazdutide Downregulates Hepatic Inflammation and Lipogenesis in a Mouse Model of NAFLD

Hepatic expression of key inflammatory and lipogenic proteins was assessed by Western blot
(Figure 6). Compared to the NCD group, the HFD group showed a significant increase in the ratio of
phosphorylated nuclear factor kappa-B p65 (p-NF-«kB p65) to total NF-xB p65 (p-NF-«kB p65/NF-xB
p65) and the protein level of TNF-a, indicating activation of the NF-xB pathway. Concurrently, the
expression of lipogenic transcription factors —sterol regulatory element-binding protein 1 (SREBP-1),
CCAAT/enhancer-binding protein beta (C/EBPf), and peroxisome proliferator-activated receptor
gamma (PPARYy)—was also significantly elevated in the HFD group. Treatment with Mazdutide
significantly reversed these HFD-induced changes. Compared to the HFD group, the p-NF-xB
p65/NF-kB p65 ratio and the expression levels of TNF-«, SREBP-1, C/EBPB, and PPARYy were all
significantly downregulated in the liver.
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Figure 6. Mazdutide Downregulates Hepatic Inflammation and Lipogenesis in a Mouse Model of NAFLD. (A)
Representative Western blot images of phosphorylated nuclear factor kappa-B p65 (p-NF-«B p65), total NF-kB
p65, TNEF-q, sterol regulatory element-binding protein 1 (SREBP-1), CCAAT/enhancer-binding protein beta
(C/EBPp), peroxisome proliferator-activated receptor gamma (PPARy), and [-actin. (B) Quantitative
densitometric analysis of the p-NF-kB p65 to NF-kB p65 ratio and TNF-a protein levels. (C) Quantitative
densitometric analysis of SREBP-1, C/EBP3, and PPARY protein levels. All protein levels were normalized to {3-
actin. Data are presented as the mean + SD (n=3). ## P < 0.01 vs. the NCD group; * P <0.05, ** P <0.01 vs. the HFD
group. Animal groups are defined in Figure 1.

2.7. Mazdutide Reduces Lipid Accumulation in an NAFLD Cell Model and Informs Concentration Selection

An in vitro NAFLD model was established in Alpha Mouse Liver-12 (AML-12) cells using 1 mM
FFA (FFA group), with a medium-only group serving as the control (Cont). Cells were co-treated
with 1 mM FFA and varying concentrations of Mazdutide (5nM-1uM). Compared to the Cont group,
intracellular TG levels were significantly increased by FFA, but were markedly reduced by
Mazdutide at concentrations ranging from 5 nM to 200 nM (Figure 7A), with the most pronounced
reductions observed at 10, 20, and 50 nM. Similarly, Oil Red O staining demonstrated that lipid
droplet accumulation induced by FFA was visibly diminished by Mazdutide at 5 nM to 200 nM
(Figure 7B), most notably at 10, 20, and 50 nM. The 50 nM treatment restored cell morphology most
closely to that of the Cont group. Based on these results, 10 nM (low), 20 nM (medium), and 50 nM
(high) Mazdutide were selected for subsequent experiments.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 7. Mazdutide reduces lipid accumulation in an NAFLD cell model and informs concentration selection.
(A) Intracellular TG content in cells treated with 1 mM FFA and increasing concentrations of Mazdutide (5 nM
to 1 uM) for 24 h. (B) Representative photomicrographs of Oil Red O staining showing intracellular lipid droplets
(scale bar = 50 um, 400x magnification). Data are presented as the mean * SD of 3 independent experiments. ##
P <0.01 vs. the Cont group; ** P < 0.01 vs. the FFA group. Group definitions: Cont, control (medium only); FFA,
1 mM free fatty acids; All other groups were co-treated with 1 mM FFA plus the indicated concentrations of
Mazdutide.

2.8. Mazdutide Mitigates Inflammation and Oxidative Stress in NAFLD Cells

Inflammatory and oxidative stress markers were quantified in the NAFLD cell model.
Compared to the Cont group, the FFA group exhibited significantly elevated levels of TNF-a, IL-6,
and IL-1§3, alongside decreased SOD activity and increased MDA content. These FFA-induced
alterations were significantly reversed by co-treatment with low-dose Mazdutide (Maz-L), medium-
dose Mazdutide (Maz-M), high-dose Mazdutide (Maz-H), or ER stress inhibitor 4-phenylbutyric acid
(4-PBA) (Figure 8).
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Figure 8. Mazdutide mitigates inflammation and oxidative stress in NAFLD cells. (A-C) Levels of TNF-a, IL-18,
and IL-6 in cell supernatants. (D, E) Levels of MDA and SOD activity in cell lysates. Data are presented as the
mean + SD (n=3-6). ## P <0.01 vs. the Cont group; * P < 0.05, ** P < 0.01 vs. the FFA group. Group definitions:
Cont, control (medium only); FFA, 1 mM free fatty acids; Maz-L, 10 nM Mazdutide + 1 mM FFA; Maz-M, 20 nM
Mazdutide + 1 mM FFA; Maz-H, 50 nM Mazdutide + 1 mM FFA; 4-PBA, 1 mM 4-PBA + 1 mM FFA.

2.9. Mazdutide Inhibits the PERK-eIF2a-ATF4-CHOP Pathway in NAFLD Cells

Western blot analysis of key ER stress markers demonstrated that FFA challenge robustly
activated the PERK-elF2a-ATF4-CHOP pathway in hepatocytes. This activation was evidenced by a
significant upregulation of GRP78, ATF4, and CHOP, alongside increased phosphorylation of PERK

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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and elF2aq, relative to the Cont group. Notably, co-treatment with Mazdutide (at low, medium, or
high doses) or the chemical chaperone 4-PBA effectively mitigated this stress response, with all
intervention groups exhibiting markedly attenuated expression of these proteins compared to the
FFA model group (Figure 9).
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Figure 9. Mazdutide inhibits the PERK-elF2a-ATF4-CHOP pathway in NAFLD cells. (A) Representative
Western blot images showing the protein levels of GRP78, p-PERK, PERK, p-elF2a, elF2a, ATF4, CHOP, and £3-
actin. (B) Quantitative densitometric analysis of the p-PERK/PERK and p-elF2a/elF2a ratios and the protein
levels of GRP78, ATF4, and CHOP. The protein band intensities were normalized to (3-actin. Data are presented
as the mean + SD (n=3). ## P < 0.01 vs. the Cont group; * P < 0.05, ** P < 0.01 vs. the FFA group. Cell groups are
as defined in Figure 8.

2.10. Mazdutide Reduces the Expression of Inflammation and Lipid Metabolism-Related Proteins in NAFLD Cells

Western blot analysis revealed that FFA treatment simultaneously activated pro-inflammatory
and lipogenic pathways in hepatocytes. Specifically, it significantly enhanced NF-xB pathway
activity, evidenced by an increased p-NF-kB p65/NF-kB p65 ratio, and upregulated the expression of
the downstream cytokine TNF-a and the key lipogenic regulators SREBP-1, C/EBPf3, and PPARY,
compared to the Cont group. Importantly, co-administration of Mazdutide (at low, medium, or high
doses) or the ER stress inhibitor 4-PBA effectively countered these changes, significantly attenuating
NF-xB activation and reducing the expression of TNF-a, SREBP-1, C/EBP{3, and PPARY (Figure 10).
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Figure 10. Mazdutide reduces the expression of inflammation and lipid metabolism-related proteins in NAFLD
cells. (A) Representative Western blot images of p-NF-«B p65, NF-«B p65, TNF-a, SREBP-1, C/EBP(3, PPARY,
and p-actin. (B) Quantitative densitometric analysis of the p-NF-«kB p65 to NF-«kB p65 ratio and TNF-a protein
levels. (C) Quantitative densitometric analysis of SREBP-1, C/EBPp, and PPARY protein levels. All protein levels
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were normalized to (3-actin. Data are presented as the mean + SD (n=3). ## P <0.01 vs. the Cont group; * P <0.05,

** P <0.01 vs. the FFA group. Cell groups are as defined in Figure 8.

3. Discussion

NAFLD, recently reclassified as MASLD, represents the most prevalent chronic liver disorder
globally, posing a significant public health burden. The current lack of targeted pharmacotherapies
underscores an urgent need for effective and safe intervention strategies. Mazdutide, a dual GLP-1
and GCG receptor agonist, has shown efficacy in weight reduction and glycemic control. However,
its therapeutic potential and precise molecular mechanisms in NAFLD/MASLD remain insufficiently
defined [14]. This study utilized an HFD-induced murine NAFLD model to replicate common
unhealthy dietary patterns. Concurrently, an in vitro NAFLD model was established by treating
AML-12 cells with FFA at a final concentration of 1 mM, composed of oleic acid (OA) and palmitic
acid (PA) in a 2:1 molar ratio, mimicking the imbalanced fatty acid milieu observed in patients. We
systematically evaluated the therapeutic effects of Mazdutide on NAFLD and explored its underlying
mechanisms, thereby providing preclinical evidence to support its clinical translation.

Our findings demonstrate the therapeutic efficacy of Mazdutide against NAFLD at both
organismal and cellular levels. NAFLD progression typically involves hepatic lipid accumulation,
hepatocyte injury, and impaired liver function, frequently accompanied by chronic inflammation and
oxidative stress—a spectrum of pathologies recapitulated in our models [17]. HFD-fed mice exhibited
significant amelioration of dyslipidemia and liver function abnormalities in both hepatic tissue and
serum following a 4-week Mazdutide treatment regimen. Histopathological analysis further revealed
that Mazdutide markedly reduced hepatic steatosis, lipid droplet deposition, and inflammatory cell
infiltration [18,19]. Consistent results were obtained in vitro: Mazdutide co-treatment significantly
decreased MDA levels, elevated SOD activity, and reduced the secretion of pro-inflammatory
cytokines in FFA-induced hepatocytes. Collectively, these data indicate that Mazdutide enhances
hepatic antioxidant capacity, mitigates lipid peroxidation damage, and suppresses systemic and local
inflammatory responses associated with NAFLD [20,21].

The pathogenesis of NAFLD is intricately linked to ER stress. Evidence suggests that excessive
hepatic lipid accumulation disrupts ER homeostasis, leading to aberrant activation of the UPR [22,23].
The ER, a central organelle for protein folding, lipid transfer, and calcium storage, responds to
dysfunction by upregulating the stress sensor GRP78, subsequently activating downstream
pathways such as PERK-elF2a-ATF4-CHOP [8]. In investigating Mazdutide's mechanism of action,
we found that it significantly downregulated the expression of GRP78 and key components of the
PERK branch in both liver tissues and hepatocytes. This suppressive effect mirrored that of the
chemical ER stress inhibitor 4-PBA, indicating that Mazdutide alleviates hepatic ER stress by
restraining overactivation of the PERK-elF2a-ATF4-CHOP axis, thereby contributing to NAFLD
improvement.

Chronic ER stress is known to propel NAFLD progression by driving lipid synthesis and
inflammation [24]. SREBP-1, a master transcriptional regulator of lipogenesis, promotes hepatic lipid
accumulation primarily by activating downstream lipogenic enzymes [25,26]. ER stress indirectly
modulates SREBP-1 maturation and nuclear translocation through the PERK-elF2a-ATF4-CHOP axis
[27,28]. C/EBPp occupies a central node in hepatic lipid accumulation and metabolic dysregulation,
directly regulating lipogenic genes, mediating inflammatory responses, and facilitating intercellular
communication [29,30]. Under ER stress conditions, the enhanced chromatin-binding capacity of
C/EBP( may exacerbate lipid metabolic disturbances [31]. PPARY is a key regulator of lipid storage
and glucose metabolism; its hepatic upregulation is strongly associated with steatosis [32,33].
Activation of the PERK pathway under nutrient excess promotes PPARY nuclear translocation and
the expression of its target genes [34,35]. Thus, PERK serves as a critical nexus linking ER stress to
lipid metabolism by influencing the activity of SREBP-1, C/EBPp, and PPARY [36]. Furthermore, ER
stress can activate the NF-kB signaling pathway via PERK [37], and NF-kB activation may establish
a vicious cycle that perpetuates both metabolic dysfunction and ER stress [38,39]. In the present
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study, Mazdutide significantly downregulated the lipogenic transcription factors SREBP-1, C/EBPp,
and PPARY, reduced the phosphorylation of NF-«kB p65 and the expression of TNF-a protein, thereby
decreasing de novo lipogenesis and alleviating hepatic inflammation. This coordinated
downregulation, comparable to the effect of 4-PBA, demonstrates that Mazdutide improves lipid
metabolism and counters chronic inflammation by mitigating ER stress, ultimately retarding NAFLD
progression.

In summary, our study elucidates that Mazdutide exerts multifaceted protective effects against
NAFLD. It effectively alleviates hepatic steatosis, oxidative stress, and inflammation.
Mechanistically, we found that Mazdutide suppresses excessive ER stress by inhibiting the PERK-
elF2a-ATF4-CHOP pathway, thereby inhibiting its associated lipogenesis and inflammation. These
findings position Mazdutide as a promising therapeutic candidate targeting the integrated
pathogenic network of ER stress in NAFLD.

4. Materials and Methods
4.1. Reagents

Mazdutide acetate was purchased from Abmole Bioscience Inc. (Houston, TX, USA). TG, TC,
LDL-C, HDL-C, ALT, AST, MDA, and SOD assay kits were purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). The FFA assay kit was purchased from Abbkine Scientific
Co., Ltd. (Wuhan, China). Mouse TNF-a, mouse IL-13, and mouse IL-6 ELISA kits were purchased
from Jonln Bio (Shanghai, China). Oleic acid (OA), fatty acid- free and IgG-free bovine serum albumin
(BSA), and BCA protein concentration assay kits were purchased from Beyotime Biotechnology
(Shanghai, China). Palmitic acid (PA) was purchased from Sigma-Aldrich (St. Louis, MO, USA). 4-
PBA was purchased from MedChemExpress (Monmouth Junction, NJ, USA). Primary antibodies for
GRP78, ATF4, CHOP, and [-actin were purchased from Proteintech Group, Inc (Wuhan, China).
Antibodies for SREBP-1, C/EBPp, and PPARy were purchased from ZEN-BIOSCIENCE Co., Ltd.
(Chengdu, China). Antibodies for elF2a and p-elF2a(Ser51) were purchased from Cell Signaling
Technology (Danvers, MA, USA). Antibodies for PERK, p-PERK(T892), NF-kBp65, p-NEF-
kBp65(Ser536), and TNF-a were purchased from Wanlei Life Sciences (Shenyang) Co. Ltd.
(Shenyang, China). Secondary antibodies were purchased from Beijing Zhongshan Golden Bridge
Biotechnology Co., Ltd. (Beijing, China).

4.2. Animals and Treatment

Six-week-old male C57BL/6] mice [40,41] were purchased from Henan Skobes Biotechnology
Co., Ltd (Anyang, China) and housed in a constant temperature (22+2°C) and humidity (40-60%)
environment under a 12-hour light/dark cycle. Mice had free access to chow and drinking water. Mice
were randomly divided into five groups (n=15 per group). Following a 1-week acclimation, the
normal chow diet (NCD) group and the high-fat diet (HFD, #D12492) group were established [40,41].
After 12 weeks, Mazdutide was administered subcutaneously every 3 days for 4 weeks to three HFD-
fed groups: the high-fat diet low-dose group (HFD+L, 100 pg/kg), the high-fat diet medium-dose
group (HFD+M, 200 ug/kg), and the high-fat diet high-dose group (HFD+H, 400 ug/kg) [42]. The
NCD and HFD groups received equivalent volumes of saline. At the end of the treatment, all mice
were euthanized for the collection of blood and liver samples. A schematic diagram of the animal
experiment design was drawn (Figure 11).
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Figure 11. Schematic diagram of the animal experimental design.

4.3. Preparation of FFA

PA and OA were individually dissolved in sodium hydroxide (NAOH) solution at a molar ratio
of 1:1 (fatty acid:NaOH). Solubilization was facilitated by incubation in a 70 °C water bath, followed
by dilution of each fatty acid into 10% fatty acid-free and IgG-free BSA solution. The resultant PA
and OA stock solutions were sterile-filtered through 0.22 pm membranes, aliquoted, and stored at -
80 °C in the dark. For experimental use, the working FFA solution was freshly prepared by mixing
PA and OA stocks at a molar ratio of 1:2 [43].

4.4. Cell Culture and Grouping

AML-12 cell line, an immortalized and non-transformed hepatocyte line, was purchased from
Zhonggqiaoxinzhou Biotechnology Co., Ltd. (Shanghai, China). AML-12 cells were cultured in
DMEM/Ham's F12 medium supplemented with 10% fetal bovine serum, insulin-transferrin-selenium
mixture, 0.1 mM dexamethasone, penicillin, and streptomycin. Cells were cultured at 37°C in a
humidified environment with 5% CO.. TG content was measured after co-treating AML-12 cells with
varying Mazdutide concentrations (5 nM-1 uM) and 1 mM FFA for 24 hours. Lipid droplet formation
was visualized via Oil Red O staining. The optimal Mazdutide concentrations for improving lipid
accumulation—10 nM, 20 nM, and 50 nM—were selected as low, medium, and high doses,
respectively. AML-12 cells were divided into six experimental groups: the control (Cont) group,
treated with medium alone; the FFA group, to establish a high-fat model via treatment with 1 mM
free fatty acids; three Mazdutide intervention groups co-treated with 1 mM FFA and low- (10 nM),
medium- (20 nM), or high-dose (50 nM) Mazdutide, designated as Maz-L, Maz-M, and Maz-H,
respectively; and the 4-PBA group, co-treated with 1 mM FFA and 1 mM 4-PBA.

4.5. Biochemical Parameter Detection

Serum levels of TG, TC, LDL-C, HDL-C, ALT, and AST were measured using commercially
available biochemical assay kits according to the manufacturers' instructions. The levels of TG, TC,
FFA, MDA, and SOD in 10% mouse liver tissue homogenate were detected according to the kit
manufacturer's instructions. Similarly, the levels of TG, MDA, and SOD in AML-12 cell lysate were
detected according to the kit manufacturer's instructions.

4.6. Inflammatory Cytokine Assay

Inflammatory markers in mouse serum and AML-12 cell culture supernatants, including TNF-
a, IL-1B, and IL-6, were detected using an ELISA kit according to the manufacturer's instructions.

4.7. HE Staining

Liver tissues from corresponding sites in each group of mice were fixed in 4% paraformaldehyde for
24 h, then routinely processed and embedded in paraffin. The paraffin-embedded tissue blocks were
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sectioned at 5 pum thickness using a rotary microtome. For HE staining, the sections were dewaxed in
xylene and rehydrated through a graded ethanol series. Subsequently, the sections were stained with
hematoxylin for 10 min, differentiated in 1% acid ethanol for 30 s, and blued in running water for 10 min.
This was followed by eosin staining for 5 min. Finally, the stained sections were dehydrated through a
graded ethanol series, cleared in xylene, mounted with a neutral resin, and examined under an upright
transmitted light microscope (Olympus BX41) for morphological assessment.

4.8. Oil Red O Staining

4.8.1. Tissue Staining

Mouse liver tissues from corresponding sites were embedded in O.C.T. compound,
cryopreserved at -80°C, and sectioned at 10 um using a cryostat. After fixation with 4%
paraformaldehyde and washing, sections were stained with freshly filtered Oil Red O working
solution (3:2 stock:water) for 20 min in the dark. Sections were then differentiated in 60% isopropanol,
rinsed, and counterstained with hematoxylin. Following bluing in water, sections were mounted with
glycerol-gelatin medium and examined by the Olympus BX41 microscope. Lipid droplets within
hepatocytes were identified as orange-red deposits.

4.8.2. Cell Staining

AML-12 cells were seeded in 6-well plates. Upon reaching 60-70% confluence, the cells were co-
treated with an FFA solution and various concentrations of Mazdutide for 24 h. After treatment, the
cells were washed three times with PBS, fixed with 4% paraformaldehyde for 10 min, and then
stained using the same Oil Red O staining protocol as described for tissue sections (Section 4.8.1).
Finally, the stained cells were washed, and images were acquired using an inverted microscope (Zeiss
Axio Observer 3) in bright-field mode.

4.9. Immunohistochemical Staining

Paraffin-embedded mouse liver sections were dewaxed, rehydrated, and subjected to antigen
retrieval in citrate buffer (pH 6.0). After blocking endogenous peroxidase with 3% H,O, and
nonspecific sites with 5% BSA, sections were incubated overnight at 4°C with primary antibodies
against GRP78 or CHOP (1:500). Following incubation with an HRP-conjugated goat anti-rabbit
secondary antibody (1:200), immunoreactivity was visualized using a DAB kit. Nuclei were
counterstained with hematoxylin. Sections were then dehydrated, cleared, mounted, and examined
under an upright light microscope (Nikon ECLIPSE E100). Positive expression was identified by
yellow-brown cytoplasmic or nuclear granules.

4.10. Western Blotting

Proteins were extracted from liver tissues and hepatocytes using RIPA buffer with phosphatase
and protease inhibitors. Concentrations were determined by BCA assay. Equal protein amounts were
denatured, separated by SDS-PAGE, and transferred to PVDF membranes. After blocking with 5%
non-fat milk in TBST, membranes were incubated overnight at 4°C with primary antibodies, followed
by HRP-conjugated secondary antibodies for 1 h at room temperature. Following TBST washes,
bands were visualized using an enhanced chemiluminescence (ECL) detection system.

4.11. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 9.0. Data from >3 independent
experiments are expressed as mean + SD. Multiple group comparisons used one-way ANOVA
followed by Dunnett's test. p < 0.05 was statistically significant. Western blot band intensities were
quantified via Image] densitometry and normalized to -actin.
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5. Conclusions

In summary, our findings indicate that Mazdutide significantly ameliorates HFD- and FFA-
induced NAFLD by suppressing ER stress (via the PERK-elF2a-ATF4-CHOP axis) and its associated
lipid metabolism (SREBP-1/C/EBPB/PPARYy) and inflammatory (NF-kxB/TNF-a) pathways. This
finding provides new experimental evidence for the molecular mechanism by which Mazdutide
ameliorates NAFLD.
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Abbreviations

The following abbreviations are used in this manuscript:
NAFLD  Non-alcoholic fatty liver disease
MASLD  Metabolic dysfunction-associated steatotic liver disease

ER Endoplasmic reticulum

UPR Unfolded protein response

PERK Protein kinase R-like endoplasmic reticulum kinase
elF2a Eukaryotic initiation factor 2 alpha

ATF4 Activating transcription factor 4

CHOP C/EBP homologous protein
GLP-1 Glucagon-like peptide-1

GCG Glucagon

HFD High-fat diet
NCD Normal chow diet
TC Total cholesterol
TG Triglycerides

LDL-C Low-density lipoprotein cholesterol
HDL-C High-density lipoprotein cholesterol

ALT Alanine aminotransferase
AST Aspartate aminotransferase
FFA Free fatty acid

HE Hematoxylin and Eosin
TNF-a Tumor necrosis factor alpha
IL-1B Interleukin-1 beta

IL-6 Interleukin-6

MDA Malondialdehyde
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SOD Superoxide dismutase

NF-«xB Nuclear Factor kappa B

SREBP-1  Sterol regulatory element-binding protein 1
C/EBPB  CCAAT/enhancer-binding protein beta

PPARy  Peroxisome proliferator-activated receptor gamma
AML-12  Alpha Mouse Liver-12

4-PBA 4-phenylbutyric acid
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