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ARTICLE INFO ABSTRACT

Keywords: Inflammatory mediators tumor necrosis factor (TNF) and interleukin 1 beta (IL1f), primarily derived from he-

Nonalcoholic steatohepatitis patic macrophages in the liver, play a crucial role in the progression of nonalcoholic steatohepatitis (NASH).

ﬁmsom;’s Meanwhile, intravenously injected exosomes are mainly distributed in the liver and predominantly taken up by
acrophage

. . . hepatic macrophage. Herein, we aimed to evaluate the feasibility of targeted inhibition of TNF and IL1§
TNF antisense oligodeoxynucleotide L. . . . . .
2-Deoxy-p-glicose expression in hepatic macrophages via exosomes as a potential therapeutic strategy for NASH. In this study, we
Sod1l demonstrated that antisense oligodeoxynucleotide targeting TNF (ASO-TNF) or 2-deoxy-p-glucose (2DG) effec-
tively suppressed the expression of TNF and/or IL1f in macrophages. Exosomes loaded with ASO-TNF or 2DG
were able to suppress the expression of TNF and/or IL1p in macrophages in vitro or in vivo. Furthermore, infusion
of Exo/ASO-TNF or Exo/2DG significantly attenuated experimental steatohepatitis in choline deficient amino
acid-defined (CDAA) or methionine and choline deficient (MCD) diet-fed mice. RNA-seq results showed that
treatment with Exo/ASO-TNF or Exo/2DG significantly inhibited pro-inflammatory signaling pathways. Mech-
anistically, we observed that administration of Exo/ASO-TNF or Exo/2DG could attenuate NASH progression by
up-regulating the expression of superoxide dismutase 1 (Sodl). Combined, our findings demonstrated that
infusion of exosomes loaded with ASO-TNF or 2DG alleviated experimental steatohepatitis in murine models.
Thus, infusion of exosomes loaded with anti-inflammatory agents holds promise as a potential therapeutic
strategy for NASH treatment.

NAFLD.
Hepatic macrophages are the largest population of innate immune
Nonalcoholic fatty liver disease (NAFLD) has emerged as the most cells in the liver [4]. It is well established that hepatic

1. Introduction

prevalent form of chronic liver disease, affecting over a quarter of the
global population [1-3]. NAFLD varies from nonalcoholic fatty liver
(NAFL) characterized by hepatocyte triglyceride accumulation, to the
more severe nonalcoholic steatohepatitis (NASH). NASH is distin-
guished by hepatic steatosis, hepatic inflammation and fibrosis, with
potential progression to cirrhosis and hepatocellular carcinoma [1-3].
However, there are still limited appropriate drugs specifically to treat
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macrophage-derived inflammatory mediators play a crucial role in the
progression of NAFLD. It has been observed that interleukin 1 beta
(IL1B) derived from hepatic macrophages increased lipid accumulation
in hepatocytes [5]. Stienstra et al. [6] demonstrated that hepatic mac-
rophages promoted hepatic steatosis by suppressing peroxisome pro-
liferator activated receptor alpha (Ppara) activity through
IL1p-dependent mechanisms. Diehl et al. [7] demonstrated that the
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secretion of tumor necrosis factor (TNF) by hepatic macrophages was
both necessary and sufficient to induce steatosis in hepatocytes in vitro.
In methionine/choline deficient (MCD) diet-induced NASH model, he-
patic macrophages exhibited an increased production of TNF, facilitated
the infiltration of CD11b™Ly6C™ monocytes, and triggered NASH
development [8]. Zhang et al. [9] reported that macrophage p38a
facilitated the progression of NASH through the induction of the cyto-
kines secretion (TNF, C-x-c motif chemokine ligand 10 and interleukin
6) and pro-inflammatory macrophage polarization. Our previous
research has indicated that the inhibition of Notch signaling in macro-
phages effectively suppressed the expression of inflammatory cytokines
IL1p and TNF, thereby attenuating NASH in mice [10]. These findings
suggest a strong association between the development of NAFLD and
pro-inflammatory macrophages, emphasizing the potential significance
of modulating the expression of key inflammatory factors, such as TNF
or IL1B, in hepatic macrophages as a promising therapeutic strategy for
treating NAFLD.

Exosomes, ranging from 30 to 150 nm in diameter, are phospholipid
bilayer membrane vesicles secreted by living cells. Moreover, owing to
their exceptional delivery efficiency and biocompatibility, exosomes
hold great promise as a novel approach for drug delivery [11,12].
Importantly, circulating exogenous exosomes are primarily distributed
in the liver and predominantly taken up by hepatic macrophages [10,
13-15]. Therefore, exosomes represent natural delivery vehicles spe-
cifically targeting hepatic macrophages for the treatment of liver
diseases.

In this study, we found that exosome-mediated delivery of antisense
oligodeoxynucleotide against TNF (ASO-TNF) or 2-deoxy-p-glucose
(2DG) effectively suppressed TNF and/or IL1p expression in macro-
phages. Furthermore, infusion of exosomes loaded with ASO-TNF or
2DG attenuated NASH progression by modulating the expression of
superoxide dismutase 1 (Sod1) in mice.

2. Materials and methods
2.1. Antisense oligodeoxynucleotide against TNF (ASO-TNF)

Antisense oligodeoxynucleotide against TNF (ASO-TNF) have been
reported in several references. [16-18] In brief,
phosphorothioate-modified oligodeoxynucleotides (ODNs) were used,
with cholesterol-labled at the 5’ terminus. In some localization studies,
ASO-TNF were labeled with Texas-red dye at the 3’ terminus. The
sequence of ASO-TNF (ISIS25302) was: 5-AACCCATCGGCTGGCAC-
CAC-3’; the sequence of the control antisense ODNs (ASO-CT) was
5-TCAAGCAGTGCCACCGATCC-3’. The ODNs were synthesized by
Tsingke Biotechnology (Beijing, China).

2.2. Isolation, identification and loading of exosomes

The mouse endothelial cell line bEnd.3 was cultured in Dulbecco’s
modified Eagle medium (DMEM) without serum medium for 48 h.
Exosomes present in the supernatants were isolated using polyethylene
glycol (PEG) 6000 (Sigma-Aldrich, St. Louis, MO, USA) according to the
established protocol [10,15]. Briefly, the culture medium was collected
and sequentially centrifuged at 500x g for 5 min and 3000xg for 15 min
to eliminate cells and cellular debris. The resulting supernatants were
filtered through a 0.22-pm filter (Millipore, Billerica MA) and combined
with a PEG6000 working solution to achieve a final concentration of 12
% PEG6000. The mixtures were then incubated at 4 °C for 12 h before
being centrifuged at 12000xg for 60 min. Finally, the pellets were
resuspended with PBS. The size distribution of exosomes was analyzed
using nanoparticle tracking analysis (NTA) based on Laser Scattering
Microscopy, while the morphology of exosomes was observed via
transmission electron microscopy (TEM) at Dolaimi Biotechnology Co.,
Ltd. in Wuhan, China.

The exosomes (100 pg protein equivalent) were electroporated with

Redox Biology 80 (2025) 103488

2DG (0.6 M, MedChemExpress, New Jersey, USA) using an electropo-
ration system (Bio-Rad, California, USA) at 400 V and 125 pF in 0.4 cm
electroporation cuvetes as previously described [10,15]. Alternatively,
exosomes were incubated with cholesterol-modified ASO-TNF (Exo/A-
SO-TNF) or ASO-control (Exo/ASO-CT) for 30 min at 37 °C, using a
concentration of 1.25 nmol ODNs per 100 pg exosomes. To remove any
residual free 2DG or ODNSs, the exosomes were washed and centrifuged
with PBS containing 12 % PEG6000. The concentration of 2DG in exo-
somes (Exo/2DG) was determined using a glucose assay kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) based on the
glucose oxidase method. Given the comparable size of Biotin and 2DG,
as well as the detectability advantage of Biotin, we evaluated the effi-
cacy of electroporation for loading Biotin into exosomes. Exosomes (50
pg) was incubated in a 1 mM solution of Biotin. Following electropo-
ration, the free Biotin was eliminated through washing and centrifuga-
tion. The concentration of Biotin in exosomes was detected by using
fluorometric Biotin quantitation assay kit (Beyotime Biotechnology,
Shanghai, China). To confirm the binding of cholesterol-modified ODNs
and exosomes, we incubated exosomes with cholesterol-modified
scrambled miRNAs (NC) or miR-188-5p mimics (miR), followed by
gRT-PCR detection of the level of miR-188-5p in exosomes as previously
described [15]. All the ODNs were synthesized by Tsingke Biotech-
nology. The sequences of ODNs are listed in Table S1.

2.3. Cell culture and treatment

Bone marrow-derived macrophages (BMDMs) were cultured ac-
cording to the described protocol [15]. Mouse RAW264.7 macrophages
were cultured in DMEM containing 10 % fetal bovine serum (FBS), 2 mM
L-glutamine, 100 U mL~! penicillin and 100 pg mL~! streptomycin at
37 °Cin a CO, incubator maintained at a concentration of 5 %. To isolate
primary hepatocytes and hepatic macrophages, mouse liver single-cell
suspension was prepared by perfusion with collagenase IV (0.2 g L™}
Sigma). Subsequently, hepatocytes were harvested through centrifuga-
tion for 3 min at a speed of 50xg. Primary mouse hepatocytes were
cultured using primary liver parenchyma cell culture system (iCell
Bioscience, Shanghai, China). Hepatic macrophages were isolated uti-
lizing magnetic bead cell sorting (MACS) as previously described [10,
15]. The AML12 hepatocytes were cultured in special culture medium
for AML12 cells (DMEM/F12 medium supplemented with 10 % FBS, 10
pg mL~! insulin, 5.5 pg mL™! transferrin, 5 ng mL ™! selenium, 40 ng
mL ™! dexamethasone and antibiotics; Procell, Wuhan, China).

RAW264.7 cells or BMDMs were treated with 2DG (2 mM) and
lipopolysaccharide (LPS, 200 ng mL~", Sigma) for 24 h. Alternatively,
RAW264.7 cells or BMDMs were transfected with ASO-TNF (100 nM)
using lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA,
USA) for 18-24 h, then stimulated with LPS for 24 h. For incubation with
RAW264.7 cells or BMDMs, 20 g protein equivalent of exosomes (Exo/
ASO-CT, Exo/ASO-TNF, Exo or Exo/2DG) were added to 24-well plates
and co-cultured for 24 h. Subsequently, the medium was replaced with
fresh medium containing LPS (200 ng mL™Y) or IL4 (10 ng mL’l, Pepro
Tech, NJ, USA) and cultured for an additional 24 h. In certain experi-
ments, the conditioned medium (CM) was collected.

For co-culture experiments, AML12 or primary hepatocytes were
cultured with CM in palmitic acid medium (PA, 200 pM; Kunchuang
Science and Technology Development Co., Ltd., Xi’an, China), with or
without TNF (10 ng mL~!; CHAMOT Biotechnology, Shanghai, China)
and/or IL-1f (10 ng mL~!; PrimeGene, Shanghai, China), for 48 h. In
some cases, AML12 hepatocytes were transfected with Sod1 siRNA (50
nM; Tsingke Biotechnology), and 12 h later, cultured with CM and fresh
palmitic acid medium (1:2) for 2 days. Hepatocytes were fixed in 4 %
paraformaldehyde for 15 min and subsequently stained with freshly
prepared saturated Oil red O solution (Servicebio, Wuhan, China)
following established protocols. Triglyceride content was measured
using a detection kit (Pulai Biological Co. LTD, Beijing) according to the
manufacturer’s recommended protocols.
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Fig. 1. 2-Deoxy-p-glucose (2DG) or antisense oligodeoxynucleotide against TNF (ASO-TNF) reduced the expression of inflammatory factors TNF and/or IL1p in
macrophages.

(A) Expression analysis of TNF and IL1f in human livers from transcriptome dataset GSE167523 in Gene Expression Omnibus (patients with NAFLD, NAFL = 51,
NASH = 47).

(B) Analysis of TNF and IL1p expression in the livers of chow-fed and NASH-induced mice from transcriptome dataset GSE119340.

(C) Dot plot analysis was performed to assess the expression levels of TNF and IL1p in liver cell populations using scRNAseq dataset GSE129516.

(D) RAW264.7 cells or BMDMs were treated with 2DG (2 mM) and lipopolysaccharide (LPS, 200 ng mL!) for 24 h, and the expression of TNF and IL1p was detected
using qRT-PCR.

(E) RAW264.7 cells or BMDMs were transfected with ASO-TNF (100 nM) for 18-24 h, then stimulated with LPS for 24 h, and the expression of TNF was determined
using qRT-PCR.

(F) RAW264.7 cells were treated with 2DG or ASO-TNF, and the expression of TNF and/or IL1§ was detected by Western blot, with Gapdh as a reference control. Bars
= means + SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

2.4. Mice Diets) for 4 weeks. All animal experiments were conducted in accor-

dance with the guidelines set by the Animal Experiment Administration

C57BL/6 wild type mice were obtained from Gempharmatech Co.,
Ltd. (Nanjing, China). To induce experimental NASH, male mice (8
weeks old) were fed a choline deficient amino acid-defined diet (CDAA,
L-amino acid diet with 45 % kcal% fat with 0.1 % methionine no added
choline; Research Diets, New Brunswick, NJ, USA) for 10 weeks, or a
methionine and choline deficient r-amino acid diet (MCD; Research

Committee of Fourth Military Medical University.

For exosome-mediated therapy, exosomes (Exo, Exo/ASO-TNF or
Ex0/2DG) were administered to CDAA-fed mice in the 9th and 10th
week, or MCD-fed mice in the 3rd and 4th week via tail vein injection for
four times (about 200 pug exsomes per mouse). In certain instances, Sod1
inhibitor LCS-1 (20 mg kg™!; MCE) dissolved in corn oil was injected
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intraperitoneally the next day after each exosome infusion. Mice were
humanely euthanized for further analysis 2-3 days after the last exo-
some injection.

2.5. Histological analysis

The liver specimens were fixed with 4 % paraformaldehyde (PFA;
Servicebio). Subsequently, PFA-fixed specimens were embedded in
paraffin, sectioned. Hematoxylin and eosin (H&E) staining as well as
Sirius red staining were performed following standard protocols.

For immunohistochemistry analysis, liver sections were prepared
using established procedures. The primary antibodies used included
anti-mouse F4/80 (Servicebio), Collal (Servicebio) or aSMA (Service-
bio). HRP-conjugated goat anti-rabbit IgG served as the secondary
antibody (Servicebio). Antibody information is listed in Table S2.

For Oil Red O staining, PFA-fixed samples were embedded in optimal
cutting temperature (OCT) compound and sectioned at a thickness of 8
pm. Subsequently, the sections were stained with freshly prepared
saturated Oil Red O solution (Servicebio) following standard protocols.
Immunofluorescence (IF) was performed as previously described [10,
15]. Photomicrographs were captured using a microscope (Leica ICC50
HD, Wetzlar, Germany) or a fluorescence microscope (BX51, Olympus,
Tokyo, Japan).

2.6. Biochemical analysis and detection of superoxide dismutase (SOD)
activity

The levels of serum albumin, alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and triglyceride (TG) were quantified
using an automatic biochemical analyzer (Rayto Life and Analytical

i’ 2DG
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Sciences Company, Shenzhen, China). The total activity of superoxide
dismutase (SOD) in liver samples was determined using total SOD assay
kit with WST-8 (Beyotime Biotechnology) following the manufacturer’s
instructions.

2.7. Western blot

Liver tissues, AML12 hepatocytes, RAW264.7 macrophages, bEnd.3
cells or exosomes were lysed using RIPA buffer (Beyotime) containing
phenylmethylsulfonyl fluoride (PSMF, 1 mM). The protein concentra-
tion was quantified with the BCA Protein Assay Kit (Beyotime),
following the manufacturer’s instructions. Samples underwent sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), trans-
ferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Bill-
erica MA), and incubated with primary antibodies targeting IL1p, TNFa,
Tsgl01, Alix, Flotillin-1,Vdacl, Ppary, Sodl, Catalase, JNK, pJNK,
Gapdh or aTubulin followed by HRP-conjugated goat anti-mouse or
anti-rabbit IgG secondary antibodies. Antibody information is listed in
Table S2.

2.8. RNA extraction and quantitative reverse transcription PCR (qRT-
PCR)

Total RNA was extracted from liver tissues, RAW264.7 macrophages,
BMDM:s, hepatic macrophages, AML12 hepatocytes or exosomes using
Trizol reagent (Invitrogen, Carlsbad, CA, USA) following the manufac-
turer’s instructions. The mRNA was reverse transcribed into cDNA using
Evo M-MLV RT Premix (Accurate Biology, Changsha, China). qRT-PCR
was performed with SYBR Green Premix Pro Taq HS qPCR Kit (Accu-
rate Biology) on a Bio-Rad CFX Maestro 2.2 Real-Time PCR System (Bio-
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Fig. 2. ASO-TNF or 2DG could be loaded with exosomes.
(A) Schematic diagram of exosomes loaded with ASO-TNF or 2DG.

(B) The size distribution of bEnd.3-derived exosomes was determined by nanoparticle tracking analysis (NTA).

(C) Exosome morphology was observed by transmission electron microscopy (TEM).

(D) The levels of Alix, Tsg101, Flotillin-1 and Vdacl in bEnd.3 cells lysates and exosomes were detected by Western blot.

(E) BMDMs were incubated with exosomes loaded with Texas-red labeled and cholesterol-modified oligonucleotides (1 pug exosomes/10 pmol ODNs). After 12 h,
BMDMs were stained with an anti-mouse F4/80 antibody and analyzed by fluorescence microscopy. Nuclei were counterstained with DAPI.

(F) Cholesterol-modified scrambled miRNAs (NC) or miR-188-5p mimics (miR) were incubated with exosomes and the level of miR-188-5p in exosomes were
detected by qRT-PCR, with U6 as a reference control.

(G) 2DG was loaded into exosomes by electroporation (0.6 M 2DG VS. 100 ug exosomes) and the concentration of 2DG in exosomes was measured by the glucose
oxidase method. Bars = means + SD; **P < 0.01, ****P < 0.0001.
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Rad, Hercules, CA, USA). p-actin served as the internal control. Exoso-
mal RNA was reverse transcribed into ¢cDNA using Mir-X miRNA qRT-
PCR SYBR kit (Takara, Dalian, China), with U6 as an internal control.
All primers were purchased from Tsingke Biotechnology, and their se-
quences are listed in Table S1.

2.9. RNA-seq analysis

Liver samples were collected from Exo/ASO-TNF, Exo/2DG, or Exo
treated CDAA-fed mice and subjected to RNA extraction followed by
reverse transcription into cDNA for library construction. The cDNA li-
braries were sequenced on the Illumina sequencing platform by Gene-
denovo Biotechnology Co., Ltd (Guangzhou, China). The bioinformatic
analysis was conducted by Genedenovo Biotechnology or through the
utilization of a real-time interactive online platform Sangerbox (http://
www.sangerbox.com/).

2.10. Statistical analysis

The histological images were imported into the Image Pro Plus 6.0
software (MediaCybernetics Inc., Bethesda, MD, USA) for analysis of the
positive area. Western blot images were imported into Image J software
and analyzed for integrated density. Data were analyzed using GraphPad
Prism software, version 8.0. Comparisons between groups were per-
formed using unpaired Student’s t-test (two groups) or one-way ANOVA
with Tukey’s post hoc analysis (multiple groups). The number of repe-
titions is indicated in the legends of each graph. Results are presented as
means + SD with a significance level set at P < 0.05.

3. Results

3.1. TNF and IL1p were up-regulated in NASH patients or mouse NASH
model, primarily originating from hepatic macrophages

Analysis of the transcriptome dataset GSE167523 in Gene Expression
Omnibus (consisting of NAFLD patients, with 51 cases of NAFL and 47
cases of NASH), revealed that the liver tissues from NASH patients
exhibited higher expressions of TNF and IL1p compared to those from
NAFL patients (Fig. 1A). Similarly, our analysis of transcriptome dataset
GSE119340 from NASH-induced mice livers indicated that the expres-
sion levels of TNF and IL1p were elevated compared to those in the livers
of chow-fed mice (Fig. 1B). Further, the expressions of TNF and IL1p in
liver cell populations were evaluated using dot plot analysis of the
scRNAseq dataset GSE129516, revealing hepatic macrophages (Kupffer
and monocyte-derived macrophages) as the primary sources of TNF and
IL1p (Fig. 1C).

3.2. 2-Deoxy-p-glucose (2DG) or antisense oligodeoxynucleotide against
TNF (ASO-TNF) reduced the expression of inflammatory factors TNF
and/or IL1p in macrophages

Previous studies have demonstrated that pro-inflammatory macro-
phages predominantly rely on glycolysis for energy metabolism
[19-211, and the classical inhibitor of the glycolytic pathway, 2-deox-
y-p-glucose (2DG), can significantly suppress the expression of IL1p in
macrophages [20]. Therefore, we selected 2DG as a candidate molecule
to inhibit IL1p expression in macrophages. Meanwhile, considering the
greater stability of DNA compared to RNA, we chose TNF antisense
oligodeoxynucleotide (ISIS25302), which has been validated for its
ability to inhibit TNF expression [16-18]. Initially, we assessed whether
these two candidate molecules could inhibit IL1$ or TNF expression in
vitro using bone marrow-derived macrophages (BMDMs) or RAW264.7
cells. The mRNA and protein levels of TNF and IL1p were determined
using quantitative reverse transcription PCR (qRT-PCR) and Western
blot analysis after treatment with 2DG. Remarkably, 2DG not only
effectively inhibited IL1f expression but also suppressed TNF expression
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at both transcriptional and translational levels (Fig. 1D-F). Additionally,
BMDMs or RAW264.7 cells were transfected with ASO-TNF or
ASO-control (ASO-CT). Subsequent qRT-PCR and Western blot analyses
revealed that ASO-TNF efficiently attenuated TNF expression in mac-
rophages (Fig. 1E and F). Thus, 2DG and ASO-TNF were identified as
potential candidates for inhibiting IL1f and/or TNF expression in
macrophages.

3.3. ASO-TNF or 2DG could be loaded with exosomes

Exosomes injected intravenously were mainly distributed in the liver
and taken up by hepatic macrophages [10,13-15]. This indicates that
exosomes may represent a natural delivery system for the targeting of
hepatic macrophages. In our previous work, we demonstrated that
exosomes loaded with recombination signal binding protein for immu-
noglobulin kappa J region (RBP-J) decoy could inhibit Notch signaling
in hepatic macrophages [10,15]. It is natural to ask whether ASO-TNF or
2DG could be loaded with exosomes and targeting inhibit TNF or IL1p
expression in hepatic macrophages. As shown in Fig. 2A, the 5’ terminus
of ASO-TNF was cholesterol-modified, and subsequently incorporated
into exosomes’ membrane through its lipophilic properties following
incubation with exosomes according to the methods in Refs. [22-24].
Additionally, electroporation was employed to load 2DG into exosomes.
Due to its robust exosome production and minimal immunogenicity, we
selected the mouse brain endothelial cell line 3 (bEnd.3) as our preferred
cell line for exosome generation. Nanoparticle tracking analysis (NTA)
assay revealed that the particle size of Exo, Exo/ASO-TNF or Exo/2DG
remained comparable, with no significant impact observed due to in-
cubation or electroporation (Fig. 2B). Transmission electron microscopy
(TEM) analysis indicated that the exosomes maintained a bilayer
structure and showed minimal alterations in morphology following in-
cubation or electroporation (Fig. 2C). Furthermore, exosomes derived
from bEnd.3 cells exhibited an enrichment of exosomal marker proteins
Apoptosis-linked gene 2-interacting protein x (Alix), Tumor suscepti-
bility 101 (Tsgl01), and Flotillin-1, as confirmed by Western blot
analysis. Conversely, the expression of mitochondrial membrane protein
Voltage dependent anion channel 1 (Vdacl) was undetectable (Fig. 2D).

Exosomes were loaded with Texas red-labeled and cholesterol-
modified oligodeoxynucleotides (ODNs), followed by a 12-h incuba-
tion with BMDM:s. Fluorescence imaging revealed successful delivery of
Texas red-labeled ODNs into macrophages by exosomes (Fig. 2E). In
order to quantify ODNs within exosomes, we utilized cholesterol-
modified miR-188-5p mimics for detection via qRT-PCR. Exosomes
(10 pg protein) were incubated with either miR-188-5p mimics or
negative control mimics (100 pmol). The results demonstrated a sig-
nificant up-regulation of miR-188-5p levels in the loaded exosomes,
approximately 100-fold higher compared to the control group (Fig. 2F).
Next, we evaluated the efficiency of loading soluble small molecule 2DG
into exosomes. Exosomes (100 pg) were incubated in a 600 mM solution
of 2DG, and residual free 2DG was removed through washing and
centrifugation after electroporation. The concentration of 2DG within
exosomes was quantified using a glucose oxidase assay, indicating an
average content of approximately 400 pmol pg~! (Fig. 2G). Given the
comparable size of Biotin and 2DG (molecular weights of 244 and 164,
respectively), as well as the detectability advantage of Biotin, we
assessed the effectiveness of electroporation in loading Biotin into exo-
somes. Exosomes (50 pg) was incubated in a 1 mM solution of Biotin.
Following electroporation, the free Biotin was eliminated through
washing and centrifugation. The concentration of Biotin in exosomes
was detected by measuring the fluorescence intensity emitted by fluo-
rescein isothiocyanate (FITC)-labeled Streptavidin, which revealed a
concentration of approximately 1 pmol pg~! (Fig. S1, Supporting In-
formation). These results indicated that water-soluble small molecules,
such as 2DG and Biotin were efficiently loaded via electroporation.
These findings provide confirmation that ASO-TNF or 2DG can be
effectively loaded with exosomes.
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Fig. 3. Exo/ASO-TNF or Exo/2DG inhibited TNF and/or IL1p expression in macrophages in vitro and in vivo.

(A-B) BMDMs were incubated with Exo, Exo/2DG, Exo/ASO-Control (Exo/ASO-CT) or Exo/ASO-TNF for 24 h, then changed and cultured with the fresh medium
containing LPS (200 ng mL™1) for another 24 h, and the expression of TNF and IL1 was detected by qRT-PCR.

(C) RAW264.7 macrophages were incubated with Exo, Exo/2DG, Exo/ASO-CT or Exo/ASO-TNF for 24 h, then treated with LPS (200 ng mL™Y) for 24 h, and the
expression of TNF and IL1p was detected by Western blot, with aTubulin as a reference control.

(D) Dil-labled exosomes (200 pg) were injected via the tail vein into MCD-fed mice. After 6 h, Dil signals in the liver, lung, spleen, kidney, and heart were examined
using bioluminescence imaging.

(E) Liver sections were stained with an anti-mouse F4/80 antibody and analyzed by fluorescence microscopy. Nuclei were counterstained with DAPIL

(F) Mice were fed with MCD diet for 4 weeks, and Exo/ASO-TNF or Exo/2DG (200 pg) were injected into mice four times via tail vein at the last 2 weeks. F4/807"
hepatic macrophages were isolated using magnetic-activated cell sorting (MACS). The purity of F4/80" cells were determined by flow cytometry.

(G) The mRNA levels of TNF and IL1p in F4/80" hepatic macrophages were measured by qRT-PCR. Bars = means + SD; *P < 0.05, **P < 0.01, ***P < 0.001, ****P
< 0.0001.
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Fig. 4. Exo/ASO-TNF or Exo/2DG attenuated lipid accumulation in primary hepatocytes in vitro.
(A) Schematic showing that BMDMs were treated with Exo/ASO-TNF or Exo/2DG for 1 day, changed and cultured with the fresh medium containing LPS for 1 day,
and the conditioned medium (CM) were harvested. Then primary mouse hepatocytes were cultured with CM, in the presence or absence of TNF (10 ng mL’l), and/or

IL1p (10 ng mL ™) in palmitic acid medium (PA, 200 pM) for 2 days.

(B) Lipid accumulation in primary hepatocytes was assessed using Oil Red O staining.

(C) The positive areas of Oil Red O staining in (B) were quantitatively compared.
(D) Triglyceride (TG) content in primary hepatocytes was measured. Bars = means + SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****

3.4. Exo/ASO-TNF or Exo/2DG inhibited TNF and/or IL1 expression in
macrophages in vitro and in vivo

The potential functionality of Exo/ASO-TNF or Exo/2DG in macro-
phages was subsequently assessed. BMDMs or RAW264.7 cells were co-
cultured with Exo, Exo/2DG, Exo/ASO-CT or Exo/ASO-TNF for 24 h,
and then stimulated with lipopolysaccharide (LPS, 200 ng mL ™) for an
additional 24 h. The expression levels of TNF and IL1p was detected by
using qRT-PCR and Western blot analysis. As shown in Fig. 3A-C,
treatment with Exo/ASO-TNF resulted in a reduction in both mRNA and
protein levels of TNF in macrophages, while treatment with Exo/2DG
exhibited inhibitory effects on the expression of both TNF and IL1f in
macrophages. Meanwhile, the expression of macrophage M1
polarization-related markers, including inducible nitric oxide synthase
(iNOS), interleukin 6 (IL6) and interleukin 12 (IL12) was evaluated. As
depicted in Fig. S2A, Exo/ASO-TNF did not exert a significant impact on
the expression of these genes; however, Exo/2DG could down-regulated
the expression of IL12 and up-regulated the expression of iNOS and IL6.
Additionally, the effects of Exo/ASO-TNF or Exo/2DG on macrophage
M2 polarization were also assessed. The results indicated that Exo/2DG
could promote the expression of arginasel (Argl), Cluster of Differen-
tiation 163 (Cd163) and interleukin 10 (IL10), whereas Exo/ASO-TNF
had no significant effect on these M2 polarization-related genes
(Fig. S2B).

Subsequently, the distribution of intravenously injected exosomes in
mice with steatohepatitis was examined. A mouse model of steatohe-
patitis was established by administering an methionine and choline
deficient (MCD) diet. Dil-labeled exosomes (200 pg per mouse) were
administered via the tail vein. Consistent with our previous studies [10,
15], bioluminescence imaging analysis revealed that Dil-labeled exo-
somes predominantly accumulated in the liver 6 h post-injection
(Fig. 3D). Furthermore, immunofluorescence staining of liver sections
demonstrated that Dil-labeled exosomes primarily localized within
F4/80" macrophages (Fig. 3E). Then, MCD-fed mice received infusion of
Exo, Exo/ASO-TNF or Exo/2DG. Hepatic F4/807 cells were isolated
using magnetic activated cell sorting (MACS) as previous reported [10,
15], achieving a purity level of 82 % (Fig. 3F). As determined by

P < 0.0001.

qRT-PCR, the expression levels of TNF and IL1p were down-regulated in
hepatic F4/80" cells derived from mice treated with Exo/ASO-TNF or
Exo0/2DG compared to those treated with Exo control (Fig. 3G).
Exo/ASO-TNF may exert an indirect inhibitory effect on the expression
of IL1p in vivo. These results suggested that Exo/ASO-TNF or Exo/2DG
have the potential to inhibit TNF and/or IL1p expression in macrophages
in vitro and in vivo.

3.5. Exo/ASO-TNF or Exo/2DG attenuated lipid accumulation in
hepatocytes in vitro

Previous studies have demonstrated that the pro-inflammatory cy-
tokines IL1p and TNF can promote lipid accumulation in hepatocytes
[5-8]. In this study, we asked whether treatment with Exo/ASO-TNF or
Ex0/2DG could impair lipid accumulation in hepatocytes. As shown in
Fig. 4A and Fig. S3A, BMDMs or RAW264.7 macrophages were treated
with Exo, Exo/ASO-TNF or Exo/2DG for 24 h, followed by incubation
with LPS-containing medium for another 24 h to obtain conditioned
medium (CM). Primary hepatocytes or AML12 cells were then cultured
with CM supplemented with or without TNF/IL1p for 48 h, and lipid
accumulation was assessed using Oil Red O staining and triglyceride
content detection. Our results showed that CM derived from treatment
with either Exo/ASO-TNF or Exo/2DG significantly attenuated the ca-
pacity to induce lipid accumulation in primary hepatocytes or AML12
cells compared to control CM. Moreover, supplementation of TNF
and/or IL1p partially restored this effect (Fig. 4B-D and Fig. S3B-D).

3.6. Exo/ASO-TNF or Exo/2DG attenuated experimental steatohepatitis
in CDAA-fed or MCD-fed mice

Next, we evaluated the therapeutic efficacy of Exo/ASO-TNF or Exo/
2DG in choline deficient amino acid-defined diet (CDAA)-fed or MCD-
fed mice. As shown in Fig. 5A and 6A, the mice were subjected to a
10-week CDAA diet or a 4-week MCD diet, followed by four intravenous
infusions of Exo, Exo/ASO-TNF, or Exo/2DG (200 pg per mouse) during
the final 2 weeks. Compared to control mice, administration of either
Exo/ASO-TNF or Exo/2DG attenuated serum alanine aminotransferase
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Fig. 5. Exo/ASO-TNF or Exo/2DG attenuated experimental steatohepatitis in CDAA-fed mice.

(A) Schematic illustration of the procedure used for Exo/ASO-TNF or Exo/2DG to treat steatohepatitis in mice fed with CDAA diet. Mice were fed with CDAA diet for
10 weeks, and Exo/ASO-TNF or Exo/2DG (200 pg) were injected into mice four times via tail vein at the last 2 weeks.

(B) Liver sections were stained by H&E staining. The lower row of micrographs were a higher magnification of the yellow frames in the upper row.

(C) Quantitative comparison of steatosis areas and inflammation scores in (B).
(D) Detection of ALT, AST and TG in serum.

(E,F) Liver sections were stained with Oil Red O, and positive areas were quantified and compared.

(G) Detection of TG in liver tissue homogenate.

(H,I) Liver sections were subjected to immunohistochemical staining for F4/80. The positive areas of F4/80 staining were quantitatively compared (I).
(J-K) The mRNA levels of TNF, IL1p and fatty acid metabolism-associated genes in livers were determined by qRT-PCR.
(L) The protein levels of TNF, IL1p and Ppary were determined by Western blot, with aTubulin as a reference control. The integrated density were quantitatively

compared. Bars = means + SD, *P < 0.05, **P < 0.01, ***P < 0.001, *

*P < 0.0001.

(ALT) and aspartate aminotransferase (AST) levels, indicating amelio-
ration of hepatic injury in treated mice (Fig. 5D; Fig. 6D). Hematoxylin
and eosin (H&E) staining revealed fewer large round non-staining areas,
indicative of lipid droplets in hepatocytes, in livers from mice treated
with Exo/ASO-TNF or Exo/2DG compared to control mice (Fig. 5B and
C; Fig. 6B and C). Oil Red O staining of liver sections showed a decreased
presence of lipid droplets in the Exo/ASO-TNF or Exo/2DG treated
group (Fig. 5E and F; Fig. 6E and F). Consistent with these findings, both
serum and liver triglyceride levels exhibited significant reductions in
mice treated with Exo/ASO-TNF or Exo/2DG (Fig. 5D,G; Fig. 6D,G). The
expression of genes involved in lipid metabolism in the liver, including
fatty acid synthesis, transport and oxidation, was detected by qRT-PCR.
Our results showed that treatment with Exo/ASO-TNF or Exo/2DG
mainly down-regulated the expression of key genes associated with fatty
acid synthesis, such as the transcription factor peroxisome proliferator
activated receptor gamma (Ppary) and the enzyme acetyl-CoA carbox-
ylasel (Accl)(Fig. 5K; Fig. 6K). Furthermore, Western blot analysis
confirmed a decrease in Ppary expression in livers treated with Exo/
ASO-TNF or Exo/2DG (Fig. 5L; Fig. 6L). These results suggested that
infusion of Exo/ASO-TNF or Exo/2DG could effectively mitigate hepatic
lipid accumulation.

Meanwhile, liver inflammation and fibrosis were assessed. Firstly,
our results showed that infusion of Exo/ASO-TNF or Exo/2DG resulted
in a reduction in the inflammation score (Fig. 5C; Fig. 6C). Secondly,
immunostaining with anti-F4/80 revealed decreased macrophage infil-
tration in livers from mice treated with Exo/ASO-TNF or Exo/2DG
(Fig. 5H and [; Fig. 6H and I). Furthermore, the levels of inflammatory
mediators TNF and IL1f were determined using qQRT-PCR and Western
blot. The results indicated that TNF and IL1f were decreased in livers
from mice treated with Exo/ASO-TNF or Exo/2DG compared to control
mice (Fig. 5J,L; Fig. 6J,L). These findings suggested that the infusion of
Exo/ASO-TNF or Exo/2DG attenuated hepatic inflammatory response.
Subsequently, we evaluated hepatic fibrosis by performing immuno-
staining for anti-collagen type I alpha 1 chain (Collal), anti-actin alpha
2 smooth muscle (¢(SMA), and Sirius red staining. Mice treated with Exo/
ASO-TNF or Exo/2DG displayed significantly reduced extracellular
matrix (ECM) deposition and activation of hepatic stellate cells (Fig. S4).
Over all, these results indicated that Exo/ASO-TNF or Exo/2DG could
ameliorate CDAA- or MCD diet-induced NASH in mice.

3.7. Exo/ASO-TNF or Exo/2DG could attenuate lipid accumulation in
hepatocytes via Sod1

To elucidate the underlying mechanism by which infusion of Exo/
ASO-TNF or Exo/2DG mitigated experimental NASH in mice, we per-
formed RNA-seq analysis to compare hepatic mRNA profiles between
mice treated with Exo/ASO-TNF or Exo/2DG and Exo control. Gene set
enrichment analysis showed an up-regulation of oxidative phosphory-
lation and thermogenesis associated genes, while a down-regulation was
observed in inflammatory signaling pathways such as TNF, Toll,
Mitogen-activated protein kinase (MAPK) or interleukin 17 (IL17)
signaling pathway in mice treated with Exo/ASO-TNF or Exo/2DG
(Fig. 7A). The qRT-PCR results confirmed that treatment with Exo/ASO-

TNF or Exo/2DG resulted in the up-regulation of Apolipoprotein a2
(Apoa2, whose defects may result in hypercholesterolemia [25]), NADH:
ubiquinone oxidoreductase subunit a6 (Ndufa6, associated with mito-
chondrial respiratory chain) and Cytochrome C oxidase subunit 6al
(Cox6al, associated with mitochondrial respiratory chain) in the liver
(Fig. S5C). Additionally, Exo/ASO-TNF or Exo/2DG reduced the
expression of inflammatory genes such as intercellular adhesion mole-
cule 1 (Icam1) and interleukin 1 receptor associated kinase 1 (Irakl)
(Fig. S5B and S5C).

Superoxide dismutase 1 (Sod1) caught our attention as one of the up-
regulated top 30 genes in both Exo/ASO-TNF and Exo/2DG treated
groups (Fig. 7B). Previous studies have reported the robust expression of
Sod1 in hepatocytes, and genetic ablation of Sod1l has been shown to
exacerbate hepatic lipid accumulation [26-28]. We asked whether
Exo/ASO-TNF or Exo/2DG treatment enhanced the expression of Sod1l
in the liver, thereby mitigating experimental NASH. Initially, we vali-
dated the up-regulation of Sodl expression in livers following
Exo/ASO-TNF or Exo/2DG treatment using qRT-PCR and Western blot
analysis (Fig. 7C and D). Subsequently, we quantified the overall hepatic
Sod activity and observed that Exo/ASO-TNF or Exo/2DG treatments
increased hepatic Sod activity compared to the control group treated
with Exo (Fig. 7E). Sod1 facilitates the conversion of superoxide anion
into hydrogen peroxide, which is subsequently decomposed into oxygen
and water by Catalase [29]. Therefore, hepatic hydrogen peroxide
content was measured, and the results demonstrated that the HyO-o
levels in the liver of both Exo/ASO-TNF or Exo/2DG-treated groups
were comparable to those in the control group (Fig. 7H-I). We then
assessed the expression of Catalase and observed that Exo/ASO-TNF or
Exo/2DG treatment significantly up-regulated both mRNA and protein
levels of Catalase in the livers of CDAA-fed mice (Fig. 7F-G). This may
explain why increased Sodl expression did not result in a significant
increase of HoO5 levels.

Next, we performed an in vitro rescue experiment by silencing the
expression of Sodl in AML12 hepatocytes using siRNA, which was
confirmed by qRT-PCR and Western blot (Fig. S6A and S6B). The
transfected AML12 hepatocytes were then cultured with CM derived
from RAW264.7 cells treated with Exo, Exo/ASO-TNF or Exo/2DG. Lipid
accumulation was assessed using Oil Red O staining and triglyceride
content detection (Fig. S6C). Our results indicated that CM treated with
either Exo/ASO-TNF or Exo/2DG reduced the ability to induce lipid
accumulation in AML12 hepatocytes compared to control CM, while
knockdown of Sodl in AML12 cells nearly restored this effect
(Fig. 7J-L). These results suggested that Exo/ASO-TNF or Exo/2DG
could reduce lipid accumulation in hepatocytes by up-regulating Sod1
expression.

3.8. Sod1 inhibitor LCS-1 counteracted the therapeutic effects of Exo/
ASO-TNF or Exo/2DG on CDAA-induced NASH in mice

We further performed an in vivo rescue experiment. As shown in
Fig. 8A, the Sod1-specific inhibitor LCS-1 was intraperitoneally injected
one day after each infusion of Exo/ASO-TNF or Exo/2DG in CDAA diet-
induced NASH model. It was observed that LCS-1 elevated the levels of
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Fig. 6. Exo/ASO-TNF or Exo/2DG attenuated experimental steatohepatitis in MCD-fed mice.

(A) Schematic illustration of the procedure used for Exo/ASO-TNF or Exo/2DG to treat steatohepatitis in mice fed with MCD diet.

(B) Liver sections were stained by H&E staining. The lower row of micrographs were a higher magnification of the yellow frames in the upper row.

(C) Quantitative comparison of steatosis areas and inflammation scores in (B).

(D) Detection of ALT, AST and TG in serum.

(E,F) Liver sections were stained with Oil Red O, and staining positive areas were quantified and compared.

(G) Detection of TG in liver tissue homogenate.

(H,I) Liver sections were subjected to immunohistochemical staining for F4/80. The lower row of micrographs were a higher magnification of the yellow frames in
the upper row. The positive areas of F4/80 staining were quantitatively compared (I).

(J-K) The mRNA levels of TNF, IL1p and fatty acid metabolism-associated genes in livers were determined by qRT-PCR.

(L) The protein levels of TNF, IL1p and Ppary in livers were determined by Western blot, with aTubulin as a reference control. The integrated density were
quantitatively compared. Bars = means + SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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ALT in serum of mice treated with Exo/ASO-TNF or Exo/2DG (Fig. 8B).
Histological analysis using H&E staining, Oil Red O staining, and liver
TG content detection revealed that LCS-1 counteracted the impact of

Exo/ASO-TNF or Exo/2DG on hepatic lipid accumulation (Fig. 8C,E,F,
H). Immunostaining for anti-F4/80 demonstrated that LCS-1 increased

macrophage infiltration in the livers of mice treated with Exo/ASO-TNF
or Exo/2DG (Fig. 8C,G). Immunostaining for anti-aSMA and Sirius red

staining indicated that LCS-1 reversed the inhibitory effect of Exo/ASO-

Redox Biology 80 (2025) 103488

TNF or Exo/2DG on liver fibrosis (Fig. 8D,1,J). These findings suggested
that Exo/ASO-TNF or Exo/2DG could inhibit NASH progression through
up-regulation of Sod1l in CDAA-fed mice model.

3.9. Sod1 was negatively correlated with JNK activation in hepatocytes
treated with TNF or livers of CDAA-fed mice

How did Exo/ASO-TNF or Exo/2DG modulate the expression of Sod1
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Fig. 7. Exo/ASO-TNF or Exo/2DG could attenuate lipid accumulation in hepatocytes via Sod1.

(A) The mRNA expression of liver samples from Exo/ASO-TNF, Exo/2DG or Exo-treated CDAA-fed mice was profiled by using RNA-seq (n = 4). Gene set enrichment
analyses between Exo/ASO-TNF or Exo/2DG and Exo groups were investigated.

(B) Heatmaps showed top 30 up-regulated genes in the RNA-seq data between Exo/ASO-TNF, or Exo/2DG and Exo groups.

(C) The mRNA level of Sod1 in livers of PBS, Exo, Exo/ASO-TNF or Exo/2DG-treated mice was measured by qRT-PCR.

(D) The level of Sodl in livers of PBS, Exo, Exo/ASO-TNF or Exo/2DG-treated mice was detected by Western blot. The integrated density were quantitatively
compared.

(E) Detection of total Sod activity in liver tissue homogenate.

(F) The mRNA level of Catalase in livers of PBS, Exo, Exo/ASO-TNF or Exo/2DG-treated CDAA-fed mice was measured by qRT-PCR.

(G) The level of Catalase in livers of PBS, Exo, Exo/ASO-TNF or Exo/2DG-treated CDAA-fed mice was detected by Western blot. The integrated density were
quantitatively compared.

(H,I) Detection of H,O, content in liver tissue obtained from CDAA-mice or MCD-mice.

(J) AML 12 hepatocytes were transfected with Sod1 siRNA, and 12 h later, cultured with RAW264.7 conditioned medium (CM) and fresh palmitic acid medium for 2
days. Lipid accumulation in AML12 cells was assessed using Oil Red O staining.

(K) The positive areas of Oil Red O staining in (J) were quantitatively compared.

(L) Triglyceride (TG) content in AML12 hepatocytes was measured. Bars = means + SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

in hepatocytes? Previous studies have demonstrated that TNF can sup- 4. Discussion
press Sod1 expression through JNK pathway [30]. We then stimulated
AML12 cells with TNF and observed an increase of pJNK levels, along NASH is characterized by hepatic steatosis, liver inflammation and
with a simultaneous decrease of Sodl expression (Fig. 9A and B). hepatic fibrosis. Inflammation plays a crucial role in linking hepatic
Additionally, we assessed JNK signaling activation in livers from steatosis to the progression of NASH towards hepatic fibrosis or cirrhosis
CDAA-fed mice and found that treatment with Exo/ASO-TNF or [2-4]. A comprehensive understanding of inflammation is crucial for
Ex0/2DG significantly reduced pJNK levels, indicating their inhibitory elucidating the underlying mechanisms driving NASH and developing
effect on JNK pathway activation (Fig. 9C and D). Based on these results, targeted therapeutic interventions capable of halting or reversing its
we speculated that Exo/ASO-TNF or Exo/2DG may down-regulate in- progression. The pro-inflammatory cytokines TNF and IL1p are consid-
flammatory factors such as TNF, thereby attenuating JNK signaling ered pivotal factors in the pathogenesis of NAFLD. Several studies have
activation in hepatocytes and subsequently promoting the up-regulation demonstrated that TNF receptors (TNFR) deficiency, administration of
of Sod1 expression. anti-TNF or selective anti-TNFR1 antibody can ameliorate NAFLD in
murine models [33-35]. Furthermore, Kamari et al. [36] reported that
3.10. Exo/ASO-TNF or Exo/2DG decreased the level of reactive oxygen lack of IL1a or IL1p inhibits the progression of NASH in mice, while
species (ROS) in hepatocytes via Sod1l Mridha et al. [37] showed that the inhibitor of NLR family pyrin domain
containing 3 (Nlrp3), which processes IL1p, reduces liver inflammation
Sod1 is one of the important antioxidant enzymes that metabolizes and fibrosis in experimental NASH in mice. However, the systemic
superoxide radicals to molecular oxygen and hydrogen peroxide [29,31, administration of antibodies or small molecule drugs targeting TNF or
32]. Therefore, we examined the effects of Exo/ASO-TNF or Exo/2DG on IL1 often gives rise to side effects, such as severe infections, owing to
reactive oxygen species (ROS). Primary hepatocytes were isolated from their extensive tissue distribution. Previous studies have demonstrated
livers of MCD-fed mice, and total ROS were detected using 2, that macrophages, as natural immune cells, play an important role in the

7'-Dichlorofluorescin diacetate (DCFH-DA) staining. The results showed progression of NASH by secreting pro-inflammatory factors such as TNF
that treatment with Exo/ASO-TNF or Exo/2DG significantly decreased and IL1p [5-8]. We conducted an analysis of liver mRNA profiles and
the total ROS level in primary hepatocytes (Fig. S7A). Moreover, AML12 single-cell RNA sequencing data from human NAFLD patients and mouse
hepatocytes were co-cultured with conditioned medium derived from NASH models. The results revealed significantly elevated expression
RAW264.7 cells treated with Exo, Exo/ASO-TNF or Exo/2DG. Because levels of TNF and IL1f in the livers of NASH patients or mice, with he-
DCFH-DA staining was too weak in cultured AML12 cells (data not patic macrophages identified as the primary source (Fig. 1A-C).

shown), and since mitochondria are the main source of ROS, mito- Subsequently, we aimed to assess the viability of inhibiting TNF and
chondrial superoxides were assessed using MitoSOX red staining. The IL1p expression in hepatic macrophages as a potential therapeutic
results indicated that both Exo/ASO-TNF and Exo/2DG effectively approach for NASH. Several crucial considerations need to be carefully
attenuated the levels of mitochondrial superoxides in hepatocytes as evaluated. Firstly, selecting appropriate drugs. To inhibit TNF, we

determined by FACS (Fig. S7B) and fluorescence imaging (Fig. S7D-E). selected ASO-TNF as a cost-effective alternative to TNF antibodies. In
Meanwhile, we quantified the adenosine 5'-triphosphate (ATP) content contrast to TNF SiRNA, ASO-TNF is a DNA molecule that exhibits

in AML12 hepatocytes, which serves as an indicator of mitochondrial enhanced stability. To inhibit IL1p, we chose a classical glycolysis in-
function. The results revealed that both Exo/ASO-TNF and Exo/2DG hibitor 2DG. Recent studies have revealed that pro-inflammatory mac-
treatments enhanced ATP production in AML12 cells compared to the rophages primarily rely on glycolysis for energy metabolism and
control group (Fig. S7C). Interestingly, we performed Gene Ontology treatment with 2DG can effectively suppress macrophage glycolysis and
analysis of hepatic RNA-seq data focusing on the mitochondrial respi- significantly reduce IL1B expression in macrophages [19-21]. Addi-
ratory chain complex (GO: 0098803) and observed a significant tionally, our findings demonstrated that 2DG substantially inhibited
up-regulation of genes associated with this complex following treatment TNF expression in macrophages (Fig. 1D-F). It is worth noting that
with either Exo/ASO-TNF or Exo/2DG (Fig. S5D). These findings indi- chronic ingestion of 2DG resulted in cardiac vacuolization and increased
cated an improvement in mitochondrial function of hepatocytes upon mortality in rats [38], thereby emphasizing the imperative for targeted
exposure to Exo/ASO-TNF or Exo/2DG. Furthermore, we noted that the drug delivery. Secondly, the selection of an appropriate drug delivery
reduction in ROS levels induced by either Exo/ASO-TNF or Exo/2DG system to target hepatic macrophages is crucial. Compared to exogenous
was counteracted by LCS-1, an inhibitor of Sod1l activity (Fig. S7D-E). nanocarriers, exosomes possess the advantages of higher biocompati-
Additionally, treatment with either Exo/ASO-TNF or Exo/2DG resulted bility and lower immunogenicity [11,12]. Importantly, both previous
in a decrease in superoxide anion content within AML12 hepatocytes, studies and our investigations have demonstrated that intravenously
which could also be reversed by LCS-1 administration (Fig. S7F). injected exosomes predominantly accumulate in the liver and are

internalized by hepatic macrophages [10,13-15]. This suggests that
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Fig. 8. Sodl inhibitor LCS-1 counteracted the therapeutic effects of Exo/ASO-TNF or Exo/2DG on CDAA-induced NASH in mice.

(A) Schematic illustration of the procedure used for Exo/ASO-TNF or Exo/2DG and Sod1 inhibitor LCS-1 to treat steatohepatitis in mice fed with CDAA diet. Exo/
ASO-TNF or Exo/2DG (200 pg) were injected into mice four times via tail vein at the last 2 weeks. LCS-1 (20 mg kg™1) dissolved in corn oil was injected intra-
peritoneally the next day after each exosome infusion.

(B) Detection of ALT and AST in serum.

(C) Liver sections of CDAA-fed mice were subjected to H&E staining, Oil Red O staining, or immunohistochemical staining for F4/80.

(D) Liver sections were subjected to Sirius Red staining, or immunohistochemistry with anti-aSMA.

(E-G) Quantitative comparison of steatosis areas, Oil Red O staining positive areas or F4/80" areas in (C).

(H) Detection of TG in liver tissue homogenate.

(I,J) Positive signals for immunohistochemistry staining of «SMA or Sirius Red staining in (D) were quantitatively compared. Bars = means + SD, *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 9. The expression of Sod1 was negatively correlated with JNK activation in hepatocytes treated with TNF or livers of CDAA-fed mice.

(A, B) AML12 hepatocytes were treated with TNF (10 ng ml~") or PBS in palmitic acid medium (PA, 200 uM) for 2 days. Subsequently, the protein levels of pJNK,
JNK, Sodl and aTubulin were determined by Western blot, and the integrated density of pJNK or Sod1l was quantitatively compared.

(C, D) The protein levels of pJNK, JNK and aTubulin in livers of CDAA-fed mice were assessed using Western blot analysis. Subsequently, the integrated density was
quantitatively compared. Bars = means + SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

exosomes may serve as a natural delivery platform for targeting hepatic CDAA-induced NASH were investigated, and the results revealed no
macrophages. One of the current challenges is how to facilitate the significant difference between Exo and Exo/ASO-CT.
escape of cargo delivered by exosomes from the endosomes into the It is worth noting that Exo/ASO-TNF failed to reduce IL1{ expression
cytoplasm, rather than being degraded in the lysosomes [39]. A focus of in macrophages in vitro (Fig. 3A-C), whereas treatment with Exo/ASO-
our future research involves investigating whether the introduction of TNF could decrease IL1p expression in livers or hepatic macrophages
pH-sensitive molecules, such as GALA peptides that form trans- from NASH mice (Fig. 3G, 5J, 5L, 6J and 6L). Does Exo/ASO-TNF in-
membrane peptide pores in acidic environments [40], can enhance fluence the expression of IL1f by modulating Nlrp3 inflammasome
endosomal escape of exosomes. activation in vivo? Western blot analysis was employed to detect the
In this study, ASO-TNF was cholesterol-modified and subsequently expression of proteins associated with Nlrp3 inflammasome activation.
incorporated into the exosomal membrane owing to its lipophilic As shown in Fig. S10, no significant differences were observed in the
properties, while small molecule drug 2DG was loaded into exosomes expressions of Nlrp3, Caspase 1 (Caspl), Cleaved-Caspl and Apoptosis

via electroporation. We further demonstrated that Exo/ASO-TNF or associated speck like protein containing CARD (ASC) between the Exo/
Exo0/2DG effectively suppressed TNF and/or IL1§} expression in macro- ASO-TNF group and the control group in CDAA-mice; however, a

phages in vitro and in vivo. Then we showed that infusion of Exo/ASO- decrease was observed in the expressions of IL1p and Cleaved-IL1f.
TNF or Exo/2DG could alleviate experimental steatohepatitis in These results suggested that Exo/ASO-TNF may not down-regulate IL1p
CDAA-fed or MCD-fed mice. We then asked whether exosomes loaded expression by affecting Nlrp3 inflammasome activation. Furthermore,

with both ASO-TNF and 2DG (Exo/ASO-TNF/2DG) exhibit enhanced GSEA analysis of RNA-seq data revealed that treatment with Exo/ASO-
therapeutic efficacy in NASH. But the results showed that infusion of TNF inhibited TNF, Toll and MAPK inflammatory signaling pathways
Exo/ASO-TNF/2DG did not yield further improvements in NASH (Fig. 7A). Based on these results, we speculated that Exo/ASO-TNF may
compared with Exo/ASO-TNF or Exo/2DG group in CDAA-fed mice exert its effect on IL1f expression at the transcriptional level through

(Fig. S8). This could potentially be attributed to the overlapping inhibition of liver inflammation microenvironment.

mechanisms between Exo/ASO-TNF and Exo/2DG, as both of which Next, we explored the potential mechanisms underlying the inhibi-
may work by inhibiting TNF and IL1p expression in vivo. Another point tory effects of Exo/ASO-TNF or Exo/2DG on NASH progression. Our
to consider is that Exo/ASO-CT is a more rigorous control for Exo/ASO- findings revealed that these treatments effectively suppressed the

TNF. As shown in Fig. S9, the effects of Exo or Exo/ASO-CT infusion on expression of Ppary and Accl, key genes involved in fatty acid synthesis.
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It has been reported that hepatocyte-specific Ppary knockout signifi-
cantly inhibited NAFLD in mice [41-44], which is consistent with our
results. We performed RNA-seq analysis to compare hepatic mRNA
profiles between Exo/ASO-TNF or Exo/2DG and Exo control in
CDAA-fed model. Gene set enrichment analysis revealed that treatment
with Exo/ASO-TNF or Exo/2DG resulted in down-regulation of inflam-
matory signaling pathways, including TNF, Toll, MAPK or IL17 signaling
pathways (Fig. 7A). These findings suggested that Exo/ASO-TNF and
Ex0/2DG exhibited anti-inflammatory effects. On the other hand,
Exo/ASO-TNF or Exo/2DG also induced the up-regulation of genes
associated with oxidative phosphorylation and thermogenesis in the
liver (Fig. 7A), thereby suggesting their potential to enhance fatty acid
catabolism. Among the top 30 up-regulated genes observed in both the
Exo/ASO-TNF and Exo/2DG treatment groups, we identified Sod1l as a
downstream candidate gene based on its antioxidative and
anti-inflammatory properties. Sod1 is one of the first line of antioxidant
enzymes against oxidative stress [29], and previous studies have
demonstrated that Sod1 knockout exacerbates NAFLD in mice [26-28].
Rescue experiments showed that inhibition of Sod1 counteracted the
therapeutic effects of Exo/ASO-TNF or Exo/2DG on experimental NASH
in mice (Fig. 8).

Researchers have also explored the use of alternative antioxidants for
alleviating NAFLD. For instance, studies have found that the antioxidant
N-acetylcysteine (NAC) can block hepatic lipid accumulation in pre-
clinical models of NAFLD [45-47]. Luedde et al. [48] found that a diet
supplemented with the antioxidant butylated hydroxyanisole (BHA)
prevents the spontaneous development of steatohepatitis in NEM-
OPC—KO mice. Frank J. Gonzalez’s research group found that Tempol, a
SOD mimetic, can significantly attenuate NAFLD in mice [49].
Furthermore, our results also indicated that NAC, BHA, or Tempol could
attenuate lipid accumulation in AML12 hepatocytes (Fig. S11). These
antioxidants, however, still face several challenges that need to be
addressed in order to facilitate their clinical translation. These include
inadequate targeting and widespread distribution within the body.
Exosomes exhibit excellent biocompatibility and liver-targeting prop-
erties, rendering them a promising drug delivery system for the treat-
ment of liver diseases. This provides us with a research idea for our
subsequent steps: using exosomes as carriers to encapsulate small
molecule antioxidants, thereby selectively inhibiting oxidative stress in
the liver and ultimately accomplishing the objective of treating acute or
chronic liver injuries.

In summary, we demonstrated that exosomes loading with ASO-TNF
or 2DG inhibited the expression of TNF or/and IL1p in macrophages in
vitro and in vivo. Furthermore, infusion of Exo/ASO-TNF or Exo/2DG
could reduce liver fat deposition, suppress liver inflammation, impede
hepatic fibrosis, and ultimately alleviate experimental steatohepatitis in
CDAA-fed or MCD-fed mice. Mechanistically, we found that treatment of
Exo/ASO-TNF or Exo/2DG potentially alleviated the progression of
experimental NASH by up-regulating the expression of Sod1 (Fig. S12).
Thus, infusion of exosomes loaded with ASO-TNF or 2DG represents a
promising therapeutic strategy for NASH treatment that merits further
investigation.
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