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ARTICLE INFO ABSTRACT
Keywords: With an aging global population, the proportion of aged donor livers in graft pools is steadily increasing.
Old liver Compared to young livers, aged livers exhibit heightened susceptibility to hepatic ischemia/reperfusion injury
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(HIRI), which significantly limits their utilisation in liver transplantation (LT) and exacerbates organ shortages.
Our previous study demonstrated that ferroptosis is a pivotal trigger for HIRI vulnerability in aged livers.
However, effective clinical strategies for the inhibition of ferroptosis remain elusive. Utilizing an aged mouse
HIRI model, primary hepatocytes, and human liver organoids, this study provides hitherto undocumented evi-
dence that mesenchymal stem cell-derived extracellular vesicles (MSC-EVs) effectively alleviate HIRI in aged
livers by inhibiting ferroptosis. Mechanistically, miR-1275, which was significantly enriched within MSC-EVs,
was transferred to hepatocytes. Subsequently, miR-1275 downregulated the expression of SLC39A14, a crucial
iron transporter that is upregulated in aged livers and plays a pivotal role in promoting ferroptosis. Furthermore,
we found a negative correlation between SLC39A14 levels and prognosis of aged donor liver recipients using
clinical LT samples. Silencing miR-1275 in MSC-EVs or modulating SLC39A14 levels in aged livers reversed MSC-
EV-mediated mitigation of ferroptosis. Collectively, these findings revealed the novel therapeutic potential of
MSC-EVs in attenuating aged HIRI, suggesting a promising treatment for improving prognosis and preventing
serious complications in recipients of aged liver grafts during LT.

1. Introduction the aging population becoming a global challenge, aged donor livers are
being utilized and are gradually becoming a critical source of marginal

Liver transplantation (LT) is the most effective treatment for end- grafts [1,2]. Aging does not significantly influence liver function under
stage liver diseases. However, the imbalance between graft demand normal physiological conditions. However, aged livers are now known
and supply seriously hinders the practice of LT, which promotes the to be more susceptible to external stress than young livers. During
utilisation of “marginal donors” (those extending donor criteria). With transplantation, aged donor livers are particularly vulnerable to hepatic
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ischemia/reperfusion injury (HIRI), predisposing them to early allograft
dysfunction and failure, limiting their utilisation in LT [3]. Despite
recent advancements, the underlying mechanisms of age-related HIRI
remain unclear. Furthermore, effective clinical treatments to alleviate
ischemia/reperfusion injury (IRI) in the aged liver are still lacking.

Ferroptosis is a novel mechanism of cell death, characterized by iron
accumulation and lipid peroxidation (iron-mediated phospholipid per-
oxidation) [4,5]. Given that the liver is a critical organ for iron storage,
ferroptosis has been shown to participate in various liver diseases, such
as HIRI [4-8]. Yamada was the first to report the involvement of fer-
roptosis in the pathogenesis of HIRI [9]. Several mechanisms underlying
ferroptosis in HIRI have been reported. The ubiquitin ligase E3
HUWE1/MULE inhibits ferroptosis during HIRI by degrading transferrin
receptor protein 1 (TFRC) [10]. Furthermore, transmembrane member
16A (TMEM16A) can lead to the degradation of glutathione peroxidase
4 (GPX4), aggravating HIRI [11]. Given that aged livers exhibit
increased lipid disorders and iron ion accumulation, our recent study
demonstrated the role of ferroptosis in aged HIRI. We found that
downregulation of fat mass and obesity-associated genes (FTO) in aged
livers enhanced the stability of acyl-CoA synthetase long-chain family 4
(ACSL4) and TFRC at the mRNA level, which further induced ferroptosis
in aged livers and aggravated HIRI [12]. Therefore, approaches target-
ing ferroptosis may offer potential therapeutic strategies for mitigating
HIRI and improving the prognosis of recipients undergoing LT with aged
donor livers.

With their promising potential for immunomodulation and the pro-
motion of tissue repair and regeneration, mesenchymal stem cells
(MSCs) have gradually been identified as an effective treatment for liver
diseases. Previously, our research group demonstrated that MSCs can
attenuate HIRI and have a clinical translation potential for preventing
and curing serious complications after LT [13-17]. Multiple lines of
evidence have demonstrated that extracellular vesicles (EVs), 30-300
nm in diameter are the primary mode by which MSCs exert their bio-
logical functions. These EVs have abundant functional content. As
nanosized vesicles, mesenchymal stem cell-derived extracellular vesicles
(MSC-EVs) exhibit a therapeutic potential similar to their parent MSCs
and possess unique advantages, including high safety and low rates of
tumorigenicity and embolism [18]. Our previous study demonstrated
the immunoregulatory capacity of MSC-EVs and reduced oxidative
stress, which contributed to the attenuation of HIRI [19-22]. In a recent
study, we reported that MSC-EVs could promote aged liver regeneration
by restoring mitochondrial function in aged hepatocytes [23]. Other
studies have also reported the roles of MSC-EVs in inhibiting ferroptosis
to improve pathological damage in several diseases, such as abdominal
aortic aneurysm, inflammatory bowel disease, and acute spinal cord
injury [24-26]. However, whether MSC-EVs can be used to mitigate
HIRI in recipients undergoing LT with aged donor livers and the un-
derlying mechanisms remain largely unknown.

In this study, we demonstrated for the first time that MSC-EVs could
alleviate age-related HIRI by inhibiting ferroptosis. Mechanistically,
MSC-EVs transferred miR-1275 into aged hepatocytes. This miRNA in-
hibits the expression of the iron transporter SLC39A14, subsequently
limiting iron ion accumulation, and ultimately suppressing ferroptosis.
We further validated this hypothesis using MSC-EVs in combination
with miR-1275 inhibitors. In summary, these data highlight, for the first
time in our knowledge, the potential of MSC-EVs in protecting aged
donor livers.

2. Methods and materials

2.1. Isolation and identification of MSCs derived from umbilical cords
(UCs)

The procedure for isolating MSCs was approved by the Research
Ethics Committee of the Third Affiliated Hospital of Sun Yat-sen Uni-
versity and conducted under sterile conditions following standardized
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protocols [20]. After obtaining informed consent from parturients, UCs
were acquired and transferred to the laboratory. UCs were subsequently
washed with 4 °C phosphate-buffered saline (PBS) to remove residual
blood. The samples were then cut into 10 mm? pieces, digested in type I
collagenase with CaCl, (3 mM) and hyaluronidase (0.1 %) for 4 h at
37 °C, and then incubated in low-glucose Dulbecco’s Modified Eagle’s
Medium (DMEM, 1 g/L, Gibco, Life Technologies, NY, USA) supple-
mented with 10 % fetal bovine serum (FBS, PAN-Biotech, Germany) in a
humidified atmosphere containing 5 % CO; at 37 °C. The culture me-
dium was changed every three days to remove non-adherent cells.

To investigate MSC-related surface markers, cells were incubated for
30 min at 4 °C in the dark with monoclonal antibodies, including FITC-
conjugated CD90, PE-conjugated CD73, FITC-conjugated CD19, FITC-
conjugated CD11b, FITC-conjugated CD45, PE-conjugated CD105,
FITC-conjugated CD34, and FITC-conjugated HLA-DR. The fluorescence
intensity of the stained cells was measured using a thirteen-color FACS
Calibur flow cytometer (Beckman Coulter, Hercules, CA, USA) and
analyzed with FlowJo software (Tree Star, San Carlos, CA, USA).

To investigate the ability of osteogenic and adipogenic differentia-
tion, the cells were cultured in media specifically designed for adipo-
genesis and osteogenesis (Gibco, Life Technologies, NY, USA). After
twenty-one days, the samples were respectively treated with Alizarin
Red S or Oil Red O.

2.2. Purification and identification of MSC-EVs

When cell confluence reached 70-80 %, the culture medium was
replaced with 1 g/L glucose DMEM supplemented with 10 % exosome-
free FBS. After 48 h, the cell culture medium was harvested and sub-
jected to centrifugation at 3200x g for 10 min at 4 °C to remove residual
cells. Subsequently, the samples were subjected to ultracentrifugation at
10,000xg for 30 min at 4 °C to discard cellular debris, followed by two
sequential ultracentrifugation steps at 100,000xg for 2 h at 4 °C to
purify MSC-EVs (Fig. 1A). The total protein content of the isolated MSC-
EVs was quantified using a bicinchoninic acid (BCA) protein assay kit
(KeyGEN BioTECH, Jiangsu, China) according to the manufacturer’s
instructions.

Transmission electron microscopy (TEM) was performed to directly
investigate MSC-EVs, as previously described [27]. Following fixation
with 2.5 % glutaraldehyde at 4 °C for 1 h, samples were adsorbed onto
formvar/carbon-coated grids, negatively stained with 3 % aqueous
phosphotungstic acid, and examined using TEM. Nanoparticle tracking
analysis (NTA) was conducted using a ZetaView PMX 120 (Particle
Metrix, Germany) equipped with an sCMOS camera. Data were analyzed
using NTA software (ZetaView, version 8.05.14.SP7) to determine
MSC-EV size distribution.

2.3. Clinical data and liver specimen collection

This study was approved by the Ethics Committee of the Third
Affiliated Hospital of Sun Yat-sen University (Guangzhou, China), and
informed consent was obtained from all participants. Paired liver spec-
imens from donors of varying ages were collected during two phases of
orthotopic liver transplantation (OLT)—ischemia and reperfusion—at
the Department of Hepatic Surgery and Liver Transplantation Center of
the Third Affiliated Hospital of Sun Yat-sen University between May
2020 and November 2021. Ischemic grafts were harvested within 3 h of
cold perfusion, and reperfusion tissue samples were obtained within 2 h
of hepatic artery anastomosis. Serum alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) levels were recorded for the cor-
responding recipients from postoperative day 1 (POD1) to POD?7.

2.4. Animals

All experimental animals used in this study were C57BL/6 mice.
Aged mice (20-24 months) and young mice (2 months) were obtained
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Fig. 1. Extraction procedures and characteristics of MSC-EVs and their distribution in the aged HIRI. A: The purification process of MSC-EVs. B: Representative
images of TEM to show the morphology of MSC-EVs (Left, scale bar = 500 nm. Right, scale bar = 100 nm). C: NTA assays showing the size distribution of MSC-EVs. D:
Western blotting assays showing the characterization of MSCs and MSC-EVs. E-F: DiR-labeled MSC-EVs accumulated in the liver of aged HIRI model, shown by in vivo

(E) and in vitro (F) fluorescence at 6 and 24 h (n = 3, per group). G: Representative images of IF staining assays showing the distribution of DiR-EVs in hepatocytes
(scale bar = 20 pm). All in vitro experiments were repeated at least three times.
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from the Model Animal Research Center of Nanjing University (Nanjing,
China). Animals were housed in the Experimental Animal Center of Sun
Yat-sen University under specific pathogen-free (SPF) conditions (22 °C,
50 % humidity, 12-h light/dark cycle) and provided with standard ro-
dent chow and water ad libitum. All procedures were performed in
accordance with the Guidelines for Animal Experimentation of Sun Yat-
sen University and approved by the Animal Care and Use Committee of
Third Affiliated Hospital of Sun Yat-sen University (Guangzhou, China),
adhering to relevant Chinese legislation regarding the use of experi-
mental animals.

2.5. Establishment of the mouse HIRI model

The establishment of the mouse HIRI model followed a previously
described protocol [13]. Briefly, mice were anesthetized with sodium
pentobarbital (100 pL/10 g body weight, 1 % solution) and subjected to
a laparotomy. Atraumatic vascular clamps were then applied to the
vessels supplying the middle and left hepatic lobes for 90 min to induce
ischemia. Reperfusion was initiated by clamp removal. At
pre-determined time points, mice were euthanized, and serum and liver
tissue samples were collected.

2.6. Tracking MSC-EVs in the aged HIRI model

To investigate the distribution of MSC-EVs in the aged HIRI model,
MSC-EVs were labeled with the lipophilic dye 1,1-dioctadecyl-3,3,3',3'-
tetramethylindotricarbocyanine iodide (DiR; Thermo Fisher Scientific,
USA) according to the manufacturer’s protocol. The resulting DiR-
labeled MSC-EVs were then administered to the aged HIRI model via
tail vein injection. In vivo biodistribution of MSC-EVs at selected time
points was assessed using a Bruker Small Animal Optical Imaging Sys-
tem (In-Vivo Xtreme II; Billerica, MA). Subsequently, the heart, lung,
liver, spleen, and kidneys were harvested from each mouse, and the
fluorescence intensity of DiR-labeled MSC-EVs in these organs was
measured using the same imaging system.

2.7. Assessment of liver injury

Serum ALT, AST, and lactate dehydrogenase (LDH) activities were
measured using an A7180 Biochemical Analyzer (Hitachi, Japan). Liver
samples were fixed in 4 % paraformaldehyde (PFA), embedded in
paraffin, sectioned at 4 pm thickness, and stained with hematoxylin and
eosin (H&E). Two independent investigators, blinded to the experi-
mental groups, assessed the severity of hepatic injury in each sample
using a light microscope (Leica, Germany). Hepatic injury was histo-
logically scored according to Suzuki’s criteria. For each section, five
randomly selected fields were evaluated and assigned a score of 0, 1, 2,
3, or 4. The final Suzuki score for each section was determined by
calculating the mean score of the five fields.

2.8. Immunohistochemistry (IHC) staining

Four-micrometer liver sections were deparaffinized, rehydrated,
subjected to antigen retrieval using sodium citrate buffer, and blocked
with QuickBlock Blocking Buffer (Beyotime, Shanghai, China). Subse-
quently, sections were incubated overnight at 4 °C with a primary
antibody against SLC39A14 (1:50; Affinity, Australia), followed by a 1-h
incubation with a secondary antibody and staining with a Dako REAL
EnVision Detection System (Copenhagen, Denmark). IHC scoring was
performed by two pathologists blinded to the experimental groups,
evaluating five fields per section. The IHC score was calculated as the
product of IHC staining intensity and staining area. IHC staining in-
tensity was graded as strong (4), moderate (3), weak (2), or negative (1).
The staining area was scored based on the percentage of positively
stained cells: 75-100 % (4), 50-75 % (3), 25-50 % (2), and 0-25 % (1).
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2.9. Western blotting assay

Samples were lysed with cold radioimmunoprecipitation assay
(RIPA) buffer containing a protease inhibitor cocktail (KeyGEN
BioTECH, Jiangsu, China), 10 % sodium dodecyl sulfate (SDS), 0.1 %
Triton X-100, 2 mM ethylenediaminetetraacetic acid (EDTA), 50 mM
Tris-HCI (pH 7.4), 10 % sodium deoxycholate, and 150 mM NaCl. The
resulting lysates were then subjected to 10 % SDS-polyacrylamide gel
electrophoresis (PAGE) to separate proteins, followed by transfer to
polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA,
USA). Membranes were blocked with 5 % nonfat milk for 1 h at room
temperature and incubated overnight at 4 °C with primary antibodies
against: ACSL4 (1:1000; Abcam, Cambridge, UK); CDGSH iron-sulfur
domain-containing protein 1 (CISD1; 1:1000; Abcam, Cambridge, UK);
ferritin heavy chain 1 (FTH1; 1:1000; Abcam, Cambridge, UK); GPX4;
1:1000; Abcam, Cambridge, UK); nuclear factor erythroid 2-related
factor 2 (NRF2; 1:1000; Affinity, Australia); solute carrier family 39
member 4 (SLC39A14; 1:1000; Affinity, Australia); CD81 (1:1000;
Abcam, Cambridge, UK); CD63 (1:1000; Abcam, Cambridge, UK);
glucose-regulated protein 94 (GRP94; 1:1000; Abcam, Cambridge, UK);
and tumor susceptibility gene 101 protein (TSG101; 1:1000; Abcam,
Cambridge, UK). After washing, membranes were incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies (anti-
mouse IgG [1:5000; Cell Signaling Technology] or anti-rabbit IgG
[1:5000; Sigma-Aldrich]) for 1 h at room temperature with gentle
agitation. Immunoreactive bands were visualized using an enhanced
chemiluminescence substrate (ECL; Merck KGaA, Darmstadt, Germany)
and a ChemiDoc™ MP Imaging System (Bio-Rad, CA, USA).

2.10. Total RNA extraction and quantitative real-time polymerase chain
reaction (RT-qPCR)

Total RNA was extracted using TRIzol® Reagent (Invitrogen, Life
Technologies, USA) according to the manufacturer’s protocol. RNA
purity and concentration were determined using a UV-visible spectro-
photometer (BioMate 3S, Thermo Scientific, USA). RNA was reverse-
transcribed to cDNA using a Transcriptor First Strand cDNA Synthesis
Kit (Roche Applied Science, USA). Subsequently, cDNA templates were
amplified using a PCR Thermal Cycler (Bio-Rad, USA). Quantitative real-
time PCR was performed using a SYBR® Green Master Mix (Roche
Applied Science) and a LightCycler® 480 System (Roche, USA). -actin
served as an internal control. All primers used in this study were
designed and purchased from RiboBio Co., Ltd. (Guangzhou, China). The
primer sequences are listed in Table S1 of Supplementary file.

2.11. Quantification of oxidative stress markers

Malondialdehyde (MDA), superoxide dismutase (SOD), and gluta-
thione (GSH) concentrations in each group were determined in liver
tissue homogenates. Briefly, liver tissues were homogenized in cold sa-
line (10 % w/v), and the resulting supernatants were assayed for MDA,
SOD, and GSH using commercially available kits (Jiangcheng Bioengi-
neering Institute, Nanjing, China) according to the manufacturer’s
instructions.

Dihydroethidium (DHE; MCE, NJ, USA) was used to measure reac-
tive oxygen species (ROS) generation. Samples were incubated with pre-
warmed DHE for 30 min at 37 °C in the dark and then imaged using a
fluorescence microscope with excitation/emission wavelengths of 518/
616 nm. Five fields of view were imaged per sample, and the mean DHE
fluorescence intensity was calculated by averaging the values from these
five fields. Intracellular ROS detection was performed using a 585/42
nm bandpass filter for DHE fluorescence. Data were expressed as mean
fluorescence intensity (MFI).
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2.12. Lipid peroxidation analysis

To assess the degree of lipid peroxidation, samples were incubated
with C11-BODIPY reagent (GLPBIO, Montclair, CA) for 30 min at 37 °C
in the dark, gently washed with phosphate-buffered saline (PBS), fixed
with 4 % PFA, and mounted with a 4',6-diamidino-2-phenylindole
(DAPI)-containing mounting medium. Samples were then examined
using an upright epifluorescence microscope (Leica, Germany). A shift in
fluorescence from magenta to green indicated a transition from non-
oxidized to oxidized lipids. In tissue samples, the ratio of oxidized
lipids was determined by dividing the number of cells exhibiting lipid
peroxidation by the total number of cells. Five fields were imaged per
sample, and the final ratio of oxidized lipids for each sample was
calculated as the average of the ratios from the five fields. In primary
cells and organoids, lipid peroxidation was quantified by calculating the
ratio of mean green fluorescence intensity (oxidized BODIPY Cl11
[excitation/emission: 581/591 nm]) to mean red fluorescence intensity
(reduced BODIPY C11 [excitation/emission: 581/591 nm]) per cell.

2.13. RNA sequencing and bioinformation analysis

Total RNA was extracted from liver tissues, and mRNA was purified
using poly(T) oligo-attached magnetic beads. cDNA libraries were con-
structed using the NEBNext® Ultra™ RNA Library Prep Kit for Illu-
mina® (New England Biolabs [NEB], Ipswich, MA, USA). Sample
clustering was performed using a cBot Cluster Generation System with
the TruSeq PE Cluster Kit v3-cBot-HS (Illumina, San Diego, CA, USA).
Libraries were sequenced on an Illumina NovaSeq platform, generating
150 bp paired-end reads. For data analysis, quality control was initially
performed to obtain clean reads by removing low-quality reads from the
raw data. Clean reads were then aligned to the reference genome ob-
tained from an appropriate genome database. Gene-level read counts
were quantified using featureCounts (v1.5.0-p3). Differential gene
expression analysis was performed using the DESeq2 R package (version
1.16.1) was used to compare. The p-values were adjusted for multiple
testing using the Benjamini-Hochberg method to control the false dis-
covery rate (FDR). Kyoto Encyclopedia of Genes and Genomes (KEGG)
and Gene Ontology (GO) pathway enrichment analyses were performed
using the clusterProfiler R package.

2.14. Animal adeno-associated virus-8 (AAV8) injection and processing

AAVS8 generation: siRNA targets were designed based on SLC39A14
transcripts and primers were arranged for synthesis. The single-stranded
primers were annealed into double-stranded Oligo sequences and con-
nected to the double-enzymatic linear zed RNA interference vector
(Hanbio Biotechnology Co., Ltd.). Knockdown efficiency was evaluated
by by measuring the reduction in Enhanced Green Fluorescent Protein
(EGFP) fluorescence of HEK293 cells, which were co-transfected with an
EGFP-tagged SLC39A14 expression vector and individual SLC39A14-
shRNA expression vectors. The most effective sequence was chosen
and the selected oligos were then cloned into the linear zed pHBAAV-
U6-MCS-CMV-EGFP vector (Hanbio Biotechnology Co., Ltd.) using T4
DNA ligase.

AAV8-SLC39A14 (1 x 10'2? viral genomes-mL’l, sequence:
NM_144808.4:259-1728 (detailed sequence included in Table S2 of
supplementary file)) and AAV8-shSLC39A14 (1 x 10'% viral
genomes-mL™!, sequence: 5-GCAGGCTCTCTTCTTCAACTT-3), pur-
chased from Hambio Biotechnology (Vectors: pHBAAV-U6-MCS-CMV-
EGFP, pAAV-RC, pHelper, Shanghai, China), were administrated
through the tail intravenous injection to specially overexpress or
downregulate the expression of hepatocellular SLC39A14 in vivo. The
mice were injected with AAV8-empty vectors as normal control groups.
As AAVS8 contains the green fluorescent protein gene (GFP), bio-
distribution was assessed four weeks post-injection using a Bruker small
animal optical imaging system. The efficacy of SLC39A14
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overexpression and knockdown was confirmed by RT-qPCR and Western
blot analysis.

2.15. Isolation and identification of mouse primary hepatocytes

Primary hepatocytes were isolated from 20- to 24-month-old C57BL/
6 mice. Following perfusion via the portal vein with pre-warmed Hanks’
Balanced Salt Solution (HBSS; Thermo Fisher Scientific, UK) containing
collagenase type H (1 mg/mL; Sigma-Aldrich, St. Louis, MO, USA), livers
were excised and dissociated through a 70-pm cell strainer. Samples
were centrifuged at 50xg for 5 min at 4 °C, the supernatant was dis-
carded, and the cell pellet was resuspended in complete medium. This
suspension was gently overlaid onto 90 % Percoll (GE Healthcare, USA)
and centrifuged at 200xg for 10 min at 4 °C to isolate primary hepa-
tocytes. The resulting cell pellet was cultured in DMEM/Ham’s F-12
medium (Thermo Fisher Scientific, UK) supplemented with 10 % fetal
bovine serum (Gibco, Carlsbad, CA, USA), 1 % penicillin-streptomycin,
100X Insulin-Transferrin-Selenium (Gibco, Carlsbad, CA, USA), and 100
nM dexamethasone (Sigma-Aldrich) in a humidified incubator at 37 °C
with 5 % CO,. Immunofluorescence (IF) staining for cytokeratin 18
(CK18) was performed to assess the purity of the isolated primary
hepatocytes.

2.16. The construction and culture of human liver organoids (hLOs)

Next, hLOs were generated from liver tissue obtained during hepa-
tectomy procedures from three independent older patients (>60 years of
age) at the Department of Liver Surgery, Third Affiliated Hospital of Sun
Yat-sen University (Guangzhou, China). The Ethics Committee of Third
Affiliated Hospital of Sun Yat-sen University (Guangzhou, China)
approved the use of these samples for research, and all patients provided
informed consent. The University of Wisconsin solution (also named UW
solution) refers to the preservation solution used to preserve the donor
organ during organ transplantation [28,29]. In this study, the liver tis-
sues obtained from the operating room was promptly preserved in the
UW solution at 4 °C for transportation to the laboratory. Subsequently,
the tissue was enzymatically digested with collagenase/Accutase,
washed with DMEM/F-12 at 4 °C, and centrifuged at 400xg for 5 min.
The resulting cell pellets were resuspended in Matrigel (Corning, New
York, USA) and seeded in 48-well plates at a density of 10,000 cells/-
well. After 14 days, the organoids were mechanically dissociated into
smaller fragments, washed in DMEM/F-12 at 4 °C, resuspended in
Matrigel, and cultured in a human liver organoid medium (ORGEN
BIOTECH, Guangzhou, China).

2.17. p-galactosidase (p-gal) assay

B-galactosidase activity in primary hepatocytes was assessed using a
Senescence Cells Histochemical Staining Kit (Sigma-Aldrich, St. Louis,
MO, USA) according to the manufacturer’s instructions. Following two
washes with PBS, samples were fixed with fixation buffer for 5 min at
room temperature. Subsequently, samples were incubated with staining
mixture (pH 6.0) overnight at 37 °C. Microscopic analysis was per-
formed using an inverted light microscope (Leica, Germany).

2.18. Establishment of hypoxia-reoxygenation (H/R) model

The H/R model, designed to replicate HIRI as previously described
[12], was implemented as follows. Samples were initially cultured in a
serum-free medium and subjected to a hypoxic environment (1 % O, 5
% CO3, 94 % Ny) for a period of 4 h. Subsequently, the medium was
replaced with a complete medium, and samples were transferred to a
normoxic incubator for a 2-h reoxygenation period.
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2.19. TEM assays

Fresh tissue blocks, not exceeding 1 mm? in size, were rapidly
excised using a sharp blade within a timeframe of 1-3 min. Subse-
quently, these blocks were post-fixed in 1 % osmium tetroxide (0sO4) in
0.1 M phosphate buffer (PB, pH 7.4) for 2 h at room temperature, pro-
tected from light. Further sample processing was performed by Serv-
icebio (Wuhan, China). Transmission electron microscopy was
employed to examine mitochondrial ultrastructural alterations and
evaluate the extent of ferroptosis in the designated samples.

2.20. Calcein-AM/PI double staining

To quantify the extent of in vitro cell death, a Calcein-AM/propidium
iodide (PI) staining assay was performed. Following treatment accord-
ing to the experimental design, samples were washed with PBS, incu-
bated with calcein AM and PI (1:1,000, Beyotime, China) at 37 °C for 30
min, and subsequently analyzed using an Incucyte® Live-Cell Analysis
system (Sartorius, Germany) to distinguish live (green fluorescence) and
dead (red fluorescence) cells. The cell death ratio was calculated as the
number of dead cells divided by the total cell count. Five fields of view
were imaged per sample, and the final reported cell death ratio for each
sample represents the average of these five measurements.

2.21. If staining

Following fixation in 4 % PFA for 30 min and permeabilization with
0.5 % Triton X-100 for 5 min at ambient temperature, samples under-
went a blocking step with 3 % bovine serum albumin (BSA) to mitigate
non-specific antigen binding. Subsequently, samples were incubated
with primary antibodies at 4 °C overnight (Alb; 1:200; Abcam, Cam-
bridge, UK; CK18; 1:200; Abcam, Cambridge, UK; HNF4-a; 1:200;
Abcam, Cambridge, UK; Ki67; 1:200, Abcam, Cambridge, UK; LGRS5,
1:100; Abcam, Cambridge, UK), followed by incubation with fluo-
rescently labeled secondary antibodies (1:500, Invitrogen, USA) for 1 h
at room temperature under dark conditions. Nuclear counterstaining
was performed using DAPI for 2 min at room temperature. Imaging was
conducted using a confocal microscope (Zeiss 880, Nikon Instruments,
Melville, New York, USA).

2.22. Microarray analysis of miRNAs

Total RNA was extracted from MSC-EVs using TRIzol reagent. RNA
quantity and quality were subsequently determined using a NanoDrop
ND-1000 spectrophotometer, while RNA integrity was assessed via
denaturing agarose gel electrophoresis. Samples were then labeled with
Cyanine 3-pCp using T4 RNA ligase. Following concentration, drying,
and resuspension, the labeled complementary RNA (cRNA) was frag-
mented using a Blocking Agent and Fragmentation Buffer, incubated at
60 °C for 30 min, and diluted in GE hybridization buffer. This hybridi-
zation solution was applied to gene expression microarray slides and
incubated for 17 h at 65 °C in an Agilent Hybridization Oven. Post-
hybridization, arrays were washed, stabilized, and scanned using the
Agilent Microarray Scanner. Array image analysis was performed using
Agilent Feature Extraction software (version 11.0.1.1). Quantile
normalization and data processing were conducted using the Gene-
Spring GX v12.1 software package (Agilent Technology). Detected
microRNAs (miRNAs) were selected for subsequent analysis.

2.23. Dual-luciferase reporter assay

To investigate the interaction between miR-1275 and its target gene,
SLC39A14, two plasmids were generated: a wild-type construct
(SLC39A14-3'UTR-WT) and a mutant construct harboring alterations
within the miR-1275 binding site of the SLC39A14 3'UTR (SLC39A14-
3'UTR-MUT). These constructs were subsequently cloned into a
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luciferase reporter vector (GeneChem, Shanghai, China). HEK-293T
cells were co-transfected with either the wild-type or mutant
SLC39A14 plasmids and either a negative control (NC) or miR-1275
mimic or miR-1275 inhibitor, using Lipofectamine 3000 (Invitrogen,
USA). Luciferase activity was then assessed using a dual-luciferase re-
porter assay system (Promega, USA), with Renilla luciferase serving as
an internal control. Luminescence measurements for both Firefly and
Renilla luciferase were conducted according to the manufacturer’s
protocol.

2.24. RNA fluorescence in situ hybridization (RNA-FISH)

RNA-FISH was carried out to investigate the distribution of miR-
1275 in MSCs using a Fluorescent in Situ Hybridization Kit (RiboBio,
Guangzhou, China) according to the previously described [30]. After
that, the cells were observed under a Zeiss 880 confocal microscope
(Nikon Instruments, Melville, New York, USA).

2.25. miRNA treatment

Mimic or inhibitor molecules of miR-1275, procured from RioBio
(Guangzhou, China), were introduced into specified cell lines to induce
overexpression or knockdown of miR-1275, respectively. Transfection
was performed using Lipofectamine 3000 (Invitrogen, USA) according
to the manufacturer’s instructions. Cells were transfected at 80-90 %
confluence. Following a 48-h transfection period, the culture medium
was replaced with DMEM supplemented with 10 % FBS for subsequent
experimentation.

2.26. Assessment of iron concentration levels

1) Iron levels in liver tissue were assessed via Perl’s Prussian blue
staining. Tissue sections mounted on slides were processed as fol-
lows: Following staining, slides were rinsed with distilled water and
incubated in a 0.3 % hydrogen peroxide (H205) solution in methanol
for 20 min to quench endogenous peroxidase activity. Subsequently,
an intensifying solution (PBS containing 0.05 % 3,3-Dia-
minobenzidine [DAB], 0.025 % cobalt chloride [CoCl,], and 0.015 %
H50,) was applied for 15 min, and the reaction was terminated by
rinsing with distilled water. Finally, slides were counterstained with
either hematoxylin QS or neutral red and examined using an inverted
microscope.

2) The Iron Assay Kit (Abcam, USA) was also employed to determine
the iron concentration in a series of in vivo and in vitro experiments
according to the manufacturer’s instructions. The assay was per-
formed as follows: standard wells were prepared by aliquoting 100
pL of serially diluted iron standard solutions, while sample wells
were loaded with 2-50 pL of experimental samples, with volumes
adjusted to 100 pL/well using Iron Assay Buffer. Subsequently, 5 pL
of Iron Reducer was added to all standard wells, and for iron (II)-
specific quantification, 5 pL of Assay Buffer was added to sample
wells. The plate was thoroughly mixed and incubated at 37 °C for 30
min under standard atmospheric conditions. After incubation, 100
pL of Iron Probe was added to each well, and the plate was protected
from light, gently mixed, and further incubated at 37 °C for 60 min.
Absorbance was immediately quantified using a microplate reader at
an optical density of 593 nm (OD593). The iron quantification data
were analyzed according to absorbance values.

2.27. RNA knockdown and overexpression

Plasmids for human SLC39A14 knockdown (sh-SLC39A14) and
overexpression (oe-SLC39A14) were designed and produced by Miaol-
ing Biology (Wuhan, China). The plasmid sequences are as follows: sh-
SLC39A14: pLV3-U6-SLC39A14(human)-shRNA-CopGFP-Puro. oe-
SLC39A14: pLV3-CMV-SLC39A14(human)-3 x FLAG-CopGFP-Puro.
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Plasmid transfection was carried out using ViaFect Transfection Reagent
(Promega, Madison, WI, USA) following the manufacturer’s protocol.
For siRNA-mediated knockdown, Lipofectamine 3000 reagent (Invi-
trogen, Carlsbad, CA, USA) was utilized according to the standard pro-
cedures. Following a 48-h transfection period with either plasmids or
siRNAs (concentration: 50 nmol/L), the cells were subsequently exposed
to hypoxia/reoxygenation (H/R). The efficiency of overexpression and
knockdown was confirmed through Western blot analysis and quanti-
tative reverse transcription polymerase chain reaction (qQRT-PCR).

2.28. RNA immunoprecipitation

RNA immunoprecipitation was performed as described previously
[31]. Cells were co-transfected with HA-Ago2 and 100 nM miR-1275
mimic or inhibitor. Subsequently, cells were lysed in a buffer contain-
ing 10 mM HEPES (pH 7.4), 0.5 % NP-40, 100 mM KCl, and 5 mM
MgCl,. HA-Ago2 immunoprecipitation was performed using an
HA-antibody. Protein A agarose was used to capture the immune com-
plex, followed by six washes with a buffer containing 5 mM MgCl2, 10
mM HEPES (pH 7.4), 150 mM KCl, and 0.1 % NP-40. Co-immunopre-
cipitated RNAs were eluted using TRIzol reagent (Thermo Fisher, USA).
The relative enrichment of SLC39A14 and miR-1275 in the
RNA-induced silencing complex (RISC) was determined by RT-qPCR.
GAPDH was used as a negative control.

2.29. Statistical analysis

The data are expressed as mean + standard deviation (SD) or indi-
vidual values, as appropriate. Statistical comparisons between two
groups were performed using unpaired two-tailed Student’s t-tests,
whereas comparisons involving multiple groups were analyzed by one-
way analysis of variance (ANOVA). All statistical analyses were per-
formed using GraphPad Prism 8 software (San Diego, CA). The number
of biological replicates is indicated in the figure legends. A p-value
<0.05 was considered statistically significant.

3. Results
3.1. Characterization of MSC-EVs and their distribution in the aged HIRI

In the present study, MSCs isolated from umbilical cords exhibited a
fibroblast-like morphology and demonstrated the capacity to differen-
tiate into adipogenic and osteogenic lineages (Supplementary
Figs. 1A-1B). Flow cytometry analysis confirmed the MSC phenotype,
characterized by positive expression of CD73, CD90, and CD105, while
simultaneously demonstrating negative expression of CD11b, CD19,
CD45, CD34, and HLA-DR (Supplementary Fig. 1C). Subsequently, MSC-
conditioned medium (MSCs-CM) was collected and subjected to a series
of ultracentrifugation steps to isolate MSC-EVs (Fig. 1A). Transmission
electron microscopy (TEM) revealed that the MSC-EVs had a round
morphology with a distinct bilayer membrane (Fig. 1B). The size dis-
tribution of the MSC-EVs ranged from 30 to 150 nm (Fig. 1C). Western
blot analysis further corroborated the isolation of MSC-EVs, demon-
strating the presence of exosomal markers, including CD81, CD63, and
TSG101, while simultaneously confirming the absence of the endosomal
marker Grp94 (Fig. 1D). Collectively, these findings demonstrated the
successful isolation of MSC-EVs.

To visualize the distribution of MSC-EVs in the aged HIRI model, we
labeled them with DiR dye and subsequently administered them to the
HIRI model via tail vein injection. At 6 and 24 h post-administration of
DiR-labeled MSC-EVs, in vivo fluorescence imaging revealed a strong
fluorescent signal concentrated in the liver at both time points (Fig. 1E).
These findings were corroborated by in vitro fluorescence imaging of
heart, lung, liver, spleen, and kidney tissues (Fig. 1F). Furthermore,
fluorescence staining of tissue sections demonstrated that the punctate
DiR fluorescent hotspots were predominantly localized within
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hepatocytes (ALB-positive cells) (Fig. 1G).
3.2. MSC-EVs attenuate aged HIRI by inhibiting ferroptosis

To investigate the effects of MSC-EVs on the attenuation of aged
HIRI, we treated an aged HIRI model with MSC-EVs. Serum and liver
tissues were collected at 12 h after treatment (Fig. 2A). As depicted in
Fig. 2B-D, serum levels of ALT, AST, and LDH were significantly
elevated in the aged HIRI group compared to the normal group. MSC-
EVs treatment significantly attenuated this elevation. H&E staining
revealed significant pathological changes associated with aged HIRI,
including necrotic areas, disrupted hepatic lobules, and inflammatory
cell infiltration. These pathological alterations were significantly
ameliorated by MSC-EVs treatment, as evidenced by a reduced Suzuki
score (Fig. 2E-F).

Next, C11 BODIPY staining was used to assess lipid peroxidation,
which is a hallmark of ferroptosis. The results demonstrated increased
lipid peroxidation in the aged HIRI group compared to the normal
group, which was significantly suppressed by MSC-EV treatment
(Fig. 2G-H). Furthermore, Western blot analysis revealed that aged HIRI
was associated with downregulated expression of ferroptosis-inhibitory
proteins (NRF2, FTH1, GPX4) and upregulated expression of ferroptosis-
promoting molecules (CISD1, TFRC, ACSL4). MSC-EV treatment effec-
tively reversed these alterations (Fig. 2K and Supplementary Fig. 2E).
Dihydroethidium (DHE) staining and biochemical assays for MDA, GSH,
and SOD were performed to evaluate oxidative stress. The results
demonstrated a significant increase in ROS production in the liver tis-
sues of the aged HIRI group. MSC-EV treatment effectively suppressed
ROS production of aged HIRI (Fig. 2I-J and 2L-2N).

To further investigate whether the protective effects of MSC-EVs in
HIRI of aged HIRI are mediated by ferroptosis inhibition, we co-
administered MSC-EVs with erastin, a known ferroptosis inducer by
downregulating SLC7A11, to treat aged HIRI. SLC7A11 (also known as
xCT), as the functional subunit of system xc—, is demonstrated to
facilitate cystine uptake for glutathione (GSH) synthesis. Previous
studies have demonstrated that Erastin-mediated SLC7A11 inhibition
could drive ferroptosis (the upregulation of TFRC, ACSL4, and CISD1
and the degradation of GPX4, NRF2, and FTH1) through the depletion of
glutathione, lipid metabolism reprogram, accumulation of lipid perox-
ides, and the disruption of iron homeostasis [32-38]. We first confirmed
that erastin induced ferroptosis in our model by assessing SLC7A11
levels under the indicated treatment conditions (Supplementary
Figs. 2A-2D). Subsequently, we observed that erastin significantly
attenuated the protective effects of MSC-EVs in aged HIRIL This was
evidenced by: (1) reversal of the decrease in lipid peroxidation and ROS
accumulation, (2) upregulation of ferroptosis-promoting proteins
(CISD1, TFRC, ACSL4), and (3) downregulation of ferroptosis-inhibitory
proteins (NRF2, GPX4, FTH1) (Fig. 2G-N and Supplementary Fig. 2E). In
addition, erastin significantly mitigated the ability of MSC-EVs to
improve serum transaminase levels and alleviate liver injury in aged
HIRI (Fig. 2B-F). Collectively, these findings provide strong evidence
that MSC-EVs exert their protective effects in aged HIRI, at least in part,
through the inhibition of ferroptosis.

3.3. MSC-EVs inhibit ferroptosis of aged hepatocytes during hypoxia/
reoxygenation (H/R) treatment

Based on the in vivo findings, we further validated the efficacy of
MSC-EVs in mitigating aged-related HIRI by investigating their effects
on ferroptosis in vitro. Primary hepatocytes were isolated from aged mice
and their physiological characteristics were assessed (Fig. 3A-B and
Supplementary Fig. 3A). MSC-EVs labeled with PKH26 were incubated
with the isolated aged hepatocytes for 6 h. Confocal microscopy
revealed that the PKH26-labeled MSC-EVs (red fluorescence) were
effectively internalized by the aged hepatocytes (Fig. 3C). An in vitro H/
R model was established to simulate HIRI. Aged hepatocytes were



Y. Gong et al. Redox Biology 81 (2025) 103556
A B C D
Sham' IR-EVs Sham ' IR-EVs Sham  IR-EVs
- IR IR-EVs-erastin IR IR-EVs-erastin IR IR-EVs-erastin
am
Ischemia{[&wS 100007 ., ok 8000 wow, Sy
IR-EVs-erastin — 8000 HrN o
| : £ 3 6000
Reperfusion 5 35
E — = 6000 =
B 90min I 12h I e — 4000
agotiver EVs(1X10°particle)  sacrifice <—(' 4000 2
2000 2000
0
Groups Groups Groups
E . F Sham' IR-EVs
Sham IR IR-EVs IR-EVs-erastin e IR EUs
s N e TR R R 4o EEE
. i e =
o3 ; 7
== : = Z 24
5 =
N 14
200um
RO 1)
G 04
3 Groups
a
= H Sham = IR-EVs
® IR IR-EVs-erastin
% G 0.8  sxx
dk ok
X ko]
CX) “5 E-O'B .| *kk
o 278 0.4
o o.N
, o 32 0.2
63 Q
Z R Groups
] J
é Sham ' IR-EVs

w
5
N2
B i g N meemmmr,
cISD1 12KDa - st
ACSL4 | = e == | 79KDa 2 v 7]
TFRC | - Wpw @ | 90KDa g
NRF2 | =8 - 110KDa z
GPX4 | em— e ommm— }17KDa g
FTH1 | = e | 21KDa
GAPDH | e e wee == | 37KDa St

IR-EVs-erastin

Groups
M Sham ' IR-EVs N Sham " IR-EVs
IR IR-EVs-erastin IR IR-EVs-erastin
15 ek 1209 s
S o ° HEE k.
= a 90
2 10 == o
= £
2 = 60
=]
% =
0] o) 30
%]
Groups Groups

Fig. 2. MSC-EVs alleviates the aged HIRI model by mitigating ferroptosis. A: The establishment process of the aged HIRI model. B-D: The serum levels of ALT, AST,
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Statistical significance was determined by one-way ANOVA. Data are expressed as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. IR,

ischemia reperfusion. EVs, MSC-EVs.

subjected to H/R and subsequently treated with either MSC-EVs or MSC-
EVs in combination with erastin. C11 BODIPY and DHE staining
demonstrated that H/R induced ferroptosis in aged hepatocytes. MSC-
EV treatment effectively attenuated this ferroptosis, while the co-
treatment with erastin significantly abrogated the protective effects of
MSC-EVs (Fig. 3D-E and Supplementary Figs. 4A-4B). It is well-
established that ferroptosis is characterized by morphological changes
in mitochondria, including shrinkage and loss of cristae. TEM analysis
revealed similar mitochondrial morphological alterations in all four
experimental groups (Fig. 3H). Western blot analysis further confirmed
the inhibitory effects of MSC-EVs on ferroptosis in the aged H/R model.
These effects were significantly attenuated by co-treatment with erastin

(Fig. 31 and Supplementary Fig. 4C). In addition, Calcein-AM/PI double
staining revealed that the activation of ferroptosis significantly weak-
ened the ability of MSC-EVs to inhibit cell death in aged hepatocytes
following H/R injury (Fig. 3F-G).

To further investigate the therapeutic potential of MSC-EVs in an ex
vivo model, we established aged hLOs using liver tissue samples obtained
from patients aged over 60 years who underwent hepatectomy. The
detailed procedure for establishing aged hLOs is shown in Supplemen-
tary Fig. 5A. As previously reported [39], our aged hLOs exhibited a
dense, spheroid-like morphology with a thicker cell layer. Immunoflu-
orescence staining confirmed the expression of hepatocyte-specific
markers, such as hepatocyte nuclear factor 4a (HNF-4a) and Albumin
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(ALB), as well as markers associated with successful organoid formation,
including Ki67 and Leucine-rich repeat-containing G-protein coupled
receptor 5 (LGR5) (Supplementary Figs. 5B-5C). As shown in Fig. 3J-K,
H/R treatment induced ferroptosis in aged hLOs. MSC-EV treatment
effectively inhibited ferroptosis, while the addition of erastin signifi-
cantly reversed this inhibitory effect. Furthermore, MSC-EVs protected
aged hLOs from ROS production during H/R, and this protective effect
was significantly attenuated by the addition of erastin, as demonstrated
by DHE staining (Fig. 3L-M). Collectively, these findings from in vitro
experiments using both primary hepatocytes and aged hLOs further
support the hypothesis that MSC-EVs exert protective effects in aged
hepatocytes during H/R injury by inhibiting ferroptosis.

3.4. MSC-EVs suppress iron overload in the aged livers via regulating
SLC39A14 expression

To further elucidate the underlying mechanisms by which MSC-EVs
inhibit ferroptosis in the aged HIRI model, we performed RNA-
sequencing analysis. The unique alteration of 2136 genes were identi-
fied in the aged HIRI model, while the expression of 503 genes were
modified after treated with MSC-EVs. Of the 2136 genes, 804 were
upregulated in the aged HIRI model, whereas 28 were downregulated in
the MSC-EV group(Fig. 4A-B). Bioinformatic analysis revealed that the
aged HIRI group exhibited significant enrichment in signaling pathways
related to “Response to oxidative stress”, “Lipid biosynthetic process”,
and “Ferroptosis” compared to the normal group. In contrast, these
pathways were not significantly enriched in the MSC-EV-treated group
(Fig. 4C). Within the “Ferroptosis” signaling pathway, the expression of
SLC39A14 was significantly downregulated in the MSC-EV-treated
group compared to the control group. This finding was further vali-
dated by IHC and RT-qPCR (Fig. 4D-F). SLC39A14 is a critical iron
importer that contributes to intracellular iron overload and subsequent
ferroptosis [40]. Consistent with this finding, we observed a significant
decrease in iron levels in the aged HIRI model following MSC-EV
treatment (Fig. 4G). To further confirm the role of iron accumulation
in ferroptosis-mediated aged HIRI, we utilized Deferoxamine (DFO), an
iron chelator, as a positive control. As shown in Supplementary
Figs. 6A-C, DFO treatment significantly reduced serum levels of ALT,
AST, and LDH in the aged HIRI model compared to the IR group.
Moreover, histopathological analysis revealed that DFO treatment
ameliorated liver injury, with reduced necrotic areas, disrupted hepatic
lobules, and inflammatory cell infiltration, along with a reduced Suzuki
score (Supplementary Figs. 6F-6G). In addition, C11 BODIPY assays and
DHE staining, along with measurements of malondialdehyde (MDA) and
superoxide dismutase (SOD) levels, demonstrated that DFO treatment
effectively inhibited lipid peroxidation and ROS accumulation in the
aged HIRI model (Supplementary Figs. 6D-6E, 6H-6K). Collectively,
these findings strongly suggest that iron accumulation plays a pivotal
role in ferroptosis-mediated aged HIRI. Furthermore, these results
indicate that MSC-EVs may exert their protective effects in aged HIRI by
inhibiting SLC39A14-mediated intracellular iron overload.

To further validate the role of SLC39A14 in H/R injury, we trans-
fected aged hepatocytes with shRNA targeting SLC39A14 to knock down
its expression (Supplementary Fig. 7A). SLC39A14 sownregulation
significantly reduced intracellular iron levels (Fig. 4H) and suppressed
ferroptosis in aged hepatocytes following H/R treatment. This was evi-
denced by decreased C11 BODIPY staining intensity, reduced ROS pro-
duction (assessed by DHE staining), downregulation of ferroptosis-
related proteins, and preservation of mitochondrial morphology with
intact cristae (Fig. 4I-J, Supplementary Fig. 8A-8D and 8G). Further-
more, Calcein-AM/PI double staining demonstrated that knockdown of
SLC39A14 significantly mitigated cell death in aged hepatocytes during
H/R treatment (Supplementary Figs. 8E-8F).

For in vivo experiments, we employed hepatotropic AAV to specif-
ically downregulate SLC39A14 expression in hepatocytes. AAV8 was
engineered to express GFP, enabling direct visualization of hepatocyte
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transduction (Supplementary Fig. 9A). RT-qPCR and Western blot
analysis confirmed the efficient downregulation of SLC39A14 expres-
sion in liver tissues by AAV8-shSLC39A14 (Supplementary Figs. 9B-9E).
SLC39A14 knockdown in the aged HIRI model resulted in a significant
decrease in iron accumulation and inhibition of ferroptosis (Fig. 4K-P
and Supplementary Fig. 9F). Moreover, SLC39A14 knockdown allevi-
ated aged HIRI, as evidenced by reduced serum hepatic enzyme levels
and improved hepatic pathology (Supplementary Figs. 10A-10C and
Fig. 4Q-R). Furthermore, the inhibitory effects of SLC39A14 silencing
on ferroptosis were also observed in the aged hLOs H/R model
(Fig. 45-V).

3.5. SLC39A14 is a critical factor for MSC-EVs to inhibit ferroptosis and
alleviate liver injury in the aged HIRI

To further illustrate the role of SLC39A14 in the aged HIRI, we
clinically collected pairs of donor liver specimens, from both the pre-
perfusion period and reperfusion period, of recipients who received LT
in our center and divided them into two group according to the age of
the donor (young, age <30 years; old, age > 60 years). Considering the
pre-perfusion period as the baseline, we observed a significant increase
in SLC39A14 expression and iron overload in liver tissues during the
reperfusion period. Notably, these changes were more pronounced in
the aged donor group (Fig. 5A-D). Furthermore, recipients with higher
SLC39A14 expression in their graft exhibited more obvious elevated
serum levels of transaminases on POD1 (Fig. 5E). Additionally, these
recipients demonstrated delayed recovery of transaminase levels from
POD1 to POD7 (Fig. 5F-G). The above clinical data showed that aged
liver was more prone to ferroptosis and high levels of ferroptosis were
associated with poor liver function recovery in LT patients. Moreover,
we established HIRI models in both young and old animals. Western blot
analysis revealed significantly lower levels of GPX4 in the livers of aged
animals after reperfusion compared to young animals, accompanied
with high levels of ACSL4 and TFRC (Fig. SH-I). C11 BODIPY staining
demonstrated a similar trend, with more obvious increased lipid per-
oxidation observed in the aged HIRI (Fig. 5J-K).

Subsequently, we overexpressed SLC39A14 in aged hepatocytes to
further verify the roles of SLC39A14-related iron overload in MSC-EVs-
mediated alleviation of aged HIRI. In vivo, we utilized AAV8-SLC39A14.
In vitro, we transfected cells with plasmids encoding SLC39A14
(Supplementary Fig. 7B and Supplementary Fig. 9A, 9C-9E). As shown in
Fig. 6A-B, 6G and Supplementary Figs. 11A-11C and Supplementary
Figs. 12A-12B, 12G-12I, overexpression of SLC39A14 significantly
abrogated the ability of MSC-EVs to inhibit ferroptosis and reduce iron
levels in the aged HIRI model and the aged hepatocyte H/R model.
Furthermore, overexpression of SLC39A14 resulted in increased ROS
production compared to MSC-EV treatment alone (Fig. 6C-D, 6H-61 and
Supplementary Fig. 12C-12D, 12J). Moreover, the hepatoprotective ef-
fects of MSC-EVs on aged livers during IR injury were markedly atten-
uated by the overexpression of SLC39A14 (Fig. 6E-F and Supplementary
Figs. 12E-12F, 12K-12 M). Finally, using the aged hLOs H/R model, we
further demonstrated that the ability of MSC-EVs to inhibit ferroptosis
and mitigate aged HIRI was dependent on its ability to downregulate
SLC39A14 expression (Fig. 6J-M).

3.6. MSC-EVs regulate SLC39A14 expression in the aged hepatocytes H/
R model via delivery of miR-1275

EVs are recognized as crucial mediators of intercellular communi-
cation, as they encapsulate a diverse array of functional components. In
previous studies, we demonstrated that MSC-EVs can ameliorate HIRI by
delivering beneficial cargoes, including MnSOD, CCT2, and functional
mitochondria. Furthermore, we showed that MSC-EVs enhance the
proliferative capacity of aged hepatocytes by transferring DDXS5
[19-22]. Emerging evidence suggests that MSC-EVs also contain a
multitude of miRNAs that exert significant biological functions.
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Fig. 4. MSC-EVs suppressed hepatic SLC39A14 expression and iron accumulation in the aged HIRI model. A-C: The heat map, the profile model and the KEGG
enrichment scatter plot of liver deferentially expressed genes in the Sham, IR and IR-EVs group. D-E: The representative images and related quantification of THC
assays showing the SLC39A14 expression in livers with indicated treatments (scale bar = 100 pm). F: Relative SLC39A14 mRNA levels in each group. G: Tissue iron
levels of the Sham, IR and IR-EVs group. H: Cellular iron levels in each group. I: Western blot analysis depicting the expression levels of ferroptosis-related proteins. J:
Transmission electron microscopy (TEM) images illustrating the abundance of mitochondria. Scale bar: 200 nm. K-L: Representative western blotting images and the
tissue iron levels of the IR-AAV8-sh-NC group and the IR-AAV8-sh-SLC39A14 group, (n = 3, per group). M-R: Representative images and relative quantification of
C11 BODIPY staining, DHE staining, and H&E staining in the two groups (scale bar = 200 pm), (n = 3, per group). S-V: Similar results were also evidenced by
representative images and relative quantification of C11 BODIPY staining, and DHE staining in aged hLOs with indicated treatments, error bars represent the means
of three independent experiments, (scale bar = 20 pm). Statistical significance was determined by one-way ANOVA as appropriate. Data are expressed as mean =+ SD.
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. MFI, mean fluorescence intensity. IR, ischemia reperfusion. EVs, MSC-EVs. sh-NC, shRNA-normal control.
sh-SLC, shRNA-SLC39A14.
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Fig. 5. The clinical significance of SLC39A14 expression in the graft livers following OLT and the ferroptosis levels in young and aged HIRI. A-D: Representative
images and relative quantification of the SLC39A14 expression and the iron expression level (Perl’s stain) in liver tissues before and after reperfusion in young and
old group (Up, scale bar = 100 pm, down, scale bar = 50 pm), (n = 3, per group). E: Recipients with high SLC39A14 expression showed higher levels of serum ALT
and AST at POD1 (n = 5 per group). F-G: Recipients with high SLC39A14 expression showed delayed recovery of ALT and AST from POD1 to POD7 (n = 5 per group).
H-K: Representative images and relative quantification of western blotting assays and C11 BODIPY staining of liver tissues with indicated treatments (n = 3 per
group). Data are expressed as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Y, Young. O, Old. IR, ischemia reperfusion.
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Fig. 6. SLC39A14 is essential for MSC-EVs to attenuate ferroptosis and protect against liver injury in the aged HIRI model. A-F: Representative images and relative
quantification of C11 BODIPY staining (scale bar = 50 pm), DHE staining (scale bar = 50 pm) and H&E staining (scale bar = 200 um) of the Sham, IR, IR-EVs, and the
IR-EVs-AAV8-SLC39A14 group (n = 3 per group). G-I: The levels of Fe>*, MDA and GSH in liver tissues with indicated treatments. J-M: Representative images and
relative quantification of C11 BODIPY staining and DHE staining in aged hLOs with indicated treatments (scale bar = 20 pm). Data are expressed as mean =+ SD. *p <
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Therefore, in this study, we performed microarray analysis to charac-
terize the miRNA expression profile of MSC-EVs. After three biological
replicates, 35 miRNAs were found to be enriched in MSC-EVs (Fig. 7A).
Using the TargetScan and MicroRNA Target Prediction Database
(miRDB) databases, we predicted potential target genes for these miR-
NAs. This analysis suggested that miR-1275 could directly target
SLC39A14 (Fig. 7B). FISH analysis revealed that miR-1275 was pri-
marily localized in the cytoplasm of MSCs (Fig. 7C). To validate the
direct interaction between miR-1275 and SLC39A14, we performed
dual-luciferase reporter assays. The results demonstrated that over-
expression or silenced of miR-1275 significantly influenced the lucif-
erase activity of the reporter construct containing the wild-type
SLC39A14 3'-UTR while having no effect on the luciferase activity of the
reporter construct containing a mutated SLC39A14 3-UTR. These find-
ings suggested SLC39A14 as a direct target gene of miR-1275 (Fig. 7D
and Supplementary Figs. 13A-13B). In addition, treatment with
MSC-EVs significantly increased the expression of miR-1275 in aged
hepatocytes (Supplementary Fig. 14A). To validate the regulatory effect
of miR-1275 on SLC39A14, aged hepatocytes were transfected with
miR-1275 mimic and inhibitor. Following confirmation of transfection
efficiency (Supplementary Figs. 14B-14C), we observed that the
miR-1275 mimic significantly downregulated the expression of
SLC39A14, whereas the miR-1275 inhibitor promoted its expression
(Fig. 7E and Supplementary Figs. 14D-14E). To further confirm the
binding between miR-1275 and SLC39A14, we performed RNA immu-
noprecipitation (RIP) assays. As shown in Supplementary
Figs. 14F-14G, overexpressing miR-1275 could significantly elevate the
recruitment of the SLC39A14 mRNA to the miRNP complex, while
silencing miR-1275 reversed, indicating a direct interaction between
miR-1275 and SLC39A14. To investigate the functional significance of
miR-1275 in MSC-EV-mediated protection, we isolated EVs from MSCs
transfected with the miR-1275 inhibitor and subsequently added them
to aged hepatocytes to compare their hepatoprotective role in the H/R
model. Western blot analysis revealed that when miR-1275 expression
in MSC-EVs was suppressed, the expression of SLC39A14 was signifi-
cantly upregulated, accompanied by an increase in intracellular iron
levels (Fig. 7F and Supplementary Figs. 15A-15B). Moreover, miR-1275
inhibition significantly weakened the anti-cell death effect of MSC-EVs
(Fig. 7G-H) and blocked their potential to inhibit ferroptosis in the
aged hepatocyte H/R model. This was evidenced by a reversal of the
protective effects, as demonstrated by increased lipid peroxidation and
ROS production, a higher abundance of mitochondria with reduced or
disappeared cristae, and altered expression of ferroptosis-related pro-
teins (Fig. 7I-L and Supplementary Figs. 15C-15E). Conversely, trans-
fection of miR-1275 mimic into aged hepatocytes exerted a similar
protective effect similar to that of MSC-EVs during H/R treatment,
suggesting a potential role for miR-1275 in mediating the beneficial
effects of MSC-EVs (Fig. 7G-L and Supplementary Figs. 15C-15E).
Finally, we utilized the aged hLOs H/R model to confirm that the ability
of MSC-EVs to suppress ferroptosis in aged hepatocytes during H/R
treatment was dependent on miR-1275 (Fig. 7M-P).

3.7. MiR-1275 derived from MSC-EVs protects against ferroptosis and
SLC39A14-related iron absorption in the aged HIRI model

Based on the in vitro findings, we further investigated the therapeutic
potential of miR-1275 in vivo. We administered miR-1275 mimics or
MSC-EVs derived from MSCs transfected with a miR-1275 inhibitor
(MSC-EVs™Mitry t6 the aged HIRI model. The results demonstrated that
miR-1275 mimics, similar to MSC-EVs, significantly attenuated liver
injury in the aged HIRI model, evidenced by a reduction in serum levels
of transaminases and an improvement in liver pathology, including a
reduction in necrotic areas, disrupted hepatic lobules, and inflammatory
cell infiltration (Fig. 8A-C and 8F-8G). Furthermore, miR-1275 mimics
effectively limited ROS generation (Fig. 8D, 8H-8I, and Supplementary
Figs. 16A-16B) and suppressed ferroptosis, as evidenced by alterations
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in the expression of ferroptosis-related proteins and reduced lipid per-
oxidation as assessed by Cl11 BODIPY staining (Fig. 8E, 8J-8K and
Supplementary Fig. 16C). In contrast, MSC-EVs™ T exhibited dimin-
ished protective effects against aged HIRI compared to MSC-EVs
(Fig. 8A-K and Supplementary Figs. 16A-16C). To further elucidate
the underlying mechanisms, we assessed the expression of SLC39A14 in
liver tissues from each group. Compared to the control group, the miR-
1275 mimics group exhibited significantly lower SLC39A14 expression.
Moreover, the ability of MSC-EVs to reduce SLC39A14 expression was
attenuated to some extent in the MSC-EVs™P" group (Fig. SL-M).
Consistent with the changes in SLC39A14 expression, we observed that
iron levels in liver tissues followed a similar trend across the five
experimental groups (Fig. 8N-0). Collectively, these findings demon-
strate that miR-1275 plays a crucial role in mediating the protective
effects of MSC-EVs against aged HIRI by inhibiting ferroptosis.

4. Discussion

HIRI following transplantation with aged donor livers significantly
impacts the prognosis of LT. However, due to a limited understanding of
the underlying mechanisms, effective treatments for this patient popu-
lation remain elusive. In this study, we provide hitherto undocumented
evidence that MSC-EVs possess the capacity to attenuate aged HIRI. Our
findings suggest that this protective effect was partly attributable to the
ability of MSC-EVs to suppress iron accumulation in aged hepatocytes,
thereby inhibiting ferroptosis. Furthermore, through comprehensive
miRNA microarray analysis, we identified miR-1275 as a key component
enriched within MSC-EVs. We provide compelling evidence that miR-
1275 is transferred into aged hepatocytes and subsequently down-
regulates the expression of SLC39A14, a critical iron importer. Taken
together, these findings suggest that MSC-EVs represent a promising
nanotherapeutic approach for protecting aged liver grafts during LT.

Current evidence suggests that HIRI can induce severe programmed
cell death in aged hepatocytes. Although interventions targeting hepa-
tocellular apoptosis can partially mitigate aged HIRI, these approaches
may not fully address the underlying mechanisms. Emerging evidence
suggests that other forms of regulated cell death, such as ferroptosis,
may also play a crucial role in the pathogenesis of aged HIRI [41,42].
Ferroptosis, a recently characterized form of iron-dependent, oxidative
cell death, has been implicated in various liver diseases, including he-
patocellular carcinoma [43], liver fibrosis [44], nonalcoholic fatty liver
disease [45], sepsis-induced liver injury [46], and HIRI [47,48]. Aging is
associated with increased susceptibility to ferroptosis due to factors such
as intracellular iron overload, elevated ROS production, and dysregu-
lated lipid metabolism. Previous studies from our research team have
highlighted the significance of ferroptosis in aged HIRI, suggesting that
therapeutic strategies targeting this pathway may offer a more effective
approach to attenuating liver injury in the aging population [12].
However, currently available ferroptosis inhibitors are primarily in the
preclinical stage of development, and their clinical translation remains
uncertain. Therefore, the identification of alternative therapeutic ap-
proaches with high clinical translatability for regulating ferroptosis is of
paramount importance. MSCs have emerged as a promising therapeutic
option for various liver diseases due to their inherent regenerative,
antioxidant, and immunomodulatory properties. Through previous
clinical and experimental researches, we presented their benefits in liver
injury and demonstrated that they adapted to the clinical utilisation of
LT. A growing body of research has focused on MSC-EVs, as they are the
major means for MSCs to perform biological functions. Our previous
studies have demonstrated the hepatoprotective potential of MSC-EVs in
HIRI and aged liver regeneration [19-22]. Given the complex and
diverse nature of their cargo, MSC-EVs exert their biological functions
through a variety of mechanisms. Several studies have reported the
ability of MSC-EVs to inhibit ferroptosis in various disease models. In
this respect, Wei Z et al. demonstrated that MSC-EVs could alleviate
inflammatory bowel disease by inhibiting ferroptosis [25]. Lin F et al.
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Fig. 7. MSC-EVs-derived miR-1275 downregulates SLC39A14 expression and mitigates ferroptosis. A: Microarray analysis of miRNA expression profiles of MSC-EVs
with three biological replicates. B: Potential binding site of miR-1275 and SLC39A14 predicted by TargetScan and miRDB databases. C: Representative image of FISH
assay image showing that miR-1275 is located in the cytoplasm of MSCs (scale bar = 10 pm). D: Dual luciferase reporter analysis showing the binding potential
between miR-1275 and SLC39A14. E: Relative mRNA levels of SLC39A14 of aged hepatocytes treated by mimic miR-1275, mimic-NC, miR-1275 inhibitor and NC-
inhibitor. For aged hepatocyte H/R model, F: Intracellular iron level in IR, IR-EVs, IR-EVs-miRNA-inhibitor, and IR-mimic-miR-1275 group. G-J: Representative
images and relative quantification of Calcein-AM/PI double staining and C11 BODIPY staining of each group (scale bar = 200 pm). K: Representative TEM assays
images showing the mitochondrial morphological characteristics in aged hepatocytes with indicated treatments (scale bar = 200 nm). L: Representative western
blotting images showing the expression of ferroptosis-related proteins in each group. For aged hLOs H/R model, M-P: Representative images and relative quanti-
fication of C11 BODIPY staining and DHE staining in the IR, IR-EVs, IR-EVs-miRNA-inhibitor, and IR-mimic-miR-1275 groups (scale bar = 20 pm). Error bars
represent the means of three independent experiments. Data are expressed as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. MFI, mean
fluorescence intensity. miR-1275, NC-inh, normal control-inhibitor. IR, ischemia reperfusion. EVs, MSC-EVs.




Y. Gong et al. Redox Biology 81 (2025) 103556
A (o] D E o, 25 ™
Sham IR " IR-EVs Sham IR " IR-EVs Sham IR " IR-EVs Sham IR " IR-EVs o a @x‘ls\@"‘\&” \‘;.\'ﬂ
IR-mimic-miR-1275 IR-mimic-miR-1275 IR-mimic-miR-1275 IR-mimic-miR-1275 A &
IR-EVs-miR-1275-inh. IR-EVs-miR-1275-inh. IR-EVs-miR-1275-inh. IR-EVs-miR-1275-inh
8000 ) 8000 o 2000 su anx 57 awsxen gisbi SRV 21 Ds
_ _ oy " B, e ACSL4| W 9 e vu e |79KDa
< = 6000 4 1500 c ad |
5, 6000 i 5 L s 2 3 TFRC B o= == = |90KDa
= S E 34 L
£ 4000 = 4000 T 1000 = NRF2 | s -~ == = == 110KDa
< 2 8 < 2+
2000 2000 500 - e I
FTH1 | ===—=—=—— |21KDa
0 0 0 | |
Groups Groups Groups Groups GAPDH | == = w o - ‘37KDa
F Sham IR IR-EVs IR-mimic-miR-1275  IR-EVs-miR-1275-inh. G Sham IR " IREVs
IR-mimic-miR-1275
IR-EVs-miR-1275-inh.
5
w o 2R ke
3 G 4 -
T ® axx
z 3
8
N 2
H 0
1
w “Groups
o I
(=] Sham IR IR-EVs
IR-mimic-miR-1275
IR-EVs-miR-1275-inh
A) w & I aa
w fii]
3 g 06 e
g k]
o o 04+
£ 5
o .
2 02
o]
oL 8|
Groups
8 K
b= Sham IR IR-EVs
L2 IR-mimic-miR-1275
5o IR-EVs-miR-1275-inh
zZg 2 107 e,
2 3 08
o = 2
273 06
L N
& 2 04
X [=]
p= 0.2
«
3 aTs u = =N
@» Groups
Sham IR IR-EVs
IR-mimic-miR-1275
o IR-EVs-miR-1275-inh.
g 157
o ke
@ il
x <
< < 104 *%
(]
«
S
@ 5
(6]
N T
c = 0L
s Groups
bd o Sham IR IREVs
2 - IR-mimic-miR-1275
5] o IR-EVs-miR-1275-inh
a D 5 arx s
= Lii]
S 4 5%
14
9 31
o
x -
< o 2
¥ s
[ . £ 11
A Aty g
5 5 "5.-.@ T 0-
< ! SN o Groups

Fig. 8. miR-1275 derived from MSC-EVs could suppress ferroptosis and SLC39A14-related iron accumulation of the liver in aged HIRI model. A-C: The detection of
serum levels of ALT, AST, and LDH in each group. D: MDA levels in each group. E: Representative western blotting image showing the expression of ferroptosis-
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levels of indicated groups (Up, scale bar = 100 pm, down, scale bar = 50 pm), (n = 3, per group). Data are expressed as mean + SD. *p < 0.05, **p < 0.01, ***p <
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reported that MSC-EVs could protect against ferroptosis in acute liver
injury by regulating SLC7A11 stabilization [49]. Additionally, MSC-EVs
have been shown to inhibit ferroptosis and ameliorate neuronal damage
in spinal cord injury models by delivering circ-Wdfy3 [50]. However,
whether MSC-EVs can regulate ferroptosis in other disease models and
the underlying molecular mechanisms involved remain to be fully
elucidated. In this study, our data provide substantial evidence that
MSC-EVs can suppress ferroptosis and attenuate pathological injury in
aged HIRI. Notably, co-administration with a ferroptosis activator
significantly attenuated the hepatoprotective effects of MSC-EVs in the
aged HIRI model.
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Next, RNA-Seq was performed to elucidate the molecular mecha-
nisms underlying the inhibitory effects of MSC-EVs on ferroptosis in
aged hepatocytes during ischemia-reperfusion. RNA-Seq analysis
revealed that ferroptosis-related signaling pathways were significantly
upregulated in the PBS-treated group compared to the normal control
group, while these pathways were suppressed in the MSC-EVs-treated
group. Among these differentially expressed genes, SLC39A14, a crit-
ical iron ion importer, was significantly correlated with the observed
changes in ferroptosis-related pathways. SLC39A14, a member of the
SLC39A family of proteins, mediates the cellular uptake of non-
transferrin-bound iron [51]. Previous studies on SLC39A14 mainly
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focused on the role of iron transport disorders caused by the dysregu-
lation of SLC39A14 in developmental or metabolism-related diseases
[52,53]. Since the introduction of the concept of ferroptosis was intro-
duced by Stockwell in 2012, key regulatory molecules involved in this
unique form of regulated cell death have been identified, including
SLC39A14. Fudi Wang et al. reported that silencing hepatic SLC39A14
expression can attenuate ferroptosis-mediated liver fibrosis induced by
either a high-iron diet or carbon tetrachloride (CCly) injections [52].
Yierpani Aierken et al. reported that inhibition of SLC39A14 or SLC39A8
could mitigate vascular calcification by suppressing iron
overload-induced ferroptosis in vascular smooth muscle cells [54].
Yunwen Zhang et al. proved that silencing SLC39A14 inhibits the pro-
gression of glioma by enhancing erastin-induced ferroptosis [55].
Furthermore, Hongyang Chi et al. showed that inhibition of SLC39A14
could alleviate ischemia-reperfusion injury in aging cardiomyocytes by
regulating ferroptosis [56]. The present study demonstrated that
SLC39A14 is highly expressed in aging livers and associated with more
severe aged HIRI. We further demonstrated that this association is likely
due to SLC39A14-mediated induction of cellular iron overload, leading
to ferroptosis. While previous studies have explored the role of
SLC39A14 in various physiological and pathological processes, effective
therapeutic strategies for regulating its expression remain limited. This
study provides novel evidence that MSC-EVs can effectively inhibit
intrahepatocellular iron import and suppress ferroptosis in aged HIRI by
downregulating SLC39A14 expression. Beyond SLC39A14, our findings
suggest that MSC-EVs may also influence the expression of ferritin heavy
chain 1 (FTH1). Previous studies have shown that FTH1 sequesters iron
in a soluble, non-toxic, and readily available form, which reduces the
level of free ferrous ions in cells and effectively decreases the occurrence
of Fenton reaction, thereby inhibiting the ferroptosis [57-59]. These
findings suggest that FTH1 may also contribute to the MSC-EV-mediated
attenuation of aged HIRI by limiting iron accumulation. At present,
there is a paucity of research on the role of FTH1 in aged HIRI, and
whether MSC-EVs can directly regulate FTH1 expression remains un-
known. These aspects warrant further investigation to fully elucidate the
mechanisms underlying the hepatoprotective effects of MSC-EVs in aged
HIRI.

MSC-EVs exert their biological functions primarily through their
diverse cargo. Previous studies from our laboratory have demonstrated
that MSC-EVs can attenuate HIRI through the delivery of various
bioactive molecules, including MnSOD (for antioxidant defence), CCT2
(to inhibit CD154 expression on CD4" T cells), and functional mito-
chondria (to suppress the formation of neutrophil extracellular traps
(NETs)). Furthermore, we have shown that MSC-EVs can enhance the
regenerative potential of aged hepatocytes by transferring DDX5
[19-22]. miRNAEs, a class of non-coding, single-stranded RNA molecules,
primarily regulate gene expression at the post-transcriptional level.
Emerging evidence suggests that miRNAs are crucial components of
MSC-EVs and play a significant role in mediating their effects on
recipient cells. Therefore, we conducted a miRNA microarray analysis to
screen out the MSC-EVs-enriched miRNAs and found that miRNAs in
MSC-EVs had a significant affection to suppress iron accumulation in
aged hepatocytes during H/R treatment. Among the identified miRNAs,
miR-1275 was found to be enriched in MSC-EVs and exhibited potential
protective effects in aged hepatocytes. Further experiments utilizing
miR-1275 mimics and inhibitors confirmed these findings. MiR-1275
mimics effectively inhibited iron import and suppressed ferroptosis in
aged hepatocytes during IR injury, whereas miR-1275 inhibitors
significantly attenuated the protective effects of MSC-EVs in this model.
Previous studies on miR-1275 have primarily focused on its role in
cancer progression. For example, Zheng ZQ et al. demonstrated that
miR-1275 inhibits tumorigenesis and metastasis of nasopharyngeal
carcinoma through downregulation of integrin 3 (ITGB3) [60]. Han X
et al. reported that miR-1275 suppressed chemoresistance in breast
cancer by targeting the MDK/AKT signaling pathway, thereby miti-
gating cancer stem cell characteristics [61]. MiR-1275 has also been
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shown to play roles in enhancing the stemness, tumorigenicity, recur-
rence, and metastasis of lung adenocarcinoma by activating the
Wnt/p-catenin and Notch signaling pathways [62]. Additionally,
miR-1275 can induce cisplatin resistance in lung cancer cells by tar-
geting the PROCA1/ZFP36L2 axis [63]. Interestingly, recent studies
have begun to explore the functions of miR-1275 in benign diseases.
Notably, miR-1275 has been demonstrated to alleviate myocardial
ischemia-reperfusion injury (IRI) by inhibiting myocyte apoptosis [64,
65]. These findings suggest a broader role for miR-1275 beyond cancer
biology. In this study, we utilized miRTarBase (http://miRTarBase.cuh
k.edu.cn/) to identify potential targets of miR-1275. We found that
SLC39A14, a critical iron importer, is an experimentally validated target
of miR-1275. This suggests that miR-1275 may represent a novel ther-
apeutic target for protecting aged grafts during LT by inhibiting iron
accumulation and ferroptosis in aged hepatocytes.

In conclusion, this study demonstrates the novel therapeutic poten-
tial of MSC-EVs in attenuating aged HIRI. Mechanistically, our findings
suggest that MSC-EVs exert their protective effects, at least in part,
through the delivery of miR-1275. By suppressing the expression of
SLC39A14, miR-1275 within MSC-EVs effectively limits iron accumu-
lation and inhibits ferroptosis in aged hepatocytes (Fig. 9). These find-
ings further underscore the bioactive capabilities of MSC-EVs in
inhibiting ferroptosis and alleviating aged HIRI. Therefore, MSC-EVs
may represent an attractive therapeutic strategy for improving the
prognosis and preventing serious complications in recipients of aged
liver grafts following LT.
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HIRI, hepatic ischemia/reperfusion injury; LT, liver transplantation;
MSCs, mesenchymal stem cells; MSC-EVs, mesenchymal stem cell-
derived extracellular vesicles; miR-1275, nicroRNA-1275; TFRC, trans-
ferrin receptor protein 1. TMEM16A, transmembrane member 16A;
GPX4, glutathione peroxidation 4; FTO, fat mass and obesity-associated
gene; ACSL4, acyl-CoA synthetase long chain family 4; FTH1, ferritin
heavy chain 1; GPX4, glutathione peroxidase 4; NRF2, NF-E2-related
factor-2; BF, bright field; PBS, phosphate buffer saline; UCs, umbilical
cords; DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine
serum; BCA, bicinchoninic acid; TEM, Transmission electron
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microscope; NTA, nanoparticle tracking analysis; ALT, serum alanine
aminotransferase; AST, aspartate aminotransferase; POD, postoperative
day; SPF, specific pathogen-free; LDH, lactate dehydrogenase; PFA,
paraformaldehyde; H&E, hematoxylin and eosin; RIPA, radio-
immunoprecipitation; SDS, sodium dodecyl sulfate; EDTA, ethylene
diamine tetraacetic acid; PAGE, polyacrylamide gel electrophoresis;
PVDF, polyvinylidene difluoride; MDA, malondialdehyde; SOD, super-
oxide; GSH, glutathione; DHE, Dihydroethidium dye; AAV8, Adeno-
associated virus-8; GFP, green fluorescent protein gene; hLOs, human
liver organoids; f-gal, p-galactosidase; H/R, hypoxia reoxygenation; IF,
Immunofluorescence; ANOVA, analysis of variance; MSCs-CM, MSCs-
conditioned medium; GRP94, glucose-regulated protein 94; HNF-4a,
hepatocyte nuclear factor 4a; ALB, Albumin; LGR5, Leucine-rich repeat-
containing G-protein coupled receptor 5; NETSs, neutrophil extracellular
traps; ITGB3, integrin (3.
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