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Abstract

Background Ischemia-reperfusion injury (IRI) is an important cause of graft dysfunction post-liver transplantation, where
donor liver with severe steatosis is more sensitive to IRI. Liver IRI involves ferroptosis and can be alleviated by heme
oxygenase-1-modified bone marrow mesenchymal stem cells (HO-1/BMMSCs).

Aims To explore the role and mechanism of HO-1/BMMSCs in severe steatotic liver IRI.

Methods A severe steatotic liver IRI rat model and a hypoxia/reoxygenation (H/R) of severe steatosis hepatocyte model were
established. Liver and hepatocyte damage was evaluated via liver histopathology and cell activity. Ferroptosis was evalu-
ated through ferroptosis indexes. Nuclear factor erythroid 2-related factor 2 (Nrf2) was knocked down in severe steatotic
hepatocytes. The role of Nrf2 and AMPK in HO-1/BMMSC inhibition of ferroptosis was examined using the AMP-activated
protein kinase (AMPK) pathway inhibitor Compound C.

Results The HO-1/BMMSC:s alleviated severe steatotic liver IRI and ferroptosis. HO-1/BMMSCs promoted ferritin heavy
chain 1(FTH1), Nrf2, and phosphorylated (p)-AMPK expression in the H/R severe steatotic hepatocytes. Nrf2 knockdown
decreased FTH1 expression levels but did not significantly affect p-AMPK expression levels. The protective effect of HO-1/
BMMSCs against H/R injury in severe steatotic hepatocytes and the inhibitory effect on ferroptosis were reduced. Compound
C decreased p-AMPK, Nrf2, and FTH1 expression levels, weakened the HO-1/BMMSC protective effect against severe
steatotic liver IRI and H/R-injured severe steatotic hepatocytes, and reduced the inhibition of ferroptosis.

Conclusions Ferroptosis was involved in HO-1/BMMSC reduction of severe steatotic liver IRl. HO-1/BMMSCs protected
against severe steatotic liver IRI by inhibiting ferroptosis through the AMPK-Nrf2-FTH1 pathway.

Graphical Abstract

HO-1/BMMSCs activate AMPK, which activates Nrf2, promotes its nuclear transcription, then promotes the expression of
its downstream protein FTH1, thereby inhibiting ferroptosis and attenuating severe steatotic liver IRI in rats. Glu: glutamic
acid; Cys: cystine; GSH: glutathione; GPX4: glutathione peroxidase 4; HO-1/BMMSCs: HO-1-modified BMMSCs; Fer-1:
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ferrostatin-1; DFO: deferoxamine; FTH1: ferritin heavy chainl; p-AMPK: phosphorylated AMP-activated protein kinase;
Nrf2: nuclear factor erythroid 2-related factor 2; IRI: ischemia-reperfusion injury; MCD: methionine-choline deficiency

steatotic
hepatocyte

"
0
.
s

[ ©
HO-1/BMMSCs Rat

.
*Prereeereee

00000000000

Fer-1

<>
e@gr—————'ﬁ"i?

s/
/ (Nif2) \

%/

*04<P000 00

DFO

‘e
0 C10000000600000000000050004400004000006000004000000-

Keywords Ferroptosis - Bone marrow mesenchymal stem cells - Ischemia—reperfusion injury - Liver steatosis - AMPK—

Nrf2-FTH1

Introduction

The shortage of donor liver remains a significant chal-
lenge for liver transplantation [1]. The increasing inci-
dence of liver steatosis in the population [2] affects donor
liver quality, and severe steatotic liver transformation
increases the possibility of steatotic liver and kidney fail-
ure in recipients [3]. Ischemia—reperfusion (I/R) injury
(IRI) is an important cause of graft dysfunction after liver
transplantation [4], where severe steatotic liver is more
sensitive to IRI [5, 6]. Therefore, it is of great importance
to explore the methods and mechanisms of alleviating IRI
in severe steatotic liver transplantation to enable its suc-
cessful application in the clinic.

Bone marrow mesenchymal stem cells (BMMSCs) have
the functions of immune regulation, anti-inflammatory
and repair of damaged organs[7, 8]. Heme oxygenase-1
(HO-1) is a cytoprotective enzyme whose modification of
BMMSCs (HO-1/BMMSCs) enhanced BMMSC viability,
prolonged BMMSC survival time at the damaged site, and
protected the graft [7].

In recent years, ferroptosis was observed in IRI in vari-
ous organs [9-11]. Ferroptosis is an iron-dependent form

of cell death caused by the accumulation of lipid reac-
tive oxygen species (ROS) that differs from apoptosis,
pyroptosis, and necrosis [12]. Ferroptosis is inhibited by
a ferroptosis inhibitor, ferrostatin-1 (Fer-1), and an iron
chelating agent, deferoxamine (DFO). Glutathione per-
oxidase 4 (GPX4) maintains intracellular redox homeo-
stasis, which can convert toxic lipid hydroperoxides into
non-toxic lipid alcohols, thereby inhibiting ferroptosis
[13, 14]. IRI is related to oxidative stress, and oxidative
damage is also a main cause of ferroptosis [15]. Further-
more, steatotic liver IRI also features oxidative stress and
abnormal expression of iron-related protein metabolism
[16]. Therefore, regulating ferroptosis may be an effective
method to alleviate IRI damage in steatotic liver.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is the
main regulator of redox homeostasis in many liver diseases
[17] that is activated by AMP-activated protein kinase
(AMPK), which drives its antioxidant effect [18]. There-
fore, we explored the protective effect of HO-1/BMMSCs
on severe steatotic liver IRI in rats and its possible mecha-
nism to suggest a new treatment method for alleviating
severe steatotic liver IRI and provide a research direction
to expand the donor liver pool.
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Materials and Methods
Animals

Specific pathogen-free (SPF) male Sprague-Dawley (SD)
rats (4-5 weeks old, 40-70 g) were purchased from the
China Food and Drug Administration (Beijing, China) for
BMMSC preparation. The severe steatotic liver models were
established using 36 rats (7-8 weeks old, 240-260 g). All
rats were housed in an environment containing appropriate
humidity and temperature in a 12-h light—dark cycle and
with free access to feed and water.

IRI

CD68
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Extraction of BMMSCs and Identification of HO-1/
BMMSCs

BMMSCs were aseptically extracted from the SD rat bilat-
eral femurs and tibias. The BMMSCs were selected through
adherent culture and cultured to the third generation. Adeno-
virus carrying the HOI gene/green fluorescent protein (GFP)
(GeneChem, Shanghai, China) was transfected into the third-
generation BMMSCs at a 1:10 ratio. The HO-1/BMMSCs
morphology was observed under a light microscope. The
HO-1/BMMSC biological characteristics were determined
by inducing lipogenesis and osteogenesis in vitro. The HO-1/
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Fig. 1 Protective effect of HO-1/BMMSCs on severe steatotic liver
IRI. A Liver histopathology (X 100). B Suzuki score of liver tissue. C
CD68 expression (red) in liver tissue (X 100). White arrows indicate
positive-expression cells. D CD68 expression in liver tissue. E MPO
expression (green) in liver tissue (X 100). White arrows indicate posi-
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tive-expression cells. F MPO expression in liver tissue. G, H Expres-
sion of ALT (G) and AST (H) liver enzymes in serum. I, J, K IL-1p
@), IL-6 (J), and TNF-a (K) expression levels in liver tissue. n=6
per group. *p <0.05, **p <0.01, ***p <0.001
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«Fig. 2 Relationship between ferroptosis and severe steatotic liver IRI
in rats. A Liver histopathology (X 100). B Suzuki score of liver tis-
sue. C CD68 expression (red) in liver tissue (X 100). White arrows
indicate positive-expression cells. D CD68 expression level in liver
tissue. E MPO expression (green) in liver tissue (X 100). White
arrows indicate positive-expression cells. F MPO expression level in
liver tissue. G, H Expression levels of ALT (G) and AST (H) liver
enzymes in serum. I MDA expression level in liver tissue. J Fe.>*
expression level in liver tissue. K GSH expression level in liver tis-
sue. L PTGS2 expression level in liver tissue. M, N, O FTH1 (N)
and GPX4 (O) protein expression levels in liver tissue. P Detection
of FTHI and GPX4 protein in liver tissue (X 200). Black arrows indi-
cate positive-expression cells. n=6 per group. *p <0.05, **p <0.01,
*#%p <0.001

BMMSC cell phenotype was identified by flow cytometry
using the anti-cluster differentiation antibodies (CD) 29,
CD90, CD34, CD45, RT1A, and RT1B (BioLegend, San
Diego, CA, USA). HO-1/BMMSCs emitting green fluores-
cence were observed under a fluorescence microscope to
determine the adenovirus transfection efficiency. The HO!
gene expression was verified by qRT-PCR and western blot-
ting [19] (see Table S1 and Table S2 for HO-1 gene and
protein information).

Construction of Rat Model of Severe Steatotic Liver
IRI

The SD rats were fed with methionine-choline deficiency
(MCD) feed, during which the animals drank and ate freely.
After 14 days, the rat model of severe steatotic liver was
established and identified by hematoxylin—eosin (HE) and
oil red O staining. Rats with severe steatotic liver disease
were fasted 12 h before surgery and drank freely. After
anesthesia, the left and middle lobe hepatic arteries and
portal vein branches of the hilar region were blocked with
noninvasive arterial clamps, resulting in an ischemic range
of 70%. After 80-min warm ischemia, the arterial clamp
was opened and the animals were reperfused for 24 h [20].
The animals were randomly divided into six groups (n=6
rats per group): sham operation (Sham), IRI, IRI + Fer-
1, IR+ BMMSCs (IRI+B), IRI + HO-1/BMMSCs
(IRI+HB), and IRI+HB + Compound C (IRI+HB + C-C).
The Sham group underwent only open and closed abdomi-
nal operations; the IRT+ Fer-1 rats were intraperitoneally
injected with 5 mg/kg Fer-1 (MCE, Shanghai, China) 1 day
before surgery and during reperfusion; the IRI+ B and
IRI+ HB rats were injected through the caudal vein and
portal vein 1 day before surgery and during reperfusion,
respectively, with 2 x 10° BMMSCs or HO-1/BMMSCs;
the IRI+ HB + C—C rats received intraperitoneal injection
of 2 mg/kg Compound C (MCE) 1 h before surgery. The
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remaining treatments were the same as those of the IRI+ HB
group.

In Vivo Tracing of HO-1/BMMSCs

The BMMSCs were transfected with adenoviruses carrying
GFP or HO-1/GFP. During severe steatotic liver reperfu-
sion, the transfected cells were injected into the rats through
the portal vein. After 24-h reperfusion, frozen sections were
obtained from the liver tissues of the GFP/BMMSC- or GFP/
HO-1/BMMSC-treated severe steatotic liver rats treated.
Under a fluorescence microscope, the cells that emitted
green fluorescence were used for colonization.

Establishment of a Hepatocyte Model of Steatosis

Rat hepatocytes (IAR20) were inoculated into a 6-well plate
and cultured in Minimal Essential Medium (MEM) (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA) containing
10% fetal bovine serum (FBS, Biotest Inc., Nuaillé, France)
and 1% penicillin. When the fusion rate was 50-60%,
200 uM sodium oleate (Sigma-Aldrich, St. Louis, MO,
USA) and 100 pM sodium palmitate (Aladdin Biochemical
Technology Co. Ltd., Shanghai, China) were added and the
cells were incubated in a cell incubator containing 5% CO,
for 12, 24, and 36 h. After staining, the cells were observed
and photographed under a microscope in accordance with
the operating instructions for oil red O staining solution
(Solarbio, Beijing, China).

Construction of Steatotic Hepatocyte Hypoxia/
Reoxygenation (H/R) Model

The adipocyte culture medium was replaced with blank
medium without serum. After 24-h starvation, the cells
were placed in an anoxic chamber containing 94% N,, 5%
CO,, and 1% O, (MIC-101; Billups-Rothenberg, San Diego,
CA, USA) and cultured for 2, 6, 12, and 24 h, respectively.
Then, the blank medium was replaced with complete culture
medium, and the cells were cultured for 6 h in a cell incu-
bator containing 5% CO,. The cell activity measurement
results indicated that the H/R time node was 6 h/6 h.

Co-culture

The hepatocytes were inoculated into a 6-well plate (3 x 10
cells/well), then a 0.4-um Transwell chamber (Corning, GE
Inc., Hartford, CT, USA) was placed on the 6-well plate.
BMMSCs or HO-1/BMMSCs (1 x 10° cells/well) were
inoculated in the upper layer of the Transwell chamber and
cultured 24 h.
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Small Interfering RNA (siRNA) Transfection

The siRNAs were synthesized by Ji Ma Gene Co., Ltd.
(Shanghai, China) and Table S3 lists the specific sequence.
Steatotic hepatocytes were inoculated on a 6-well plate,
grown to 70% confluence, and transfected with siRNA
according to the instructions of siRNA-Mate transfection
reagent (Ji Ma Gene Co., Ltd.). The siRNA optimal con-
centration for gene silencing was 100 nM. The transfection
efficiency was detected by qRT-PCR and western blotting.

Liver Function

The serum of the rats in each treatment group was col-
lected and the alanine aminotransferase (ALT), aspartate
aminotransferase (AST), total bilirubin (TBIL), and lactate
dehydrogenase (LDH) levels were measured using a fully
automated biochemical analyzer (Cobas 800; Roche Diag-
nostics, Basel, Switzerland).

HE Staining

The rat liver tissue was immersed in 10% formalin, embed-
ded in wax, sectioned consecutively, and stained with HE.
The liver tissue damage was observed under a light micro-
scope. Five microscope fields (X 100 magnification) were
randomly selected for observation and scored based on the
Suzuki score [21]. Table S4 depicts the Suzuki scoring table.

Immunohistochemistry and Immunofluorescence
Staining

The liver tissues were stained with immunohistochem-
istry and immunofluorescence according to a previously
described method [16, 22]. Immunohistochemistry was
used to detect the expression of GPX4 (1:2000, Proteintech,
Wuhan, China) and ferritin heavy chain 1 (FTHI, 1:300,
Bioss, Beijing, China), while immunofluorescence was used
to detect the expression of CD68 (1:100, Santa Cruz Bio-
technology, Dallas, TX, USA) and myeloperoxidase (MPO,
1:100, Proteintech).

Cell immunofluorescence staining was performed accord-
ing to our previously described method [22] to detect the
expression of FTH1 (1:100, Bioss), Nrf2 (1:200, Cell Sign-
aling Technology, Boston, MA USA), and phosphorylated
(p)-AMPK (1:100, Bioss).

Detection of Fe2*, Malondialdehyde (MDA),
and Glutathione (GSH)

The Fe**, MDA, and GSH contents were detected with an
iron assay kit (Abcam, Cambridge, UK), MDA detection
kit (Beyotime, Shanghai, China), and GSH detection kit

(Solarbio, Beijing, China), respectively. The absorbance
was measured at 593 nm, 532 nm, and 412 nm for statistical
analysis.

Western Blotting

The total protein of the liver tissue and hepatocytes was
extracted with radioimmunoprecipitation assay buffer. The
protein concentration was determined with the bicinchoninic
acid method, and western blotting was performed as previ-
ously described [22]. The primary antibodies were those
against HO-1 (1:1000, Proteintech), GPX4 (1:5000, Protein-
tech), FTHI1 (1:1000, Bioss), Nrf2 (1:1000, Cell Signaling
Technology), p-AMPK (1:1000, Bioss), AMPK (1:1000,
Proteintech), and GAPDH (1:15,000, Cell Signaling Tech-
nology). Protein expression was analyzed using ImageJ 7.0
(NIH, Bethesda, MD, USA).

RNA Extraction and qRT-PCR

Total RNA from liver tissue and hepatocytes was extracted
using RNAiso Plus reagent (Takara, Shiga, Japan) according
to the instructions of a reverse transcription and amplifica-
tion kit (Takara). PTGS2, IL-1p, IL-6, TNF-a, Nrf2, and
HO-1 expression levels were detected. The internal reference
was B-actin. All primers were synthesized by Sangon Bio-
tech (Shanghai, China). Table S5 lists the primer sequences.

Cell Viability Assay

Cell viability was determined using Cell Counting Kit-8
(CCKS8) according to the manufacturer’s instructions
(Solarbio). Briefly, 5 x 10*/well steatotic hepatocytes were
seeded in 96-well plates and subjected to H/R, H/R + Fer-1,
H/R +DFO, H/R +B, or H/R+HB. After H/R+HB + C-C
treatment, the CCK8 reagent was added to detect the absorb-
ance at 450 nm, then the cell viability of each treatment
group was evaluated.

Lipid ROS and ROS Detection

Lipid ROS was measured using BODIPY-C11 dye (Invit-
rogen, Waltham, MA, USA). Hepatocytes (3 X 105/Well)
were seeded in 12-well plates, steatosis was induced, then
H/R, H/R + Fer-1, H/R + DFO, H/R + B, H/R + HB, or
H/R +HB + C-C treatment was administered. Subsequently,
the cells were incubated with BODIPY-C11 dye (5 pM) at
37 °C in the dark for 20 min, digested for 1 min and washed
three times, and the fluorescence intensity was measured by
flow cytometry.

For the ROS measurement, 3 x 10%/well hepatocytes were
inoculated in 12-well plates, treated as described earlier,
then digested, washed, centrifuged, and resuspended. Then,
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the cells were incubated with 10 uM dichlorodihydrofluo-
rescein diacetate (DCFH-DA, Beyond Company, Shanghai,
China) at 37 °C in the dark for 20 min. During this period,
the plates were shaken well 2-3 times, centrifuged at 350xg
for 5 min at 4 °C, and washed. Fluorescence was detected
on a flow cytometer (Accuri C6 Plus, Becton Dickinson,
Franklin Lakes, NJ, USA).
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Statistical Analysis

The data were analyzed using GraphPad Prism 8.0 (Graph-
Pad Software, La Jolla, CA, USA). The experimental data
conformed to the normal distribution, and all data are
expressed as the mean + standard deviation. Two groups and
multiple groups were compared with the independent sample
t test and one-way analysis of variance (ANOVA), respec-
tively. P <0.05 was considered to indicate a statistically
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Fig. 3 Inhibitory effect of HO-1/BMMSCs on ferroptosis in stea-
totic liver of IRI rats. A MDA expression level in liver tissue. B Fe.>*
expression level in liver tissue. C GSH expression level in liver tis-
sue. D PTGS2 expression level in liver tissue. E, F, G FTHI1 (F) and
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GPX4 (G) protein expression levels in liver tissue. H Detection of
FTH1 and GPX4 proteins in liver tissue (X200). Black arrows indi-
cate positive-expression cells. n=6 per group. *p <0.05, **p <0.01,
##%p <0.001
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«Fig.4 HO-1/BMMSCs promote Nrf2 expression and inhibit ferropto-
sis. A Determination of steatotic hepatocyte activity. B, C Lipid ROS
expression level in steatotic hepatocytes. D Relative MDA expres-
sion level in steatotic hepatocytes. E Relative Fe.>* expression level
in steatotic hepatocytes. F Relative GSH expression level in steatotic
hepatocytes. G, H, I, J FTH1 (H), Nrf2 (I), and p-AMPK (J) pro-
tein expression levels. K Nrf2 and FTH1 immunofluorescence results
(x200). n=3 per group. ns, No statistical difference, *p<0.05,
*#p<0.01, ##*p <0.001

significant difference. Each experiment was repeated at least
three times.

Results

Identification and Tracing of HO-1/BMMSCs
and Establishment of Severe Steatotic Liver and IRI
Rat Models

The typical spindle morphology of HO-1/BMMSCs was
observed under light microscopy (Fig. SIA), where the
HO-1/BMMSC:s had lipid and osteogenic differentiation
potential (Fig. S1B, S1C). CD90, CD29, and RT1A sur-
face marker staining was positive in>99% of the HO-1/
BMMSCs, while more than 99% of the HO-1/BMMSCs
were negative for the surface markers CD45, CD34, and
RT1B (Fig. S1D-I). More than 85% of the HO-1/BMMSCs
emitted green fluorescence (Fig. S1J). The HO-1/BMMSCs
had significantly higher HO-1 expression than the BMMSCs
(Fig. SIK-M).

Severe Steatotic Liver IRl Rat Model and Tracing
of GFP/HO-1/BMMSCs In Vivo

Compared to the normal rat liver, the liver of rats with sim-
ple steatosis generally had greasy surfaces with blunt edges.
After ischemia, the liver turned pale yellow and the liver
surface appeared mottled after reperfusion (Fig. S2A). The
steatotic liver sections demonstrated significant lipid drop-
lets in the cytoplasm and > 60% fatty change (Fig. S2B).
The normal liver had neatly arranged hepatocytes, normal
liver lobule structure, no blood stasis in the liver sinuses,
and no necrotic lesions in the tissue. The steatotic liver was
observed as bullous fatty change without obvious necrotic
lesions. The IRI group demonstrated obvious necrotic foci
and severe hepatic sinus congestion (Fig. S2C). This indi-
cated the successful construction of an SD rat steatotic
liver ischemia reperfusion model. After 24-h reperfusion
of GFP/BMMSCs and GFP/HO-1/BMMSCs, the BMMSCs
and HO-1/BMMSCs were implanted in the liver, but HO-1/
BMMSCs were more numerous than BMMSCs (Fig. S2D).
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HO-1/BMMSCs Alleviated Severe Steatotic Liver IRI

Compared with the Sham group, the pathological sections
of the severe steatotic liver in the IRI group exhibited obvi-
ous necrosis and more serious hepatic sinusoidal congestion.
The BMMSC and HO-1/BMMSC intervention was followed
by significantly improved liver tissue necrosis and hepatic
sinusoidal congestion, where the HO-1/BMMSCs exerted
a significantly better effect than the BMMSCs (Fig. 1A).
Simultaneously, the BMMSCs and HO-1/BMMSCs
improved the Suzuki score of the severe steatotic liver
IRI, where the HO-1/BMMSCs exerted more significant
improvement (Fig. 1B).

I/R significantly increased CD68 (macrophage surface
marker) (Fig. 1C, D) and MPO (neutrophil surface marker)
(Fig. 1E, F) expression in the severe steatotic liver. How-
ever, the BMMSCs and HO-1/BMMSCs reduced the CD68
and MPO expression. Further comparison demonstrated
that the HO-1/BMMSCs exerted a more significant effect
(Fig. 1C-F).

The BMMSCs and HO-1/BMMSCs also reduced the
ALT, AST, TBIL, LDH, IL-1p, IL-6 and TNF-a associ-
ated with IRI. The comparison demonstrated that HO-1/
BMMSCs had stronger ability to reduce the levels of liver
enzymes and inflammatory indicators (Fig. 1G-K, Fig. S3).
These results demonstrated that the BMMSCs and HO-1/
BMMSCs improved the severe steatotic liver IRI in rats and
that HO-1/BMMSCs exerted a better improvement effect.

We successfully constructed a steatotic hepatocyte
model (Fig. S4). Using the H/R model of severe steatotic
hepatocytes in vitro to simulate the IRI process of severe
steatotic liver in vivo, H/R (6 h/6 h) was selected for the
experiment. The steatotic hepatocyte morphology and activ-
ity in the HO-1/BMMSC treatment group exhibited more
significant improvement. The results suggested that HO-1/
BMMSCs reduced the H/R damage of steatotic hepatocytes
and that their repair effect was more significant than that of
BMMSCs (Fig. S5).

Ferroptosis Was Involved in Severe Steatotic Liver
IRI

The pathological liver sections from the Sham group
exhibited normal histological structure. The IRI group
had narrowed and congested hepatic sinuses, liver lob-
ules that had lost their normal structure, and lamellar
necrosis of the liver tissue. The Fer-1 treatment group
had significantly reduced liver congestion, close to nor-
mal liver lobule structure, and significantly reduced tissue
necrosis (Fig. 2A). The Suzuki score of the IRI group was
significantly higher than that of the Sham group, while
Fer-1 treatment significantly decreased the Suzuki score
(Fig. 2B).
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«Fig.5 Effect of AMPK pathway on inhibition of ferroptosis by
HO-1/BMMSCs. A Measurement of steatotic hepatocyte activity. B,
C Lipid ROS expression in steatotic hepatocytes. D Relative MDA
expression in steatotic hepatocytes. E Relative Fe.”* expression in
steatotic hepatocytes. F Relative GSH expression in steatotic hepato-
cytes. G, H, I, J Relative FTH1 (H), Nrf2 (I), and p-AMPK (J) pro-
tein expression. K FTHI1, Nrf2, and p-AMPK immunofluorescence
results (X200). n=3 per group. *p <0.05, *¥p <0.01, ***p <0.001

After I/R treatment, the severe steatotic liver had sig-
nificantly higher CD68 and MPO expression levels than
the Sham group, and Fer-1 treatment reversed this trend
(Fig. 2C-F). The severe steatotic liver tissue in the IRI group
had significantly higher IL-1p, IL-6, and TNF-a mRNA lev-
els than the Sham and Fer-1 treatment groups (Fig. S6A).
The change trends of the liver function markers ALT, AST,
TBIL, and LDH were the same as those above (Fig. 2G,
H, Fig. S6B). These results indicated that Fer-1 treatment
reduced IRI in the rats with severe steatotic liver.

The IRI group had significantly higher MDA, and Fe**,
and PTGS2 levels than the Sham group (Fig. 2I-L) and sig-
nificantly lower GSH levels than the Sham group (Fig. 2 K).
The IRI group had significantly decreased FTH1 and GPX4
protein expression levels (Fig. 2M-P), where Fer-1 reversed
all the above trends (Fig. 2I-P). The above results indicated
that ferroptosis was involved in severe steatotic liver IRI in
rats.

Both Fer-1 and DFO improved the H/R-induced mor-
phology and activity of the steatotic hepatocytes (Fig. STA,
S7B). The H/R-injured steatotic hepatocytes had signifi-
cantly altered ROS, lipid ROS, MDA, Fe>*, GSH, FTHI,
and GPX4 expression levels as compared with the control
group, and Fer-1 and DFO significantly improved the H/R-
induced changes to the ferroptosis-related indexes (Fig.
S7C-L).

HO-1/BMMSCs Inhibited Ferroptosis in Steatotic
Liver IRI

In the animal model, the BMMSC and HO-1/BMMSC
treatment groups had lower MDA and Fe?" levels than the
IRI group (Fig. 3A, B), increased GSH expression levels
(Fig. 3C), decreased PTGS2 expression levels (Fig. 3D), and
significantly increased FTHI1 and GPX4 expression levels
(Fig. 3E-H). The above indicators were improved more
obviously after HO-1/BMMSC intervention than BMMSC
intervention (Fig. 3A—H). These results indicated that the
BMMSCs and HO-1/BMMSCs reduced ferroptosis and that
the HO-1/BMMSCs exerted more obvious effects.

In the cell model, the BMMSC and HO-1/BMMSC inter-
vention groups had lower ROS, lipid ROS, MDA, and Fe*
levels than the H/R group and significantly increased GSH,
FTH1, and GPX4 expression levels. Compared with the

@ Springer

BMMSC group, the HO-1/BMMSC group had more obvi-
ous improvement of the above indicators (Fig. S8). These
results indicated that both BMMSCs and HO-1/BMMSCs
inhibited ferroptosis and that the HO-1/BMMSCs exerted a
more significant inhibitory effect.

HO-1/BMMSCs Promoted Nrf2 Expression to Inhibit
H/R-induced Ferroptosis in Steatotic Hepatocytes

We successfully knocked down Nrf2 in the steatotic hepat-
ocytes (Fig. S9). In the HO-1/BMMSC group, the H/R-
induced steatotic hepatocyte activity was significantly
improved, but the activity of steatotic hepatocytes transfected
with siRNA against Nrf2 (si-Nrf2) and subjected to the
above treatment was not significantly improved (Fig. 4A).
Compared with the si-Nrf2 group, HO-1/BMMSCs did not
significantly improve lipid ROS, MDA, Fe**, and GSH in
the si-Nrf2-transfected steatotic hepatocytes (Fig. 4B-F).

Nrf2 and FTH1 expression in the negative control siRNA
(si-NC) group was not significantly different from that in the
H/R +HB group, but was significantly higher than that in
the H/R group (Fig. 4G-1, K, Fig. S10). Similarly, p-AMPK
expression in the si-NC group and the H/R +HB group was
not significantly different, but was significantly higher than
that in the H/R group (Fig. 4G, J). The fluorescence inten-
sity of Nrf2 nuclei in the H/R +HB and H/R + HB + si-NC
groups was significantly enhanced (Fig. 4K, Fig. S10); Nrf2
and FTHI expression in the si-Nrf2 group was significantly
lower than that in the si-NC group (Fig. 4G-I, K), but the
p-AMPK expression level was not significantly affected
(Fig. 4G, )).

HO-1/BMMSCs promoted Nrf2, FTH1, and p-AMPK
expression whereas knocking down Nrf2 significantly
reduced FTH1 promotion by HO-1/BMMSCs while also sig-
nificantly reducing the protective effect of HO-1/BMMSCs
on the cells but not significantly affecting p-AMPK expres-
sion. It is suggested that HO-1/BMMSCs promoted Nrf2/
FTHI1 expression, inhibited ferroptosis, and alleviated the
damage of H/R-injured steatotic hepatocytes. p-AMPK may
be an upstream regulatory molecule of Nrf2. Therefore, we
conducted the following study to clarify its relationship with
Nrf2/FTHI.

The Role of AMPK in HO-1/BMMSC Alleviation
of H/R-Induced Steatotic Hepatocyte Ferroptosis

HO-1/BMMSCs improved the H/R-induced low activ-
ity state of the steatotic hepatocytes, while Compound C
decreased the improvement ability of HO-1/BMMSCs on
cell activity (Fig. 5A). Compared with the H/R +HB group,
the H/R +HB + C—C group had significantly increased lipid
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«Fig. 6 Effect of blocking AMPK pathway on HO-1/BMMSC inhibi-
tion of ferroptosis and protection against severe steatotic liver IRI.
A Liver histopathology (x 100). B Suzuki score of liver tissue. C, D
CD68 expression (red) in liver tissue (X 100) (white arrows indicate
positive-expression cells). E, F MPO expression (green) in liver tis-
sue (X 100) (white arrows indicate positive-expression cells). G MDA
expression in liver tissue. H Fe.* expression in liver tissue. I GSH
expression in liver tissue. J PTGS2 expression in liver tissue. K, L,
M, N FTH1 (L), Nrf2 (M), and p-AMPK (N) protein expression lev-
els in liver tissue. O Detection of FTH1 protein in liver tissue (X 200).
Black arrows indicate positive-expression cells. n=6 per group.
*p<0.05, *#p <0.01, ***p <0.001

ROS, MDA, and Fe?* levels (Fig. SB-E) and significantly
decreased GSH level (Fig. S5F).

Compared with the H/R group, the FTH1, Nrf2, and
p-AMPK expression levels in the H/R +HB group were sig-
nificantly higher (Fig. 5G-K, Fig. S11). Compared with the
H/R +HB group, the FTH1, Nrf2, and p-AMPK expression
levels in the Compound C-treated cells were significantly
reduced (Fig. 5G-K). The above results indicated that block-
ing the AMPK pathway significantly reduced the protective
effects of HO-1/BMMSCs on H/R-induced ferroptosis and
cell damage in the steatotic hepatocytes. HO-1/BMMSCs
attenuated the H/R-induced ferroptosis-dependent AMPK
pathway in steatotic hepatocytes through Nrf2-FTH1.

AMPK-Nrf2-FTH1 Is Involved in HO-1/BMMSC
Inhibition of Ferroptosis and Alleviation of IRI
in Rats

Compared with the IRI+HB group, the necrosis area and
degree of liver tissue congestion in the IRI+HB + C-C
group were significantly increased (Fig. 6A). Furthermore,
the Suzuki score was significantly increased (Fig. 6B) and
the CD68, MPO, IL-1f, IL-6, and TNF-a expression levels
were significantly increased (Fig. 6C-F, Fig. S12A), as were
ALT, AST, TBIL, and LDH levels (Fig. S12B). The results
suggested that blocking the AMPK pathway weakened the
protective effect of HO-1/BMMSC:s on rat steatotic liver IRI.
The IRI+HB + C-C group had significantly higher MDA
and Fe*" levels than the IRI+HB group (Fig. 6G, H), signif-
icantly decreased GSH level (Fig. 61), and increased PTGS2
expression (Fig. 6]). The results indicated that blocking the
AMPK pathway weakened the inhibitory effect of HO-1/
BMMSCs on ferroptosis. Compared with the IRI+HB
group, the IRI+HB + C—C group had significantly decreased
FTHI, Nrf2, and p-AMPK expression levels (Fig. 6K-O).
This was consistent with the in vitro results, indicating
that blocking the AMPK pathway reduced Nrf2 and FTH1
expression, aggravated ferroptosis, and reduced the protec-
tive effect of HO-1/BMMSCs on steatotic liver IRI in rats.

@ Springer

Discussion

The large gap between the demand for liver transplantation
and the availability of donor livers remains a great chal-
lenge for the liver transplantation community [23]. Due to
the increasing incidence of non-alcoholic fatty liver disease
(NAFLD) worldwide and the shortage of donor livers in
many countries, the use of donor grafts with hepatic steato-
sis is now more common [24]. As the donor liver fat content
increases, so does the risk of graft dysfunction after liver
transplantation [25]. Severe steatotic liver is more sensi-
tive to IRI, and the survival rate of the donor liver in the
recipient post-transplantation is significantly reduced [5,
6]. Therefore, it is particularly important to explore means
of reducing the IRI of donor livers with severe steatosis to
alleviate the donor liver shortage and prolong the recipients’
long-term survival.

MSC:s are an effective therapeutic tool that have also been
applied in related research of liver diseases [26]. Our results
demonstrated that BMMSCs and HO-1/BMMSC:s alleviated
severe steatotic liver IRI in rats and that the HO-1/BMMSCs
exerted a stronger repairing effect. This might have been
due to the antioxidant activity of HO-1 alone, which has
the strong ability to protect cells during ischemia [27]. We
modified MSCs with HO-1 to enhance the MSC coloniza-
tion ability and biological activity in damaged organs [27,
28]. We co-cultured the BMMSCs and HO-1/BMMSCs
each with severe steatotic hepatocytes and determined
that the BMMSCs and HO-1/BMMSCs exerted a protec-
tive effect against H/R-induced severe steatotic hepatocyte
injury, where the protective effect of HO-1/BMMSCs was
more significant. The protection mechanism was related to
the extracellular vesicles secreted by MSCs [29-31]. In this
study, the repair and paracrine effects of the HO-1/BMMSCs
were significantly enhanced as compared with that of pure
MSCs [32].

In recent years, ferroptosis has been observed in IRI of
various organs [9-11]. Primarily driven by iron-dependent
phospholipid peroxidation, ferroptosis is regulated by multi-
ple cellular metabolisms, including redox homeostasis, iron
metabolism, mitochondrial activity, fat, amino acid, and glu-
cose metabolism, and multiple metabolic pathways associ-
ated with various diseases [33]. We evaluated the degree of
ferroptosis in severe steatotic liver with IRI, where the IRI
group had a severe degree of ferroptosis and Fer-1 inhibited
ferroptosis and alleviated IRI. We also evaluated the degree
of ferroptosis in severe steatotic hepatocytes under H/R
conditions and determined that the H/R group had a severe
degree of ferroptosis and that both Fer-1 and DFO inhibited
ferroptosis and improved the H/R-induced cell damage. The
results demonstrated that ferroptosis was involved in severe
steatotic liver IRI. The ferroptosis evaluation results of the
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BMMSC and HO-1/BMMSC groups revealed that both
BMMSCs and HO-1/BMMSC:s inhibited ferroptosis, where
the HO-1/BMMSCs exerted a stronger inhibitory effect.
These findings suggested that HO-1/BMMSCs reduced IRI
in severe steatotic liver by inhibiting ferroptosis, which was
consistent with the findings of Wu et al. [29]. Therefore, how
do HO-1/BMMSC:s regulate ferroptosis in this condition and
play a protective role?

Ferritin is the main iron-binding protein in non-hemat-
opoietic tissues, which can limit the catalytic role of iron
in oxygen free radical generation and participate in antioxi-
dant reactions [34]. Furthermore, FTH1 reduces IRI in the
liver [35], lysosomes dissolve ferritin, thereby increasing
the level of free iron [36], while Fe>* overload enhances
oxidative stress through the Fenton-like reaction, producing
a large number of ROS and consequently promoting fer-
roptosis [37]. FTH1 is important in resisting ferroptosis by
maintaining cellular iron homeostasis [38]. In this study, the
IRI group had increased Fe?* and decreased FTHI levels,
but HO-1/BMMSC treatment reversed the change trend of
the two indexes, and the in vitro results were consistent with
the in vivo results. It is suggested that HO-1/BMMSCs may
reduce lipid peroxidation levels by adjusting the FTH1 con-
tent, thereby slightly inhibiting ferroptosis.

Nrf2 is a major regulator of antioxidant responses and
is important in maintaining intracellular homeostasis [39,
40]. Regulating Nrf2 can improve liver enzyme disor-
ders, hepatocyte damage, and the inflammatory reactions
associated with I/R [40—43]. Nrf2 induces FTH1 expres-
sion [44—46]. In this study, the HO-1/BMMSCs promoted
FTH1 expression and improved the degree of liver injury
and ferroptosis. We used the steatotic hepatocyte model
of Nrf2 knockdown to clarify whether HO-1/BMMSCs
can play an anti-ferroptosis role through Nrf2-FTH1. We
determined that the HO-1/BMMSC-pretreated steatotic
hepatocytes had significantly increased Nrf2 and FTH1
expression compared with the H/R group. si-Nrf2 treat-
ment significantly decreased Nrf2 and FTH1 expres-
sion and the cell antioxidant capacity while significantly
increasing lipid ROS accumulation, which indicated that
HO-1/BMMSC:s activated Nrf2 in IRI with severe steatotic
liver.

AMPK is a highly conserved major metabolic regula-
tor, and its activation is related to the treatment of many
metabolic diseases, including NAFLD [47, 48]. IRI research
revealed that activated AMPK reduced oxidative stress and
the inflammatory reaction [49, 50]. Inactivating AMPK
greatly weakened the protective effect of ferroptosis-related
renal IRI [51]. Many studies reported that regulating the
AMPK-Nrf2 pathway can regulate ferroptosis to reduce the
damage of the target organs [52-54], but are few reports

in IRI of severe steatotic liver. In this study, AMPK was
activated after HO-1/BMMSC treatment and promoted Nrf2
and FTHI expression. Similarly, HO-1/BMMSC interven-
tion in the H/R model of severe steatotic hepatocytes in vitro
activated AMPK and increased Nrf2 and FTH1 expres-
sion. We used Compound C in vitro and in vivo to exam-
ine whether Nrf2 activation by the HO-1/BMMSCs was
AMPK-dependent. We determined that inhibiting the AMPK
pathway significantly decreased Nrf2 and FTH1 expression
and significantly reduced the ability of HO-1/BMMSCs to
inhibit ferroptosis. However, p-AMPK expression was not
significantly affected in the Nrf2 knockout group, indicating
that AMPK is the upstream regulator of Nrf2 and that HO-1/
BMMSC activation of Nrf2—FTHI1 to inhibit ferroptosis and
protect against steatotic liver IRI was AMPK-dependent.

Conclusion

We demonstrated that HO-1/BMMSCs exerted a protective
effect on IRI in severe steatotic liver and that ferroptosis
was involved in IRI in severe steatotic liver. The HO-1/
BMMSC:s inhibited ferroptosis protection in IRI by activat-
ing the AMPK-Nrf2-FTH1 pathway. The findings suggested
a new method for studying the clinical application of donor
liver with severe steatosis and provided a research direction
for expanding the donor liver pool.
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