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Abstract

Mesenchymal stromal/stem cells (MSCs) have shown potential in the treatment of degenerative diseases, including ischemia/
reperfusion injury (IRl), which occurs during organ transplantation and represents the main cause of post-transplant graft
dysfunction. However, MSCs have heterogeneous characteristics, and studies of MSCs therapy have shown a variety of
outcomes. To establish a new effective MSCs therapy, we developed an adipose-derived mesenchymal stromal/stem cell line
(ASCL) and compared its therapeutic effects on primary adipose-derived MSCs (ASCs) using a hepatocyte co-culture model
of hypoxia/reoxygenation in vitro and a rat model of hepatic IRl in vivo. The results showed that both ASCL and ASCs protect
against hypoxia by improving hepatocyte viability, inhibiting reactive oxygen species release, and upregulating transforming
growth factor-f3 in vitro. In vivo, ASCL or ASCs were infused into the spleen 24 h before the induction of rat hepatic IRI. The
results showed that ASCL significantly improved the survival outcomes compared with the control (normal saline infusion)
with the significantly decreased serum levels of liver enzymes and less damage to liver tissues compared with ASCs. Both
ASCL and ASCs suppressed NOD-like receptor family pyrin domain-containing 3 inflammasome activation and subsequently
reduced the release of activated IL-13 and IL-18, which is considered an important mechanism underlying ASCL and ASCs
infusion in hepatic IRI. In addition, ASCL can promote the release of interleukin-| receptor antagonist, which was previously
reported as a key factor in hampering the inflammatory cascade during hepatic IRI. Our results suggest ASCL as a new
candidate for hepatic IRI treatment due to its relatively homogeneous characteristics.
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Introduction IL-18, which are generated mainly from leukocytes, promote
inflammation in liver tissue and eventually induce cell death
in hepatocytes at the late stage of hepatic IRI°.
Mesenchymal stromal/stem cells (MSCs) are a type of
multipotent cells capable of self-renewal and differentiation

Hepatic ischemia/reperfusion injury (IRI) occurs when the
blood supply is temporarily interrupted and restored to per-
fuse into the liver tissue during liver transplantation or
hepatic lesions of surgical origin. It is one of the most severe
postoperative complications, causing liver dysfunction and
complex multiple organic failures. The induction of reactive
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into multiple somatic cells such as adipocytes, osteoblasts,
and chondroblasts®. MSCs have been reported to be effective
in treating various degenerative diseases, including liver dis-
eases’ !!. Compared with other types of stem cell therapies,
such as induced pluripotent stem cells and embryonic stem
cells, MSCs therapy has the advantage of easy access and
presents no concern regarding ethical problems and immune
tolerance'?. Therefore, MSCs transplantation is a potential
candidate for alleviating hepatic IRI. Several preclinical
studies have shown that MSCs transplantation improves
liver function, promotes hepatocyte proliferation, and sup-
presses hepatic degeneration in the animal liver injury
models'*"°, in which the paracrine of soluble factors such as
transforming growth factor-f3 (TGF-f) and IL-10 is potential
therapeutic effects of MSC transplantation!>2%2!, However,
because MSCs are heterogeneous®, clinical trials of MSCs
therapy for liver diseases have shown a variety of different
outcomes?>?°. In a randomized controlled trial, adminis-
tration of autologous bone marrow MSCs (BMMSCs) in
alcoholic cirrhosis patients improved their liver functions
and Child-Pugh scores®. However, Mohamadnejad et al.}
revealed an opposite result, as no significant improvement of
Child score, model for end-stage liver disease score, or liver
function was found in their randomized controlled trial of
autologous BMMSC:s treatment of liver cirrhosis. Although
no clinical trials of MSCs therapy in hepatic IRI were pub-
lished so far (end of December 2021), a phase I-II clinical
trial showed that MSCs treatment after liver transplantation
did not improve the overall rates of rejection or graft sur-
vival??, suggesting that this therapy requires further improve-
ment before its practical use in hepatic IRI treatment.

In a previous study, we established a human adipose-
derived mesenchymal stem/stromal cell line (ASCL) purified
from traditional adipose-derived MSCs (ASCs) and fulfilling
the common definition of MSCs?. In the process of platelet-
like cell generation from both ASCs and ASCL, the latter is
superior to ASCs in terms of stability and efficiency when
differentiating into megakaryocytes, suggesting that ASCL is
more homogeneous and has greater differentiation ability
than ASCs?. In the present study, we aimed to investigate the
effect of ASCL in the animal hepatic IRI model on whether it
has any progress in therapeutic potential in comparison with
autologous ASCs. We focused on the immune response
related to hepatic IRI, and ASCL was observed to suppress
the NOD-like receptor family pyrin domain-containing 3
(NLRP3) inflammasome activation and to upregulate IL-1
receptor antagonist (IL-1Ra). As a result, we consider ASCL
as a new candidate for hepatic IRI treatment.

Materials and Methods

Animals and Ethical Considerations

Male Wistar rats aged 7 weeks and weighing 200-250 g
were obtained from the Sankyo Labo Service Corporation
(Tokyo, Japan). All animal experiments were carried out in

accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals (NIH Publication
No.8023, revised 1978). All experimental procedures were
approved by the Ethics Committee of Keio University and
the Laboratory Animal Center, Keio University School of
Medicine (approval number: 20018).

Extraction and Cell Culture of ASCL and ASCs

The extraction of ASCL and ASCs was performed as previ-
ously described?®. Briefly, subcutaneous adipose tissue
obtained from Wistar rats under isoflurane anesthesia (Pfizer
Inc., New York, NY, USA) was minced and digested with
collagenase IV (Sigma-Aldrich, Burlington, MA, USA). The
digested adipose suspension was then filtered through a
70-mm mesh and centrifuged at 1200 bpm for 5 min to obtain
the stromal vascular fracture pellet, which was resuspended
in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM; Nacalai, Tokyo, Japan) supplemented with 20%
fetal bovine serum (FBS) and 100 U/mL penicillin-strepto-
mycin (P-S). After incubation in a 100-mm Petri dish,
adhered cells were considered ASCs, and therefore selected
by exchanging the culture media 24 h after seeding.

ASCL was obtained from pre-existing ASCs. ASCs, at
the third passage, were differentiated into adipocytes in T-75
flasks using rat adipocyte differentiation medium (Cell
Applications Inc., San Diego, CA, USA). Cell cultures were
gently washed twice with phosphate buffered salts (PBS) and
trypsinized mildly with two additional PBS washing after 2
weeks of differentiation. Fat-drop from the trypsinized and
centrifuged cells underwent an upside-down culture. The
flasks were then fully filled with high-glucose DMEM sup-
plemented with 20% FBS and 100 U/mL P-S. Fat-drop from
trypsinized adipocytes was floated and attached to the ceil-
ing of flasks due to their low density, once the dedifferentia-
tion was completed after 2 weeks without medium change.
The flasks were inverted and cultured with medium change
using the same condition to ASCs described above.

Osteoblasts and Adipocytes Differentiations of
ASCL and ASCs

ASCs were differentiated into osteoblasts in osteogenic
differentiation medium (PromoCell, Heidelberg, Germany).
Alkaline phosphatase of differentiated cells was visualized
using the BCIP-NBT Solution Kit for Alkaline Phosphatase
Stain (Nacalai), and differentiated into mature adipocytes in
adipocyte differentiation medium (Cell Applications Inc.).
Lipid accumulation in adipocytes was visualized by Oil Red
O (Nacalai) according to the manufacturer’s protocol.

Phenotyping and RNA-Sequencing of ASCL
and ASCs

For flow cytometry and RNA-sequencing analysis, ASCL
and ASCs were harvested in three passages. CD44-FITC
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(BioLegend, San Diego, CA, USA), CD90-APC (BioLegend),
CD34 (Santa Cruz Biotechnology, Dallas, TX, USA), and
CD45-PE (BioLegend) were detected by BD FACS flow
cytometry (BD, Franklin Lakes, NJ, USA).

For RNA-sequencing, total RNA obtained from each
sample was subjected to a sequencing library construction
using the SureSelect Strand Specific RNA Library
Preparation Kit for Illumina (Agilent Technologies Inc.,
Santa Clara, CA, USA) according to the manufacturer’s pro-
tocol. The quality of the libraries was assessed using an
Agilent 2200 TapeStation D1000/High Sensitivity (Agilent
Technologies). The pooled libraries of the samples were
sequenced using the HiSeq system (Illumina Inc., San Diego,
CA, USA) in 51-base-pair single-end reads.

For functional enrichment analysis, all differentially
expressed genes (DEGs) of ASCL and ASCs were determined
via[log, fold change| and mapped to terms in the gene ontol-
ogy (GO) database (http://geneontology.org). Significantly
enriched GO terms were searched for among the DEGs con-
sidering P < 0.05.

Rat Hepatocytes Isolation

For hepatocyte isolation, Wistar rats were anesthetized with
isoflurane (Pfizer Inc.). The portal vein was cannulated with
an 18-gauge catheter and perfused in 150 mL of Hanks’
balanced salt solution supplemented with collagenase IV
(Sigma-Aldrich). The vena cava was immediately cut to flush
the perfusion fluid. Hepatocytes were dispersed in the
digested liver tissue by manual shaking and then filtered
through a 100-mm mesh. Isolated hepatocytes were subjected
to Percoll density-gradient centrifugation (GE Healthcare,
Marlborough, MA, USA). The final hepatocyte viability
was determined by trypan blue staining. Cells were seeded in
collagen-coated 6-well plates at 5 X 10° cells/well and cul-
tured in high-glucose DMEM supplemented with 10% FBS,
100 U/mL P-S, 25 pug/mL epidermal growth factor, 2 U/mL
GlutaMAX, 1 uM dexamethasone, and 1% insulin-transferrin
serum at 37°C in a 5% CO, humidified atmosphere.

Cell Co-culture and Hypoxia/Reoxygenation
Conditioning Culture

Hepatocyte culture with ASCs or ASCL was performed 6 h
after the attachment of isolated hepatocytes. ASCs or ASCL
were seeded at a density of 1 X 103 cells/well. Single cul-
tures were used as the control group. After 24 h of co-culture,
both groups were transferred to no-glucose DMEM (Nacalai)
and incubated under hypoxic conditions in a modular incu-
bator chamber with 1% O, and 5% CO, in a humidified
atmosphere for 3 h. After this period, the culture medium of
both groups was replaced with high-glucose DMEM plus
supplements and samples were returned to the normal incu-
bation environment for 1 h before being collected and fro-
zen. Culture cells were harvested as frozen pellets or fixed in
4% paraformaldehyde for further analysis.

Rat Hepatic IRl Model and Cell Therapy

Segmental (70%) hepatic warm ischemia was performed
under isoflurane (Pfizer Inc.) anesthesia, as previously
described?’. Briefly, an aneurysm clip (Sugita, Tokyo, Japan)
was used to clamp the bile duct, portal vein, and hepatic
artery of the median and left lobes of the liver. After 60 min
of ischemia, the clip was removed to re-perfuse the blood
flow. Cell infusion of ASCs or ASCL was performed intras-
plenic at 1 X 10° cells/rat 24 h before hepatic IRI induction.
Saline was injected intrasplenic in the control group. Rats
were sacrificed at 3 and 24 h after reperfusion (n = 5 for each
group) and serum and injured liver tissue samples were col-
lected for further analysis. We also performed segmental
(70%) hepatic warm ischemia in each group for 120 min to
induce lethal hepatic injuries and examined the 10-day sur-
vival (n = 10 for control group, n = 6 for ASCL and ASCs

group).

Liver Function Tests

Serum alanine aminotransferase (ALT) and serum aspartate
aminotransferase (AST) levels were analyzed by SRL
(Tokyo, Japan).

Western Blotting and Enzyme-Linked
Immunosorbent Assay (ELISA)

Western blotting was performed to analyze the expression of
NLRP3 (ABclonal, Woburn, MA, USA), caspase-1 (casp-1;
Sigma-Aldrich), IL-1B (Abcam, Cambridge, UK), IL-18
(R&D Systems, Minneapolis, MN, USA), IL-1RA (Abcam),
and B-actin (Cell Signaling Technology, Danvers, MA,
USA) in liver tissues according to the manufacturer’s proto-
col. Serum concentrations of TGF-B (R&D Systems), IL-6
(R&D systems), IL-10 (Thermo Fisher Scientific, Waltham,
MA, USA), and IL-18 (Thermo Fisher Scientific) were
detected using an ELISA kit according to the manufacturer’s
protocol.

Cell Images and Histology Study

Paraformaldehyde-fixed cell cultures were stained for DNA
fragmentation using the DeadEnd Fluorometric TUNEL
System (Promega, Madison, WI, USA) and an anti-albumin
antibody (Abcam). Hepatocytes were distinguished from
ASCs/ASCL in the co-culture group as albumin-positive
stained cells. ROS was detected in cell cultures using an
ROS assay kit (Dojindo, Tokyo, Japan) according to the
manufacturer’s protocol.

The liver tissue of each group was fixed using 4% para-
formaldehyde phosphate buffer solution at 4°C. The sections
were cut to a thickness of 4 um and stained with hematoxylin
and eosin for histological examination. The TUNEL assay
was performed using the DeadEnd fluorometric TUNEL sys-
tem (Promega).
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Table 1. Gene-Specific Primers Used in the Quantitative Real-Time Polymerase Chain Reaction Assay in the Current Study.

Primer Forward Reverse

TGF-B1 5-CGTTACCTTGGTAACCGGCT-3' 5'-AGCCCTGTATTCCGTCTCCT-3'
IL-10 5'-GAAGGACCAGCTGGACAACA-3' 5'-TCAGCTTCTCTCCCA-3'

IL-1Ra 5'-CGCTTTACCTTCATCCGCTC-3' 5-GGGCTCTTTTGGTGTGTTGG-3'

IL-6 5'-AGAGACTTCCAGCCAGTTGC-3'
5'-GAAGGTCGGTGTGAACGGAT-3’

GAPDH

5-TCTGACAGTGCATCATCGCT-3'
5-ACCAGCTTCCCATTCTCAGC-3'

GAPDH: glyceraldehyde-3-phosphate dehydrogenase; IL: interleukin; TGF-f1: transforming growth factor-f 1.

Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)

Total RNA was extracted from co-cultured cells and liver
tissue using the RNeasy Plus Mini Kit (QIAGEN, Hilden,
Germany). For quantification of TGF-1, IL-10, and IL-1Ra
expression, total RNA was reverse transcribed into cDNA
using a BIO-RAD iScript cDNA Synthesis Kit (Hercules,
CA, USA). qRT-PCR was performed using the ViiA 7
RT-PCR system (Thermo Fisher Scientific). The primers
used are listed in Table 1.

Viability and Lactate Dehydrogenase (LDH)
Assessment After Hypoxia/Reoxygenation Lesion

The viability of cell cultures was assessed using cell count-
ing kit-8 (Dojindo), and LDH in conditioned media was
measured using an LDH assay kit (Abcam) according to the
manufacturer’s protocol.

Data Analysis

Values are expressed as mean = standard error (SE). The
curves of survival rates were created using the Kaplan Meier
method. The statistical significance of the differences
between groups was evaluated using the log-rank test for the
survival rates and Student’s ¢-test for all the other data (P <
0.05) using JMP 14 software (https:/www.jmp.com/).

Results

Characterization of Rat ASCL and ASCs

Rat ASCL and ASCs were both analyzed by flow cytometry
at passage 3 for the expression of cell surface molecules.
Both were positive for CD44 and CD90 and negative for
CD45 and CD34 expression (Fig. 1A).

In the differentiation capacity examination, both ASCL
and ASCs were verified to differentiate into adipocytes or
osteoblasts and successfully stained positive for Oil Red O
and alkaline phosphatase staining, respectively (Fig. 1B).

To investigate the overall biological functions elicited
by ASCLs and ASCs. Analyses of DEGs and GO terms
identified a stronger enrichment for functions related to
hypoxia and inflammatory response in ASCL than in

ASCs, specifically in the cellular response to IL-1 (Fig. 2,
Supplemental Table 1).

ASCL and ASCs Attenuate Hepatocytes Hypoxia/
Reoxygenation Damage in Co-culture

To assess the cytoprotective effects of ASCL and ASCs
against hepatocytes hypoxia/reoxygenation damage, rat
ASCL and ASCs were co-cultured with rat hepatocytes.
Hypoxia was applied to co-culture and single culture of
hepatocytes (control) groups for 3 h and these were returned
to normal incubation conditions for 1 h to stimulate reperfu-
sion. All cells were evenly distributed after seeding in 6-well
plates (Fig. 3A). Hepatocytes in the control group were
abundantly detached from the bottom plate after the hypoxia/
reoxygenation treatment, whereas the attachment of hepato-
cytes was maintained in the ASCs and ASCL co-culture
groups (Fig. 3B). Cell apoptosis was analyzed by TUNEL
cell staining (Fig. 3C). A decrease in hepatocyte cell death
was observed in both ASCL (P < 0.001) and ASCs (P <
0.001) co-culture groups compared with the single hepato-
cytes culture group (Fig. 3D). Increased LDH levels in the
culture medium were detected in the control group after the
hypoxia/reoxygenation treatment, whereas it was suppressed
in ASCs (P < 0.001) and ASCL (P = 0.005) co-cultures
(Fig. 3E). Moreover, cell viability in the different groups was
further assessed by the cell counting kit-8 (Fig. 3F), and sta-
tistical differences were found between the single and co-
culture groups (P < 0.01).

ASCL and ASCs Protect Hepatocytes From ROS
Damage

We detected ROS expression after the hypoxia/reoxygen-
ation treatment by cell imaging intensity (Fig. 4A). ROS
induction was significantly decreased in ASCs (P < 0.001)
and ASCL (p < 0.001) co-culture groups compared with the
control group (Fig. 4B).

ASCL and ASCs Upregulate the Expression of
Cytoprotective Cytokines Under Hypoxia

In the qRT-PCR study, we measured the mRNA expression
of cytoprotective cytokines (TGF-f, IL-10, and IL-1Ra) in
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Figure |. Characterization of rat ASCs and ASCL. (A) Immunophenotype of rat ASCs and ASCL. Cells were harvested after the

third passage, labeled with antibodies specific for the indicated surface antigen, and analyzed by flow cytometry. The gray zones in the
panels represent the negative control and the purple zones represent the population of each surface marker expressed in the cells. The
numbers in the panels represent the positive percentage of the expressing markers. (B) Adipocytes and osteoblasts differentiation were
induced by rat ASCs and ASCL after third passage. Cells were stained with Oil Red O and alkaline phosphatase. Bar = 100 uM. ASCL:
adipose-derived mesenchymal stromal/stem cell line; ASCs: adipose-derived MSCs; APC-Cy7: allophycocyanin-Cyanine® 7 conjugates;
PE: phycoerythrin; FITC: fluorescein isothiocyanate; APC: allophycocyanin.
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Figure 2. RNA-sequencing analysis of rat ASCs and ASCL. RNA was extracted from rat ASCs and ASCL after third passage for
sequencing. Differentially expressed genes of ASCL and ASCs (A) were mapped according to the gene ontology database (B). The
top 30 upregulated genes in ASCL with lowest false discovery rate (FDR = 0.05) are presented. ASCL: adipose-derived mesenchymal

stromal/stem cell line; ASCs: adipose-derived MSCs.

each group after the hypoxia/reoxygenation treatment.
The results showed that TGF-f increased in both ASCL
(P = 0.001) and ASCs (P = 0.001) co-culture groups
(Fig. 4C), but IL-10 and IL-1Ra only increased in the
ASCL co-culture group (P = 0.05 for IL-10 and P = 0.009
for IL-1Ra) (Fig. 4D, E).

ASCL and ASCs Ameliorated Cell Survival in
I 20-Min Hepatic IRI

The segmental (70%) warm ischemia in liver sections for
120 min led to a 50% mortality rate in the control group
within 10 days. However, the rats pre-infused with ASCL
or ASCs successfully survived the hepatic injury during the

observation period and exhibited significant improvement
in the survival rate compared with the control group (P =
0.048) (Fig. 5).

ASCL Protects Against 60-Min Hepatic IRl in
Decreasing the Liver Enzymes

The serum levels of AST and ALT peaked after 3 h of reper-
fusion in all three groups. Serum AST and ALT levels were
significantly decreased in the ASCL group (AST, P = 0.002;
ALT, P = 0.007); however, no statistical difference was
observed in the ASCs group (P = 0.302 in AST, P = 0.264
in ALT) (Fig. 6A) in comparison to the control group after 3
h of reperfusion. All groups entered the recovery stage
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Figure 3. ASCs and ASCL attenuate hypoxia/reoxygenation-induced damage to hepatocytes in co-culture. (A) Microscopy images of
rat hepatocytes co-cultured with rat ASCs and ASCL; The single culture of rat hepatocytes was the control group. Bar = 100 uM. (B)
Microscopy images of single culture and co-culture groups after subjecting to hypoxia for 3 h followed reoxygenation damage for | h.
Bar =100 uM. (C) Albumin (Cy5) and TUNEL (GFP) staining of single culture and co-culture groups. Nucleuses were stained with DAPI.
Bar = 125 pM. (D) TUNEL positive rate of hepatocytes was calculated using the ratio of TUNEL (GFP) to albumin (Cy5). (E) LDH
activity in the culture medium of each group post-hypoxia/reoxygenation treatment (n = 3). (F) Evaluation of cell viability of each group
using cell counting kit-8 following hypoxia/reoxygenation treatment (n = 3). Data are presented as means * SE. ASCL: adipose-derived
mesenchymal stromal/stem cell line; ASCs: adipose-derived MSCs; HRT: hypoxia/reoxygenation treatment; LDH: lactate dehydrogenase;
TUNEL: terminal deoxynucleotidyl transferase mediated dUTP nick end labeling; GFP: green fluorescent protein; DAPI: 4',6-diamidino-2-
phenylindole. *P < 0.05. *P < 0.01. **P < 0.001.
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Figure 4. ASCL and ASCs protect hepatocytes from ROS damage and alleviate hypoxia/reoxygenation-induced damage by
immunoregulation of cytoprotective cytokines. (A and B) ROS intensity in each group following hypoxia/reoxygenation treatment. (C-E)
Relative expression of TGF-f3, IL-10, and IL-1Ra mRNA in hypoxia/reoxygenation-treated hepatocytes compared to the untreated group
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Chain Reaction; ROS: reactive oxygen species; TGF-f3: transforming growth factor-f3. *P < 0.05. **P < 0.01. ***P < 0.001.
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Figure 5. ASCL and ASCs enhanced the survival in hepatic

IRI for 120 min (n = 10 for control group, n = 6 for ASCL and
ASCs group). P = 0.048 in both ASCL and ASCs group compared
with the control group. ASCL: adipose-derived mesenchymal
stromal/stem cell line; ASCs: adipose-derived MSC:s; IRI: ischemia/
reperfusion injury.

according to the decrease in serum AST and ALT levels 24 h
after reperfusion. The ASCL group showed the most rapid
tendency (P = 0.130 in AST, P = 0.252 in ALT), whereas
liver enzymes in the control (P = 0.013 in AST, P = 0.024
in ALT) and the ASCs (P = 0.006 in AST, P = 0.004 in ALT)
groups showed no change.

ASCL Prevents Liver Tissue From Lesions and
Apoptosis

In the histological study, we evaluated the therapeutic effect
by hematoxylin and eosin staining (Fig. 6B) and TUNEL
fluorescence staining (Fig. 6C). Lesions occurred early in the
peripheral liver lobules after 3 h of reperfusion. After 24 h of
reperfusion, severe lesions including cell destruction and
vacuolization were spread widely in large areas of liver lob-
ules in the control and ASCs groups, whereas lesions in the
ASCL group were limited to small areas of liver lobules.
Quantification of the liver damage in each group by the
Suzuki score (Fig. 6D) showed a similar tendency, with
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scores in the control group being significantly higher than
that in the ASCL and ASCs groups after 3 (P < 0.001) and
24 h (P < 0.001 in the ASCL group, P = 0.034 in the ASCs
group) of reperfusion. Moreover, a statistical difference in
the Suzuki score was detected between the ASCL and ASCs
groups after 24 h of reperfusion (P = 0.018). In the TUNEL
assay, positive TUNEL staining was massively detected in
the control group at 3 and 24 h of reperfusion, whereas
TUNEL expression was impeded in the ASCL (P < 0.001)
and ASCs (P < 0.001) groups (Fig. 6E).

ASCL and ASC Affect Cytokines Expression
During Hepatic IRI

We determined cytokine expression in both liver tissue and
serum using qRT-PCR and ELISA, respectively. As shown in
Fig. 7A, mRNA expression of IL-1Ra was significantly
higher in the ASCL group than in the control (P = 0.003) and
ASCs (P = 0.009) groups. The mRNA expression of IL-6
was significantly higher in the control group than in the
ASCL (P < 0.001) and ASCs (P < 0.001) groups, and the
mRNA expression of TGF- and IL-10 increased in the
ASCL group compared with that in the control group (P =
0.001 in TGF-B and P < 0.001 in IL-10). In the ELISA study
(Fig. 7B), we detected a significant increase in serum levels
of IL-18 (P < 0.001 vs. ASCL, P = 0.017 vs. ASCs) and
IL-6 (P < 0.001) but decreased TGF-3 (P = 0.019 vs. ASCL,
P = 0.016 vs. ASCs) in the control group. Serum levels of
IL-10 were significantly higher in the ASCL group than in
the control group (P = 0.042) and ASCs group (P = 0.044).
IL-1p was nearly undetectable in the serum except for one
sample from the control group (132 pg/mL); thus, we alter-
natively assessed IL-1( expression by western blot analysis.

ASCL Inhibits NLRP3 Inflammasome and
Activates IL-1RA Expression

To further determine the therapeutic effect of ASCL pre-
infusion in hepatic IRI, we studied the mechanism underly-
ing the inhibition of rat hepatic IRI pathology by ASCL and
ASCs. We tested the protein expression of NLRP3, casp-1,
IL-1B, IL-18, and IL-1Ra in IRI liver tissues. As shown in
Fig. 7C-E, the relative expressions of NLRP3 and cleaved
casp-1 were upregulated in the control group and downregu-
lated in both ASCL (P < 0.001 in NLRP3 and P = 0.002
in casp-1) and ASCs (P < 0.001 in NLRP3 and P = 0.003 in
casp-1) groups. The relative expression of IL-1f3 was down-
regulated in the ASCL (P = 0.003) and ASCs (P < 0.001)
groups. The relative expression of IL-18 was downregulated
in the ASCL (P = 0.007) and ASCs (P < 0.001) groups. The
relative expression of IL-1Ra was upregulated in the ASCL
(P = 0.027) group, whereas it was significantly downregu-
lated in the ASCs (P < 0.001) group.

Discussion

The present study demonstrated that as ASCs, ASCL has
analogous capabilities to protect hepatocytes against in vitro
hypoxic damage, by prohibiting hepatocyte death, release of
ROS, and inducing the gene expression of TGF-3. Using in
vivo rat hepatic IRI model, we established that similar to
ASCs, ASCL pre-infusion prevents hepatic IRI by downreg-
ulating the expression of the proinflammatory cytokines and
inflammasome, along with the inhibition of apoptotic path-
way in hepatocytes, and the upregulation of serum TGF-f.
Moreover, ASCL induced the remarkable upregulation of the
anti-inflammatory cytokines, IL-10 and IL-1Ra in both in
vitro and in vivo systems, which were not observed in case of
ASCs pre-infusion. Also, ASCL pre-infusion substantially
suppressed the serum levels of liver enzymes and alleviated
liver tissue damage, indicating a superior survival outcome
in lethal hepatic IRI model.

Human ASCs, that is, ASCL, stabilized the induction of
megakaryocytes differentiation, as well as that of adipocytes,
chondrocytes, and osteoblasts, since the differentiation abil-
ity of non-cell-line ASCs varies considerably as a result of its
heterogeneity?®. MSCs-based therapy also poses a similar
challenge; we assumed that the characteristics of heteroge-
neous stromal cells, such as contamination of pericytes, may
reduce the effect of MSCs therapy on treatment. Thus, we
established a rat ASC line to determine the therapeutic poten-
tial of ASCL in hepatic IRI by applying ASCL and ASCs to
hepatocytes for in vitro hypoxia/recovery treatment and rat
hepatic IRI models in vivo.

MSCs therapy has recently focused on hepatic IRI. Seki
et al.'” found that ASCs transplantation promotes liver
regeneration after hepatic ischemia-reperfusion and subse-
quent hepatectomy by cytokines and growth factor stimula-
tion, including IL-6, TNF-a, hepatic growth factor, and
vascular endothelial growth factor. Li et al.'® reported that
BMMSCs attenuate neutrophil accumulation in hepatic IRI
by hindering CXCL2/CXCR2 signaling. Yao et al.?® also
reported that extracellular vesicles (EVs) derived from
human umbilical cord MSCs are enriched with manganese
superoxide dismutase, which can suppress oxidative stress
during hepatic IRI. Several studies have suggested that para-
crine properties, instead of bio-distributional differentiation,
mainly contribute to the therapeutic effect of MSCs in
regenerative medicine®*3!. MSCs participate in immuno-
regulation by releasing cytoprotective cytokines and secret-
ing EVs, which eventually inhibit the immune response,
suppress apoptosis, and promote the proliferation in injured
tissues or organs!!?%-21:2832 The present study revealed that
ASCL has the similar paracrine function as previously
reported MSCs concerning hepatic IRI. Moreover, ASCL
can impede NLRP3 activation in hepatic IRI by inhibiting
cleavage of casp-1, which eventually hampers the release of
IL-1p and IL-18 from their progenitors.
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Figure 7. ASCL protect against hepatic IRI in vivo by inhibiting NLRP3 inflammasome and activating IL-RA expression. (A) Relative
expression of IL-1Ra, IL-6, TGF-f3, and IL-10 mRNA in each hepatic IRl lobe were evaluated using qRT-PCR (n = 3). (B) Serum levels
of IL-18, IL-6, TGF-f3, and IL-10 were measured using ELISA (n = 4-5). ASCL (C, D) Relative protein expression of NLRP-3-related
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NLRP3 inflammasome activation is an essential patho-
genic mechanism underlying all types of liver diseases® >,
In the case of hepatic IRI, release of pathogen-related mole-
cular patterns and danger-associated molecular patterns,
derived from damaged hepatocytes, liver sinusoidal endothe-
lial cells, and recruits of Kupffer cells, including cholesterol
crystals, palmitic acid, DNA fragments, and ROS, trigger the
complement of NLRP3 inflammasome to initiate the activa-
tion of pro-casp-1, entailing the downstream cleavage of
IL-1p and IL-18 into mature forms. Secretion of these cyto-
kines further leads to the accumulation of neutrophils and
macrophages to induce inflammation of damaged liver
tissue. In addition, secretion of IL-1P may interact with and
activate IL-1 receptor to amplify the inflammatory signal,
which eventually causes liver tissue undergoing NLRP3
inflammasome-related programmed cell death known as
pyroptosis®.

In addition, IL-1Ra, another key factor in the regenera-
tion of inflammatory diseases*®*!, was found to be highly
expressed in ASCL group. We previously reported that
IL-1Ra gene delivery into the liver can protect rats against
hepatic IRI*2. Other studies have reported that [L-1Ra over-
expressed MSCs can reduce nuclear factor kappa B expres-
sion triggered by activation of IL-1R to decrease IL-1,
TNF-a, and IL-6 from Kupffer cells, which substantially
attenuates liver damage in terms of inflammatory responses
and reduces mortality rates3®3%4!. Although ASCs can hardly
modulate the expression of IL-1Ra without any modifica-
tion3®37 significantly increased expression of IL-1Ra can
be observed in the unmodified ASCL. GO analysis using
RNA-sequencing also strengthened the evidence that ASCL
is more sensitive to hypoxia response and inflammatory
response, especially in IL-1-related inflammatory response.
Therefore, ASCL has more stabilized outcomes in hepatic
IRI treatment than ASCs.

In a preliminary study, we injected ASCL/ASCs intra-
venously immediately after lethal rat hepatic IRI induction.
The 10-day survival rates showed no significant difference
between the control group and ASCL or ASC groups
(Supplemental Fig. 1). In addition, incisional hematoma and
nasal bleeding occurred in the ASCL and ASC groups after
hepatic IRI induction. It has been reported that intravenous
stem cell therapy can result in pulmonary embolism and lead
to death®*, especially because intravenous injection of cells
may further deteriorate hemodynamics, already affected by
the previous blood supply occlusion in the portal vein and
hepatic artery. To minimize the side effects of ASCL/ASCs
infusion, we used intrasplenic injection 24 h before hepatic
IRI induction. We estimated that pre-infusion with ASCL/
ASCs had the least influence on hemodynamics as most
intrasplenic infused MSCs will enter the liver sinusoids, and
eventually migrate in the liver parenchyma®. Furthermore,
as hepatic IRI is characterized by rapid Kupffer cell activa-
tion soon after reperfusion®*, a 24-h pre-infusion can help

migrated ASCL/ASCs in injury response. Previously, we
demonstrated that suppression of the inflammatory response
may prolong graft survival and improve liver function early
after transplantation*®*’. We expected that this treating strat-
egy described in the present study can serve as basis for new
approaches in clinical practice for a preventive treatment in
the perioperative period of liver transplantation. However,
further experiments are required to confirm whether ASCL
has the same in vivo distribution as the previously reported
MSCs infused via spleen. Moreover, whether the immuno-
modulation of NLRP3 inflammasome and IL-1Ra as we
described in this study or other functional processes such as
direct interaction with the liver by intraportal migration are
the principal therapeutic effects of ASCL ameliorating hepatic
IRI remains elusive due to the intricate underlying molecular
mechanism of the hepatic IRI process. In addition, recent
reports have focused on MSCs-derived exosome therapy to
circumvent the limitations caused by the side effects of direct
cell injection or transplantation. Moreover, this cell-free ther-
apy has been confirmed to have a variety of beneficial effects
in regenerative diseases, including liver diseases?®*5!, Thus,
application of ASCL or other cell line MSCs in exosome-
based therapy may emerge as a novel and improved concept
for regenerative medicine in future research. Although MSCs
exosome-based therapy has achieved significant progress in
recent years, exosomes isolated from MSCs also inherit their
heterogeneity, which hinders the consistency in their treat-
ment**3°, We believe that further studies on ASCL-based exo-
some therapy deserve to be pursued and further explored as it
might be a promising therapeutic solution.

In conclusion, our findings demonstrated the therapeutic
potential of ASCL in effectively treating hepatic IRI by
impeding the activation of NLRP3 inflammasome and
release of IL-1Ra, thereby protecting injured liver tissue
from pyroptosis and apoptosis. Considering ASCL as a sta-
ble cell line of ASCs, the results of the present study may
provide a novel and effective strategy for liver transplanta-
tion or hepatic IRI treatment in clinical practice.
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