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Hypothermic oxygenated perfusion inhibits CLIP1-mediated

TIRAP ubiquitination via TFPI2 to reduce ischemia—reperfusion
injury of the fatty liver
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The use of fatty livers in liver transplantation has emerged as a crucial strategy to expand the pool of donor livers; however, fatty
livers are more sensitive to ischemia—reperfusion injury (IRl). Excessive congenital inflammatory responses are crucial in IRI.
Hypothermic oxygenated perfusion (HOPE) is a novel organ preservation technique that may improve marginal donor liver quality
by reducing the inflammatory response. Tissue factor pathway inhibitor-2 (TFPI2) and CAP-Gly domain-containing linker protein 1
(CLIP1) exhibit modulatory effects on the inflammatory response. However, the underlying mechanisms of HOPE in fatty liver and
the effects of TFPI2 and CLIP1 in fatty liver IRI remain unclear. Here, we aimed to explore the impact of HOPE on the inflammatory
response in a rat model of fatty liver IRl and the mechanisms of action of TFPI2 and CLIP1. HOPE significantly reduces liver injury,
especially the inflammatory response, and alleviates damage to hepatocytes and endothelial cells. Mechanistically, HOPE exerts its
effects by inhibiting TFPI2, and CLIP1 can rescue the damaging effects of TFPI2. Moreover, HOPE promoted the ubiquitination and
subsequent degradation of Toll/interleukin-1 receptor domain-containing adapter protein (TIRAP) by regulating the binding of R24
of the KD1 domain of TFPI2 with CLIP1, thereby negatively regulating the TLR4/NF-kB-mediated inflammatory response and
reducing IRI. Furthermore, TFPI2 expression increased and CLIP1 expression decreased following cold ischemia in human fatty
livers. Overall, our results suggest that targeting the inflammatory response by modulating the TFPI2/CLIP1/TIRAP signaling

pathway via HOPE represents a potential therapeutic approach to ameliorate IRl during fatty liver transplantation
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the advancement of liver transplantation technologies'. The quality
of donor livers has become a focus of attention in the field of organ

INTRODUCTION
transplantation because of the increasing number of organ

Liver transplantation is the sole efficacious therapy for terminal liver
disease. Nevertheless, the insufficiency of donor organs constrains
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donations each year. Among the donated organs, fatty liver is a
substantial concern for poor liver quality, with an incidence rate of
15-30%?2. The accumulation of fatty acids and neutral fats in liver
cells leads to a specific change in the liver parenchyma known as
steatosis. Steatosis is associated with liver damage caused by
proapoptotic activity and inflammatory stimulation by free fatty
acids®. Fatty livers are more susceptible to cold ischemia—reperfusion
injury (IRI) than normal livers. First, the liver cell volume increases,
inhibiting the liver sinusoids during liver cell steatosis, causing a
relatively ischemic environment within the fatty liver. Second,
insufficient mitochondrial beta-oxidation in fatty livers reduces ATP
generation in liver cells, thereby decreasing energy in the liver
during IRl and increasing reactive oxygen species (ROS) production.
Third, abnormal regulation of Kupffer cells in fatty livers decreases
the regulation of liver sinusoidal blood flow*®.

During IRl, endothelial cells (ECs) are more susceptible to
damage because of the leakage of damage-associated molecular
patterns (DAMPs), such as endogenous DNA or high mobility
group box 1 (HMGB1), from damaged steatotic hepatocytes,
which activate the TLR inflammatory pathway in ECs, leading to
the release of inflammatory cytokines®’. Extracellular vesicles
secreted by steatotic hepatocytes contain proteins, lipids, and
nucleic acids that further promote EC inflammation and injury?®.

These factors contribute to a 35-40% increase in the risk of
severe complications [such as delayed graft function (DGF) and
primary nonfunction (PNF)] and liver function failure after liver
transplantation®. Macrosteatosis exceeding 60% is a contraindica-
tion for liver transplantation. However, in clinical practice, post-
operative PNF significantly increases to 13% when macrosteatosis
exceeds 30%, with a mortality rate of up to 14%'%"".

Excessive innate inflammatory responses have attracted parti-
cular attention owing to the significant molecular events involved
in IRl. DAMPs released by stressed cells bind to pattern recognition
receptors, activating natural immune cells'*'3, Toll-like receptor 4
(TLR4) is essential in sterile inflammation'>. Inhibition of the TLR4
signaling pathway can alleviate IRl in donations after circulatory
death (DCD) in rat livers'. In fatty liver transplantation, reperfu-
sion injury activates the TLR4 signaling pathway, leading to
downstream inflammatory responses®. The Toll/interleukin-1
receptor domain-containing adapter protein (TIRAP) is a signaling
molecule that regulates various immune responses and acts as an
adapter protein that couples myeloid differentiation factor 88
(MyD88) with TLRs, activating the TLR4/MyD8/NF-kB signaling
pathways, thereby leading to proinflammatory responses'”.
Additionally, TIRAP is involved in several inflammation-related
protein—protein interactions'®. For example, when the receptor for
advanced glycation end products binds to TIRAP, it activates the
NF-kB and AP-1 inflammatory pathways'’; P38 MAPK and TIRAP
interactions activate AP-1'%; TIRAP and PI3K interactions activate
the PI3K-Akt pathway'®; and CLIP170 and TIRAP interactions
reduce NF-kB and AP-1 responses®. The involvement of TIRAP in
several intracellular signaling pathways indicates its important role
in various inflammatory responses, making it a potential
therapeutic target for inhibiting acute and chronic inflammation.

Hypothermic oxygenated perfusion (HOPE) is a novel organ
preservation technique for donor livers and a promising method to
protect against marginal liver IRI*'. HOPE alleviates DCD liver IRl by
regulating inflammation, oxidative stress, and other factors®>*,
HOPE treatment during IRl in the fatty liver significantly reduces
posttransplantation IRI, which is characterized by decreased oxidative
stress, nuclear damage, necrosis, EC activation, and fibrosis®>.

Damage from prolonged cold IRl causes ROS accumulation in
the fatty liver, TLR signaling activation, and worsening inflamma-
tion®. Although HOPE mitigates fatty liver injury and suppresses
the inflammatory response, the specific molecular mechanisms
involved remain unclear. Therefore, this study aimed to establish a
rat model of fatty liver disease and explore the effect of HOPE on
TLR4-mediated inflammatory responses during fatty liver IRl and
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its mechanism of action, thereby providing new intervention
targets for treating IRl during fatty liver transplantation.

MATERIALS AND METHODS

Animals

SD rats (adult, male, 300-350g) were provided by Wangian Jiaxing
Biotechnology Co., Ltd., Wuhan, China. The rats were housed in a
pathogen-free environment at the Animal Laboratory Center, Zhongnan
Hospital of Wuhan University. They were fed a methionine—choline-
deficient (MCD) diet (10% fat content, purchased from Xietong Pharma-
ceutical Bioengineering Co., Ltd., Jiangsu, China.) for 2 weeks to establish a
fatty liver model (=60% macrosteatosis). The animals had unrestricted
access to water and food during the entire research period.

This study received approval from the Experimental Animal Welfare
Ethics Committee at Zhongnan Hospital of Wuhan University (approval no.
ZN2022202). Animal experiments were carried out in strict adherence to
the Regulations on Laboratory Animal Management (issued by the
National Science and Technology Commission of China) and the Guidelines
for Laboratory Animal Care and Use (National Institutes of Health in
Bethesda, MD, USA).

Study design

Sodium pentobarbital (30 mg/kg) was injected intraperitoneally into the
rats to anesthetize them. Their skin was prepared, disinfected, and draped.
The skin, subcutaneous tissues, muscles, and peritoneum were sequentially
incised along the midline of the abdomen to expose the liver. A 100 mL
4°C histidine-tryptophan-ketoglutarate (HTK) solution was slowly per-
fused through the abdominal aorta, and the liver was cooled with 4°C
saline. After the liver was thoroughly washed, it was isolated intact, the
portal vein and infrahepatic inferior vena cava were cannulated, the
suprahepatic inferior vena cava was ligated, and the livers were preserved
in HTK solution at 4 °C.

The rats were divided into three groups as follows: the sham, cold storage
(CS), and HOPE groups. Immediately after fatty liver was induced, the sham
group underwent 2 h of normothermic reperfusion (NMP); the CS group
underwent 24 h of CS in HTK solution at 4 °C, followed by 2 h in NMP; and
the HOPE group underwent 24 h of CS, 1 h of HOPE, and 2 h of NMP (Fig. 1a).

The HOPE and NMP systems were modified on the basis of previous
descriptions*?*, In general, the HOPE device consists of a peristaltic pump,
an oxygenator, a water bath, pressure sensors, and perfusion tubing. The
HTK solution is used as the perfusion fluid, flowing into the portal vein and
exiting through the inferior vena cava. The temperature is maintained at
0-4°C, with a portal vein perfusion pressure of 2-3 mmHg, a perfusion
fluid flow rate of 0.23 mL/min/g, and oxygen maintained at approximately
200 mmHg. The duration of HOPE was 1 h. The NMP system is similar to
that of HOPE, except that the perfusion fluid is Krebs—Henseleit buffer
(KHB) solution, with the temperature controlled at 35-37 °C, portal vein
pressure at 8-10 mmHg, perfusion fluid flow rate of 2 mL/min/g, and a gas
mixture of 95% oxygen and 5% carbon dioxide, which is maintained at
~500 mmHg. The duration of NMP was 2 h.

Preparation of AAV8

TFPI2-overexpressing (ov-TFPI2), TFPI2-knockdown (sh-TFPI2), and empty
vector (NC) of adeno-associated virus serotype 8 (AAV8) were provided by
OBiO Technology Co., Ltd. (Shanghai, China). AAV8 (5 x 10" v/mL per rat)
was administered via tail vein injection.

Cell culture

Human umbilical vein endothelial cells (HUVECs), buffalo rat liver-3A cells
(BRL-3A), and human embryonic kidney 293T (HEK293T) cells were
cultured at 37 °C in a 5% CO, environment in Dulbecco’s modified Eagle’s
high-glucose medium supplemented with 1% penicillin—streptomycin and
10% fetal bovine serum. In accordance with the experimental design,
lipopolysaccharide (LPS) (Sigma, USA) was applied to the cells for 24 h.

Vector construction, cell transfection, and lentiviral infection
The plasmids encoding TFPI2, His-TFPI2, His-TFPI2(AKD1), His-TFPI2(AKD2),
His-TFPI2(AKD3), His-TFPI2(R24Q), Flag-CLIP1, Myc-TIRAP, and HA-Ub were
constructed by Miaoling Biotechnology Co., Ltd., Wuhan, China. Cell
transfection was performed using NEOFECT DNA transfection reagent
(Beijing, China).

SPRINGER NATURE
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HOPE improves fatty liver function and alleviates tissue damage. a Experimental design. b, ¢ Concentrations of ALT and AST in the

perfusate. d Liver tissue HE staining, TEM images, TUNEL and IF staining for CD31, and IHC for vWF. The black arrows indicate cavitation, the
red arrows indicate red blood cells, the blue arrows indicate neutrophils, and the orange arrows indicate nuclear shrinkage. N represents the
nucleus, M represents the mitochondria, ER represents the endoplasmic reticulum, and L represents lipid droplets. e Necrotic area analysis of
liver histology. f Apoptotic ratio analysis of TUNEL-stained cells. g, h Concentrations of MDA and SOD in liver tissue. i Results from the
quantitative analysis of CD31 via IF. j Quantitative analysis of VWF via IHC. n = 5 per group; the data are presented as the means + SDs; ns not

significant; *P < 0.05; and **P < 0.01.

To establish a stable TFPI2-knockdown cell line, a sShRNA lentivirus was
prepared by cotransfecting HEK293T cells with GL427 and the packaging
plasmids pMD2G and psPAX2 (OBiO, Shanghai, China). After 48h of
transfection, the viral supernatant was collected. HUVECs were incubated
with the viral supernatant in the presence of 8 pg/mL polybrene. Positive
cells were selected with 2.5 pg/mL puromycin. The sequence of shTFPI2 is
listed in Supplementary Table 1.
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Aspartate aminotransferase (AST), alanine aminotransferase
(ALT), malondialdehyde (MDA), and superoxide dismutase
(SOD) detection

ALT and AST in the perfusate samples of each group were detected by an
automatic biochemical analyzer (Chemray 80, Guangdong, China). The
levels of MDA and SOD in fresh liver tissue samples from each group were
measured using reagent kits (Jiancheng, Nanjing, China) according to the
manufacturer’s instructions.
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Hematoxylin and eosin (HE), Oil red O (ORO), terminal
deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL),
immunohistochemistry (IHC), and immunofluorescence (IF)
staining

Fresh liver tissue was preserved in paraformaldehyde (4%) for 24h,
encased in paraffin, and then sliced into sections. The sections were
stained with HE or ORO staining solutions for microscopic observation.
Hepatocyte apoptosis was measured using TUNEL staining. IHC was
performed by sequentially incubating paraffin sections with specific
antibodies, staining them with 3,3’-diaminobenzidine (DAB), counter-
staining them with hematoxylin, and examining them under a microscope.
For IF, cells cultured on coverslips or paraffin sections fixed with
paraformaldehyde were incubated with specific primary and fluorescent
secondary antibodies and observed under a fluorescence microscope after
counterstaining with 4',6-diamidino-2-phenylindole. The primary antibo-
dies used for IHC and IF were as follows: anti-vWF (GB11020), anti-MCP1
(GB11199), anti-CD31 (GB120633), anti-CD206 (GB11527), anti-MPO
(GB11224), and anti-CD11b (GB15058) provided by Service Biotechnology
Co., Ltd., Wuhan, China; the anti-TFPI2, anti-CLIP1, anti-TIRAP, anti-TLR4,
and anti-HMGB1 antibodies were the same as those used for Western
blotting.

Transmission electron microscopy (TEM)

Fresh liver tissue (1-2mm?) was preserved in an electron microscope-
fixing liquid (Servicebio, Wuhan, China) for 2 h. After gradient dehydration
with alcohol, acetone infiltration, epoxy resin embedding, slicing, and
staining, the specimens were observed and photographed using a Hitachi
HT7700 TEM (Japan) at 80 kV.

Enzyme-linked immunosorbent assay (ELISA)

The ELISA kits for IL-6, IL-10, IL-18, HMGB1, and 8-OHdG were purchased
from Service Biotechnology Co., Ltd., Wuhan, China. The supernatant of the
liver tissue homogenate or cell culture medium was collected via
centrifugation at 1200 rpm for 10 min at 4 °C. The assay was performed
according to the manufacturer’s instructions. The OD of each well was
detected at 450 nm.

ROS assay

Intracellular ROS were detected via a ROS assay kit (Beyotime, Shanghai,
China). DCFH-DA was diluted 1000 times with serum-free culture medium,
added to the cells, and incubated for 20 min at 37 °C. After the cells were
washed three times, they were observed and photographed with a
fluorescence microscope (Nikon Eclipse C1, Japan).

Flow cytometry (apoptosis) detection

The cells of each group were digested with trypsin without ethylenedia-
minetetraacetic acid. Each cell pellet was resuspended in 1x binding
buffer per tube (100 uL), followed by the addition of V-fluorescein
isothiocyanate (5 pL) and propidium iodide (5 pL) (Elabscience, E-CK-A211,
Wuhan, China) in the dark. The sample was mixed thoroughly and
incubated at 25 °C for 15 min. The sample was subsequently centrifuged,
and the supernatant was collected. The pellet was washed with PBS once
or twice, and the cells were resuspended in 300 uL of 1x binding buffer,
mixed thoroughly, and analyzed using a flow cytometer (Cytolfex,
Beckman Coulter, USA).

Quantitative real-time polymerase chain reaction (RT-qPCR)
and RNA sequencing (RNA-seq)

Total RNA was extracted from the liver using TRIzol reagent (Invitrogen,
USA). Using a one-step gDNA removal reverse transcription kit (Servicebio,
Wuhan, China), the mRNA was converted to cDNA. RT-gPCR was performed
using SYBR Green (Servicebio, Wuhan, China) to intercalate fluorescence.
-actin was utilized as the reference gene. The primers used for all target
genes are listed in Supplementary Table 1.

The extracted RNA was sequenced on the HiSeq platform using the
lllumina TruSeq RNA Sample Prep Kit for library construction. Genomic
information on Rattus norvegicus was obtained from http:/
asia.ensembl.org/Rattus_norvegicus/Info/Index. Differential gene expres-
sion was calculated on the basis of gene read count data and analyzed
using edgeR software. The selection criteria for significantly differentially
expressed genes (DEGs) were a false discovery rate < 0.05 and |log, fold
change|=15.
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Western blotting

The western blotting experimental procedures were described pre-
viously®*. The primary antibodies used in this study were as follows: anti-
TFPI2 (1:4000, Abcam, ab186747, Cambridge, UK), anti-CLIP1 (1:1000,
Proteintech, 23839-1-AP, Wuhan, China), anti-TIRAP (1:1000, Abcam,
ab17218, Cambridge, UK), anti-IL-1B (1:5000, Proteintech, 16806-1-AP,
Wuhan, China), anti-TNF-a (1:1000, Proteintech, 60291-1-Ig, Wuhan, China),
anti-HMGB1 (1:3000, Proteintech, 10829-1-AP, Wuhan, China), anti-TLR4
(1:1000, Proteintech, 19811-1-AP, Wuhan, China), anti-p65 (1:3000,
Proteintech, 10745-1-AP, Wuhan, China), anti-phospho-p65 (Ser536)
(1:500, Affinity Biosciences, AF2006, Shanghai, China), anti-IkBa (1:5000,
Proteintech, 10268-1-AP, Wuhan, China), anti-phospho-IkBa (Ser32/Ser36)
(1:300, Affinity Biosciences, AF2002, Shanghai, China), anti-ubiquitin (1:300,
Proteintech, 10201-2-AP, Wuhan, China), anti-His tag (1:5000, Proteintech,
66005-1-AP, Wuhan, China), anti-MYC tag (1:5000, Proteintech, 16286-1-AP,
Wuhan, China), anti-HA tag (1:5000, Proteintech, 51064-2-AP, Wuhan,
China), anti-Flag tag (1:20000, Proteintech, 20543-1-AP, Wuhan, China),
anti-GST tag (1:2000, Proteintech, 10000-0-AP, Wuhan, China), and anti-
B-actin (1:10,000, Abclonal, AC026, Wuhan, China).

Coimmunoprecipitation (ColP) and liquid chromatography-
tandem mass spectrometry (LC-MS)

For ColP, lysis buffer was added to the cells or liver tissue at 4°C, the
mixture was centrifuged at 12,000 rpm for 10 min, and the supernatant
was collected. The corresponding primary antibody (10 pg) was added and
incubated overnight at 4°C to form antigen-antibody complexes. The
antigen—antibody complexes were mixed with protein A/G MagPoly (ACE
Biotechnology, Inc., Jiangsu, China) and incubated at 25°C for 2 h. After
washing, elution, and denaturation of the proteins bound to the beads,
SDS-PAGE was performed. The gels were subjected to Western blotting
and silver staining. Proteins in the samples were identified via LC-MS. The
gel was washed and dehydrated, trypsin was added, and the resulting
mass spectrometry samples were analyzed using a mass spectrometer
(Ultraflex I, Bruker, Germany). Data analysis was performed using
MaxQuant (V2.2.0.0, Germany).

Human liver tissue samples

Human liver samples were obtained from Wuhan University Zhongnan
Hospital. Approval for the study was obtained from the Medical Ethics
Committee of the hospital (approval no. 2020122), and informed consent
was obtained from all participants.

Statistical methods

Statistical analyses were performed using GraphPad Prism 8.0.2 software,
and all of the data are presented as the mean *standard deviation
(mean £ SD). Student’s t-test was used for comparing two groups, whereas
one-way or two-way analysis of variance (ANOVA) was used for comparing
multiple groups, followed by Tukey’s post hoc test. A significance level of
p <0.05 was applied.

RESULTS

HOPE improves fatty liver function and tissue damage

We established a steatosis model using BRL-3A cells to validate
the high sensitivity of fatty liver to IRl. Compared with normal
cells, steatotic cells presented further increases in the levels of
inflammation (IL-1B, IL-6, TNF-a, and HMGB1) and ROS under CS
conditions (Supplementary Fig. Ta-f). Ex vivo livers subjected to
prolonged CS presented significantly higher levels of AST and
ALT in the steatosis group than in the control group in the rat
model of MCD-induced fatty liver (Supplementary Fig. 2a, b). HE
staining revealed increased cell necrosis and inflammatory cell
infiltration (Supplementary Fig. 2c-e). These results indicated
that steatotic livers subjected to cold IRI presented more severe
damage.

We measured liver enzyme levels in the perfusate to assess
the role of HOPE in fatty liver IRl. Compared with the sham
group, the CS group presented significant increases in AST and
ALT levels, which were reduced after HOPE treatment (Fig. 1b, c).
HE staining of liver tissues revealed significant pathological
damage, including inflammatory cell infiltration, vacuolization,
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and hepatocyte necrosis, in the CS group, whereas the HOPE
group presented significantly lower levels of pathological
damage (Fig. 1d, e). ORO staining revealed no significant
difference in the proportion of lipid droplets among the three
groups (Supplementary Fig. 3), indicating that HOPE did not
alleviate hepatic steatosis, which is consistent with the findings
of previous studies®. The TUNEL staining results were consistent
with the HE staining results. Hepatocyte apoptosis increased in
the CS group but decreased in the HOPE group (Fig. 1d, f).
Compared with the sham group, the CS group presented more
severe nuclear condensation, mitochondrial swelling, disrupted
mitochondrial cristae, mitochondrial matrix vacuolization, and
endoplasmic reticulum expansion, according to TEM. This
structural damage was significantly reduced in the HOPE group
(Fig. 1d). IRl can induce significant oxidative stress in liver
tissues®® owing to the significantly increased MDA levels and
decreased SOD levels in the CS group. HOPE treatment
markedly reduced hepatic oxidative stress levels in fatty livers
(Fig. 1g, h).

We performed IF and IHC staining for CD31 and VvWF,
respectively, to explore the effects of HOPE on the homeostasis
of liver sinusoidal endothelial cells (LSECs). The levels of CD31 and
vWF were increased in the CS group, whereas the increase in the
HOPE group was significantly inhibited compared with those in
the sham group (Fig. 1d, i, j). These findings indicate that HOPE
can alleviate IRl-induced damage to LSECs.

These findings suggested that HOPE significantly improved
fatty liver function, alleviated liver tissue damage, inhibited
oxidative stress, and protected LSECs.

HOPE reduces inflammation levels in the fatty liver

We collected rat liver samples from the sham, CS, and HOPE
groups for RNA-seq analysis to further investigate the role of
HOPE in fatty liver IRl. A comparative analysis between the CS
and sham groups revealed 919 upregulated and 885 down-
regulated genes. A total of 221 genes were upregulated, and 852
genes were downregulated when the HOPE group was
compared with the CS group (Fig. 2a, b; Supplementary Fig.
4a). Gene Ontology (GO) enrichment analysis revealed that the
DEGs were enriched in pathways involved in monocyte
chemotaxis, leukocyte migration, leukocyte chemotaxis, neutro-
phil migration, and leukocyte apoptotic processes (Supplemen-
tary Fig. 4b, ¢). Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis revealed that the DEGs were
enriched in the TNF, IL-17, NF-kB, MAPK, chemokine, and PI3K-
Akt pathways (Fig. 2c, d). Furthermore, a heatmap revealed
significantly greater expression of inflammation-related genes in
the liver tissue of the CS group than in that of the sham group,
with downregulation of these genes upon HOPE treatment (Fig.
2e). These findings suggest that HOPE may regulate the
inflammatory response to improve fatty liver IRI. IF staining of
the neutrophil markers CD11b and MPO revealed a significant
increase in neutrophil infiltration in the CS group, which was
partially reversed by HOPE in fatty liver subjected to IRl (Fig.
2f-h). HOPE treatment significantly reduced the accumulation of
MCP1 induced by fatty liver IRl as shown by IHC (Fig. 2f, i). The
upregulation of TLR4 and HMGB1 expression in the CS group
was decreased by HOPE treatment according to the IHC results
(Fig. 2f, j, k). Compared with those in the CS group, the levels of
IL-183, IL-6, HMGB1, and 8-OHdG were significantly lower in the
HOPE group, whereas the IL-10 levels were greater
(Fig. 2l-p). Moreover, the mRNA levels of TNF-q, IL-1(, IL-2, IL-
6, CXCL1, and CXCL3 were lower in the HOPE group than in the
CS group, with IL-4 and IL-10 showing the opposite trend (Fig.
2g-u, Supplementary Fig. 5). These data suggest that HOPE
reduces fatty liver IRl in rats by inhibiting the inflammatory
response, with a significant inhibitory effect on TLR4-mediated
inflammation.
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HOPE improved fatty liver function and damage by
inhibiting TFPI2

DEG analysis revealed significant changes in the expression of the
tissue factor pathway inhibitor-2 (TFPI2) gene, which was
upregulated in the CS group and downregulated in the HOPE
group (Fig. 2a, b). This gene is a member of the Kunitz-type serine
protease inhibitor family, is synthesized primarily by ECs of small
blood vessels, and is widely expressed in the liver, skeletal muscle,
heart, kidneys, and pancreas. It induces apoptosis, participates in
inflammatory responses, and inhibits angiogenesis*’'. The role
of TFPI2, especially in inflammatory responses, involves its
participation in LPS-induced liver inflammation in mice?’. Extra-
cellular stimuli, such as IL-1, TNF-q, sorbitol, anisomycin, and UV
light, can activate the JNK, NF-xB, and p38 MAPK pathways
through TFPI232. These findings strongly suggest that TFPI2 is
involved in the regulation of inflammatory responses. We
observed that the TFPI2 expression level in the liver tissue of
the CS group was greater than that in the sham group, and HOPE
treatment attenuated this trend (Fig. 3a, b). The mRNA expression
level of this gene showed the same trend (Fig. 3c). HOPE reduced
the expression of TFPI2 as shown by IHC (Fig. 3d, e).

We transfected AAV8 constructs overexpressing or knocking
down TFPI2 expression in rats fed an MCD diet to analyze the role
of TFPI2 during fatty liver IRI (Fig. 3f). AAV8 showed the highest
transfection efficiency 15 days after tail vein injection, with no
effect on liver function (Supplementary Fig. 6). ov-TFPI2
AAVS significantly increased AST and ALT levels in the CS and
HOPE groups, whereas sh-TFPI2 AAV8 decreased AST and ALT
levels in all groups (Fig. 3g, h). TFPI2 overexpression exacerbated
pathological injuries, such as inflammatory cell infiltration,
hepatocyte necrosis, and vacuolization in liver tissue, whereas
silencing TFPI2 had the opposite effect according to HE staining
(Fig. 3i, j).

We initially examined the levels of TLR4 and NF-kB inflamma-
tory signaling-related proteins in liver tissue to investigate the role
of TFPI2 in the regulation of inflammatory responses during fatty
liver IRI (Fig. 3k). TFPI2 overexpression significantly increased the
protein expression of TNF-a, IL-13, HMGB1, TLR4, p-P65, and p-
IkBa in the CS and HOPE groups, whereas TFPI2 silencing resulted
in the opposite trend (Fig. 31-0). Significantly increased levels of
the proinflammatory cytokines TNF-q, IL-1(, and IL-6 in liver tissue
were observed following ov-TFPI2 AAV8 administration, whereas
significantly decreased levels of the anti-inflammatory cytokine IL-
10 were detected via ELISA. These effects were reversed by sh-
TFPI2 AAVS treatment (Fig. 3p-s). HOPE alleviated the inflamma-
tory response in fatty liver IRI by inhibiting TFPI2 expression, which
mainly involves regulating the TLR4/NF-kB inflammatory signaling
pathways.

HOPE regulates the interaction between TFPI2 and CLIP1

We used ColP combined with LC-MS technology to identify the
proteins that interact with TFPI2 to investigate the potential
molecular mechanisms by which TFPI2 regulates inflammatory
responses (Fig. 4a). ColP samples on silver-stained SDS-PAGE gels
presented specific differential bands for IP (TFPI2) compared with
those of the IgG control (Fig. 4b). LC-MS analysis of the gel slices
revealed 126 differentially expressed proteins. Among the candidate
proteins listed in Supplementary Table 2, CAP-Gly domain-contain-
ing linker protein 1 (CLIP1) had the highest score and is known to
negatively regulate TLR4-mediated inflammatory responses®.
Hence, it was selected for further analysis. CLIP1 (also known as
CLIP170) is a microtubule-associated protein containing two
conserved CAP-Gly domains rich in glycine and two tandem repeat
zinc finger motifs. CLIP1 is a multifunctional protein that specifically
binds to and regulates the dynamic growth of microtubules plus
ends**3°, We confirmed the interaction between TFPI2 and CLIP1
via ColP (Fig. 4c), and IF staining revealed their colocalization in
HUVECs (Fig. 4d). CLIP1 expression decreased in the CS group but
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Fig. 2 HOPE reduces inflammation in the fatty liver. a, b Volcano map of liver DEGs (n =3 per group). ¢, d KEGG pathway enrichment
analysis of liver DEGs (n = 3 per group). e Heatmap analysis of genes associated with inflammation (n = 3 per group). f IF staining of MPO and
CD11b and IHC staining of MCP1, TFLR4, and HMGBT1 in liver tissue (n =5 per group). g, h Proportions of MPO and CD11b IF-positive cells
(n =5 per group). i-k Quantitative IHC analysis of MCP1, TFLR4, and HMGB1 (n = 5 per group). l-p Concentrations of IL-1p, IL-6, IL-10, HMGB1,
and 8-OHdG in liver tissue were determined via ELISA (n =5 per group). q—u RT-gPCR analysis of IL-1p, IL-6, IL-10, TNF-a, and CXCL3 mRNA
levels in liver tissue (n =3 per group). Data are presented as the mean £ SD; ns not significant; *P < 0.05; and **P < 0.01.

increased after HOPE treatment compared with that in the sham We constructed an exogenous recombinant expression
group, which was opposite to the expression trend of TFPI2 system for CLIP1 and TFPI2, as well as mutant TFPI2 lacking
(Fig. 4e, f). TFPI2 overexpression led to decreased CLIP1 protein functional domains (KD1: 36-86 aa, KD2: 96-149 aa, KD3:
expression when TFPI2 was silenced, resulting in increased CLIP1 158-208 aa), to further investigate the interaction between
expression in the CS and HOPE groups (Fig. 4g, h). TFPI2 and CLIP1 (Fig. 4i). Flag-CLIP1 could not interact with
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Fig. 3 HOPE improves fatty liver function and damage by inhibiting TFPI2. a, b Western blotting and statistical analyses of the TFPI2
protein in liver tissue (n = 3 per group). ¢ RT-qPCR was used to detect TFPI2 mRNA levels in liver tissue (n = 3 per group). d, e IHC staining and
statistical analysis of TFPI2 in liver tissue (n = 5 per group). f Diagram of the SD rat fatty liver model and AAVS injection. ov-TFPI2, sh-TFPI2, or
empty vector AAV8 was injected into SD rats through the tail vein; an MCD diet was started on the second day after the AAV8 injection, and
the liver was retrieved on the 15th day for the following experiments. g, h Concentrations of ALT and AST in the perfusate (n =5 per group).
i, j HE staining and histological necrotic area analysis of liver tissue (n=5 per group). k Schematic diagram of the TLR4 and NF-xB
inflammatory signaling pathways. i-o Western blotting and statistical analyses of TFPI2, IL-1p, TNF-a, HMGB1, TLR4, p65, p-p65, IkB, p-IkB, and
B-actin proteins in liver tissue (n =3 per group). p-s IL-1B, IL-6, IL-10, and TNF-a concentrations in liver tissue as determined by ELISA (n=5
per group). The data are presented as the mean * SD; ns not significant; *P < 0.05; and **P < 0.01.

TFPI2 lacking the KD1 domain, whereas the deletion of the KD2
and KD3 domains did not affect their binding, according to
ColP experiments (Fig. 4j). These findings indicate that the KD1
domain of TFPI2 directly interacts with CLIP1. The arginine at
position 24 (R24) of the KD1 domain is considered the main
active site of TFPI23°, After cells were transfected with the
TFPI2 (R24Q) mutant plasmid, ColP analysis of cellular proteins
revealed a significant decrease in the binding of TFPI2 to CLIP1
(Fig. 4k). These data suggested that TFPI2 primarily interacted
with CLIP1 at the R24 site of its KD1 domain.

SPRINGER NATURE

CLIP1 rescues the damaging effects of TFPI2

CLIP1 can regulate the function of ECs directly related to the
development of coronary artery disease®®. Additionally, CLIP1
acts as a negative regulator of the TLR4/MyD88 pathway by
inducing TIRAP ubiquitination, including downregulating the
activity of NF-kB and MAPK?°?7, LPS can bind to TLR4 as a
DAMP and activate the TLR4/MyD88/NF-kB inflammatory
pathway>5°°, Therefore, we used LPS to induce inflammation
in HUVECs to investigate the role of CLIP1. In the cell model,
TFPI2 overexpression led to the upregulation of inflammatory
response-related proteins (IL-1B, TNF-a, HMGB1, p-P65, and p-
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Fig. 4 HOPE regulates the interaction between TFPI2 and CLIP1. a Schematic diagram of the identification of proteins that interact with
TFPI2 via ColP combined with LC-MS. b Liver tissue lysate was incubated with an anti-IlgG antibody (IgG) or anti-TFPI2 antibody (IP). Different
bands of anti-TFPI2 and anti-IlgG were detected in silver-stained SDS—-PAGE gels. ¢ The interaction between TFPI2 and CLIP1 was confirmed by
ColP. d IF analysis of TFPI2 and CLIP1 in HUVECs (n = 5 per group). e, f Western blotting and statistical analyses of the TFPI2 and CLIP1 proteins
in liver tissue (n =3 per group). g, h Western blotting and statistical analyses of the CLIP1 protein in the liver tissue of rats infected with
ov-TFPI2, sh-TFPI2, or empty vector AAV8 (n = 3 per group). i Schematic diagram of the full-length and deleted domain architecture of TFPI2.
The KD1 domain is located in amino acid (aa) sequences 36 to 86, the KD2 domain is located in aa sequences 96 to 149, and the KD3 domain is
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1kB), and CLIP1 overexpression partially reversed the upregula- therefore, we further investigated the activity of the NF-kB

tion of these proteins mediated by TFPI2 (Fig. 5a-d). The
detection of inflammatory factors in the cell culture super-
natant further confirmed that CLIP1 could rescue the inflam-
mation mediated by TFPI2 (Fig. 5e—g). These data suggest that
TFPI2/CLIP1 may regulate the NF-kB inflammatory pathway;

Experimental & Molecular Medicine (2024) 56:2588 - 2601

gene using a dual-luciferase reporter gene system. TFPI2
expression increased the activity of the NF-kB reporter gene,
whereas CLIP1 reduced the activation activity of TFPI2 on NF-
KB (Fig. 5h). CLIP1 overexpression reduced the level of
apoptosis caused by TFPI2 (Fig. 5i, j). These data indicate that

SPRINGER NATURE
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Fig.5 CLIP1 rescues the damaging effects of TFPI2. a—d Western blotting and analysis of TFPI2, CLIP1, IL-1B, TNF-a, HMGB1, p65, p-p65, IkB,
p-1kB, and B-actin proteins in HUVECs treated with LPS and transfected with TFPI2, CLIP1, or empty vector. e-g The concentrations of IL-1p, IL-
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ELISA. h NF-xB-responsive reporter activity in HEK293T cells transfected with TFPI2 and CLIP1. i and j Apoptosis of HUVECs treated with LPS
and transfected with TFPI2, CLIP1, or empty vector detected by flow cytometry. n = 3 per group; the data are presented as the mean £ SD; ns

not significant; *P < 0.05; and **P < 0.01.

CLIP1 can rescue the inflammation and apoptosis caused by
TFPI2, which mainly involves the NF-kB inflammatory signaling
pathway.

TFPI2 inhibits TIRAP ubiquitination by regulating CLIP1
TIRAP acts as an adapter protein, coupling TLR4 and MyD88 in
the TLR4/MyD88/NF-kB inflammatory pathway?®3’. CLIP1 can
induce the ubiquitination and degradation of TIRAP, thus
negatively regulating the TLR4 inflammatory response®®*”. We
also demonstrated that CLIP1 promoted TIRAP ubiquitination in
vitro (Supplementary Fig. 7). We studied the relationship
between TFPI2 and TIRAP to explore the effect of TFPI2 on
this process. The protein expression level of TIRAP in liver tissue
was increased in the CS group and decreased in the HOPE
group in a rat model of fatty liver IRI. TFPI2 overexpression
increased TIRAP levels, whereas TFPI2 silencing decreased
TIRAP levels (Fig. 6a, b). The protein expression of TIRAP and
TFPI2 was increased in an LPS-induced cell inflammation model.
Furthermore, silencing TFPI2 decreased the level of TIRAP, and
after restoring TFPI2 expression, the level of TIRAP significantly
increased (Fig. 6¢c, d). These data suggested that HOPE
regulated the expression of TIRAP via TFPI2.

Next, we investigated how TFPI2 regulates TIRAP. We treated
HUVECs with the protein synthesis inhibitors cycloheximide (CHX)
and sh-TFPI2 and found that silencing TFPI2 shortened the half-life
of the endogenous TIRAP protein (Fig. 6e, f). These findings

SPRINGER NATURE

indicated that TFPI2 regulated TIRAP stability. Only the proteaso-
mal inhibitor MG132, not chloroquine (CQ), a lysosomal protein
inhibitor, rescued protein degradation (Fig. 6g, h), suggesting that
TFPI2 inhibits the degradation of TIRAP in a proteasome-
dependent manner. The level of TIRAP ubiquitination was
significantly reduced in the CS group and increased in the HOPE
group in the animal models. TFPI2 overexpression further reduced
the ubiquitination of TIRAP, whereas TFPI2 silencing had the
opposite effect (Fig. 6i). These findings indicate that HOPE
promotes the ubiquitination of TIRAP by inhibiting TFPI2
expression. In vitro studies also revealed that TFPI2 inhibited the
ubiquitination of TIRAP, whereas siTFPI2 promoted its ubiquitina-
tion (Fig. 6j). The inhibitory effect of TFPI2 on TIRAP ubiquitination
was effectively blocked by CLIP1 (Fig. 6k). Notably, TFPI2 inhibited
the interaction between CLIP1 and TIRAP (Fig. 6l). IF analysis
further revealed that TFPI2 weakened the colocalization of CLIP1
and TIRAP in HUVECs (Fig. 6m). Therefore, TFPI2 inhibited the
ubiquitination of TIRAP by mediating the interaction between
TIRAP and CLIP1, whereas HOPE inhibited this process.

Expression of TFPI2 and CLIP1 in human fatty liver after CS

We obtained samples from five cases of nonfatty liver and five
cases of fatty liver from clinically discarded livers, all of which
underwent 8-24 h of CS before collection to confirm the changes
in TFPI2 and CLIP1 molecules in human fatty liver (Fig. 7a and
Supplementary Table 3). HE staining revealed that pathological

Experimental & Molecular Medicine (2024) 56:2588 - 2601
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Fig. 6 TFPI2 inhibits the ubiquitination of TIRAP by regulating CLIP1. a, b Western blotting and statistical analyses of the TIRAP protein in
the liver tissue of rats infected with ov-TFPI2, sh-TFPI2, or the empty vector AAVS. ¢, d Western blotting and statistical analyses of the TIRAP
and TFPI2 proteins in HUVECs treated with LPS and transfected with lentivirus of sh-TFPI2, plasmid of TFPI2, or empty vector. e, f Western
blotting of the TIRAP and TFPI2 proteins in HUVECs transfected with sh-TFPI2 or empty vector and treated with CHX for different times and
the degradation curves of the TIRAP protein. g, h Western blotting and statistical analyses of the TIRAP and TFPI2 proteins in HUVECs
transfected with sh-TFPI2 or empty vector and treated with MG132 or chloroquine. i Analysis of TFPI2 regulating endogenous TIRAP
ubiquitination. Rats were infected with ov-TFPI2, sh-TFPI2, or the empty vector AAVS. Liver tissue protein extracts were tested by ColP with an
anti-TIRAP antibody. j, k Analysis of TFPI2 and CLIP1 regulating exogenous TIRAP ubiquitination. HEK293T cells were transfected with Myc-
tagged TIRAP, Flag-tagged CLIP1, HA-tagged Ub, or si-TFPI2. Cell protein extracts were subjected to ColP with an anti-Myc antibody. | ColP
assays of TIRAP and CLIP1 expression in HEK293T cells with or without TFPI2 overexpression. m IF analysis of CLIP1 and TIRAP in HUVECs with
or without TFPI2 overexpression. n =3 per group; the data are presented as the mean * SD; ns not significant; *P < 0.05; and **P < 0.01.

damage in fatty livers worsened to varying degrees after cold
preservation compared with that in the control group (Fig. 7a, e).
ORO staining showed fatty liver with a significant increase in lipid
droplets (Fig. 7a, f). These findings confirmed that fatty livers are
more sensitive to cold ischemic injury. Compared with that in the
control group, TFPI2 expression was upregulated, and CLIP1
expression was downregulated in fatty livers after CS, as
determined via immunohistochemistry (IHC) and Western blotting
(Fig. 7a-d, g, h). These findings suggested that cold ischemic
injury promoted TFPI2 expression and inhibited CLIP1 expression
in fatty livers.

DISCUSSION

Steatosis can be divided into macrosteatosis and microsteatosis,
and these two fatty liver types have different degrees of tolerance
to IRI"'°, Severe macrosteatosis significantly affects the functional
recovery of the transplanted liver and the occurrence of PNF''. We
used MCD to induce a rat fatty liver model with >60%
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macrosteatosis to simulate severe macrosteatosis in the liver.
First, we found that fatty liver after ischemia experiences a
corresponding reperfusion injury, and the degree of injury to the
fatty liver after a period of cold ischemia is twice that of normal
liver. Second, the levels of cell necrosis, apoptosis, oxidative stress
response, and inflammation significantly improved in fatty livers
treated with HOPE. Importantly, the enrichment of DEGs in the
transcriptome related to inflammatory pathways and inflamma-
tory molecules highlights the significant potential of HOPE to
inhibit inflammatory responses in fatty liver IRl. The changes in
HMGB1, TLR4, and NF-kB-related molecules suggest that the key
downstream pathways regulated by HOPE include the activation
of Toll-like receptors. In addition to the obvious changes in
inflammation-related genes and pathways, we also observed
significant alterations in genes associated with fluid shear stress,
lipid metabolism, and immune responses via the GO and KEGG
enrichment analyses (Fig. 2a-d, Supplementary Fig. 4). Specifically,
mechanical perfusion-induced shear stress on ECs provides a
novel perspective for studying IRI*'*2 Furthermore, lipid
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TFPI2 directly binds to CLIP1 in ECs, inhibiting the ubiquitination and degradation of TIRAP by CLIP1, thereby activating the TLR4/NF-kB-

mediated inflammatory response, resulting in severe IRIl. HOPE effectively ameliorates the entire pathological process.

metabolism and immune responses are also involved in the
regulation of IRI****, These unexpected findings may offer new

insights for enhancing the quality of fatty liver grafts.

The CS time was extended to 24 h to simulate clinical scenarios.
Prolonged cold ischemia primarily targets LSECs (manifested as
cell body retraction and detachment), with subsequent warm
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reperfusion leading to almost complete denudation of the LSEC
lining**®. Additionally, the excessive accumulation of large lipid
droplets within hepatocytes exacerbates ROS damage and results
in the release of more DAMPs (such as HMGB1). DAMPs can
recognize TLR4 or TLR9 on the EC membrane, activating
inflammatory pathways®’’. This dual insult further aggravates
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EC injury. Surprisingly, we found that HOPE treatment alleviated
the inflammatory response and oxidative stress in fatty liver and
significantly mitigated EC damage.

TFPI2 was differentially expressed according to transcriptomic data
analysis. The inhibitory activity of the KD1 domain of TFPI2 was
greater than that of the other domains, likely owing to the inclusion of
all of the structural elements necessary for serine protease
inhibition***®, The inhibitory activity of KD1, mediated by R24,
decreases the inhibitory activity of TFPI2 by approximately 90%
following mutations in R24Q or R24K*™*° TFPI2 is synthesized
primarily by ECs from different vessels, is secreted into the
extracellular matrix, and regulates the activation of matrix metallo-
proteinases (MMPs) mediated by plasmin and pancreatic enzymes,
playing a crucial role in extracellular matrix remodeling. TFPI2 also
acts as a tumor suppressor gene to induce tumor cell apoptosis*®>’. It
can regulate kidney function by inducing mesangial cell apopto-
sis>>3, TFPI2 overexpression in ECs can inhibit cell migration and
angiogenesis and increase apoptosis®'. A study on the regulation of
liver inflammation revealed that TFPI2 expression in the human liver
was mainly observed in LSECs, with a significant increase in TFPI2
expression observed in an LPS-induced mouse model”’. Our
experimental results indicated that TFPI2 expression significantly
increased in fatty livers after CS, showing a similar trend to that of
inflammatory levels, which could be reversed by HOPE treatment.
Furthermore, TFPI2 overexpression significantly promoted the inflam-
matory response in fatty liver, including activation of the TLR4/NF-kB
signaling pathway, whereas inhibiting TFPI2 had the opposite effect.
In an LPS-induced HUVEC model of inflammation, TFPI2 plays a
significant role in promoting inflammation and apoptosis.

Additionally, ColP combined with LC-MS revealed that CLIP1
interacted with TFPI2, with the binding site at R24 of the KD1
domain of TFPI2. Furthermore, CLIP1 exerts a negative regulatory
effect on TLR4 by inducing TIRAP ubiquitination (both mono-
ubiquitination and polyubiquitination) and enhancing its protea-
somal degradation, consequently diminishing the functionality of
the downstream NF-kB and MAPK pathways?>*’. In this study,
CLIP1T mitigated the inflammatory response and cell apoptosis
induced by TFPI2. Notably, CLIP1 reduced NF-kB activation and
the release of inflammatory factors, including DAMPs (HMGB1),
caused by TFPI2. These findings suggest that CLIP1 counteracts
the detrimental effects of TFPI2, particularly inflammation.

During TLR4 signal transduction, LPS or DAMPs recognize and
bind to TLR4, initiating signaling via TIRAP®%, TIRAP acts as an
adapter, recruiting MyD88 to TLR4 and mediating protein
interactions and posttranslational modifications to activate down-
stream transcription factors®®. CLIP1 promotes the ubiquitination
and degradation of TIRAP, primarilgl through the MyD88-
dependent TLR4 signaling pathway?. We found that TFPI2
inhibited the ubiquitination and degradation of TIRAP, whereas
CLIP1 enhanced TIRAP ubiquitination. Although CLIP1 lacks
traditional ubiquitin ligase domains, such as HECT, RING, and
U-box domains, CLIP1 exhibits ubiquitin ligase-like characteris-
tics?®. Consequently, CLIP1 functions as a scaffold to promote the
ubiquitination of the target protein TIRAP. TFPI2 can suppress the
ubiquitination and degradation of TIRAP by inhibiting CLIP1,
thereby initiating a cascade reaction mediated by TLR4, leading to
the activation of downstream NF-kB signaling and the leakage of
inflammatory factors. Released HMGB1 in the extracellular space
can act as a DAMP to activate the TLR4 signaling pathway, forming
a vicious cycle and triggering a cascade of inflammatory
responses. Finally, we confirmed increased TFPI2 expression and
decreased CLIP1 expression in human liver samples from fatty
liver donors after CS, which further supported our findings.

Our study had several limitations. Liver reperfusion after
transplantation simulated in vitro with a KHB solution at 37 °C
may not fully replicate the in vivo transplantation scenario.
Despite maintaining oxygen levels above 500 mmHg in the KHB
solution during NMP, the oxygen dissolved in the solution without
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an oxygen carrier may be insufficient to adequately support
metabolism?>*%, Additionally, prolonged NMP with KHB alone
(>2h) can lead to significant liver damage®~°. Therefore, we
limited the NMP time to less than 2 h to minimize the damage
caused by perfusion while ensuring sufficient time for reperfusion.
Because of some constraints, we did not apply HOPE therapy to
human liver samples in our clinical experiments.

Overall, we found that HOPE plays an important role in
alleviating fatty liver IRl by regulating the TFPI2/CLIP1/TIRAP
pathway to suppress the inflammatory response in a rat model of
severe fatty liver. During fatty liver IRI, a large amount of ROS is
generated in hepatocytes, leading to the leakage of HMGB1 into
the extracellular space and the activation of the TLR4/NF-xB
inflammatory pathway in ECs. Furthermore, R24 of the KD1
domain of TFPI2 directly binds to CLIP1 within ECs, inhibiting
CLIP1-mediated ubiquitination-dependent degradation of TIRAP,
thereby activating the TLR4/NF-kB inflammatory response and
resulting in severe IRl Nevertheless, the use of HOPE greatly
ameliorated the pathological process (Fig. 7i). Therefore, our
findings suggest that targeting the TFPI2/CLIP1/TIRAP signaling
pathway with HOPE could be a potential therapeutic strategy for
alleviated IRl in fatty liver transplantation.

DATA AVAILABILITY
The data of this study are available from the corresponding authors upon reasonable
request.
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