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TRIM21 knockdown alleviates
hemorrhage induced hepatic
iIschemia reperfusion injury by

suppressing ferroptosis-induced
NETs

Shikai Wang'?, Zhipeng Li*?, Yunxiang Chang?, Di He', Kai Dong* & Xinsheng Cheng**

Hemorrhage-induced hepatic ischemia/reperfusion (I/R) injury is a severe complication of hemorrhagic
shock, yet its molecular mechanisms remain unclear. The aim of this study was to investigate the
potential mechanism of action of TRIM21 on hemorrhage-induced hepatic I/R injury. The role of TRIM21
in hepatic I/R injury was evaluated by establishing a mouse model of hemorrhage-induced hepatic

I/R injury and an in vitro simulated oxygen—glucose deprivation/reoxygenation (OGD/R) hepatocyte
injury model. A comprehensive analysis was conducted, including histopathological changes, serum
biochemical indicators, inflammatory cytokine levels, markers of neutrophil extracellular trap (NETs)
formation, and biomarkers related to ferroptosis, such as the expression of iron metabolism-related
proteins SLC7A11 and FTH1, oxidative stress and antioxidant capacity, NETs formation markers
(Cit-H3, PAD4, and MPO), and the expression levels of TRIM21.The study revealed that ferroptosis-
induced NETs was involved in the process of hepatic I/R injury, concurrent with elevated serum ALT

and AST levels and increased cell apoptosis. In the hemorrhage-induced hepatic I/R injury mouse
model and OGD/R-induced hepatocyte injury, the expression of TRIM21 is significantly upregulated.
Knockdown of TRIM21 can effectively inhibit the formation of ferroptosis-induced NETs, thereby
alleviating hepatic I/R injury. In terms of the underlying mechanism, TRIM21 promotes the formation of
ferroptosis-induced NETs by regulating the stability of the SLC7A11 protein, thus exacerbating hepatic
I/R injury. The study discovered that silencing TRIM21 inhibits ferroptosis-mediated NETs formation

by ubiquitinating SLC7A11, effectively alleviating hepatic I/R injury. This discovery may provide a
potential therapeutic strategy for the treatment of hemorrhage-induced hepatic I/R injury.
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Hemorrhagic shock is a common clinical emergency. When the body goes into shock, the liver, as a vital organ
with rich blood supply, is highly susceptible to ischemia and hypoxia leading to functional failure. Rapid
hemostasis and fluid resuscitation are crucial steps in the rescue process. However, these steps are also significant
contributors to the occurrence of hepatic ischemia-reperfusion injury'?. Hepatic ischemia/reperfusion (I/R)
injury is defined as liver injury due to ischemia and subsequent reperfusion after hepatic blood flow is restored.
The occurrence of hepatic I/R can be divided into two phases: ischemic injury and reperfusion injury** In
the ischemic stage, hepatocytes are damaged by hypoxia due to the cessation of blood flow; whereas in the
reperfusion stage, when blood flow is restored, hepatocytes that have already been damaged are further
damaged. Specifically, the massive production of oxygen free radicals, calcium overload, Kupffer cell activation,
inflammatory response, and mitochondrial dysfunction during reperfusion combine to exacerbate hepatocellular
injury. IR inflicts hepatic tissue damage by diminishing ATP supply, triggering a surge in ROS, amplifying
inflammatory reactions, and instigating cellular demise®~’”. Therefore, understanding the pathogenesis of I/R
and identifying potential therapeutic targets are of paramount clinical importance, as is the exploration of new
treatment approaches for I/R.
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Neutrophils, a crucial component of the immune system and the most abundant type of white blood cell in
the bloodstream, play a significant role in innate and adaptive immunity®®. Neutrophils in their activated state
are capable of producing and releasing neutrophil extracellular traps (NETs), a long filamentous extracellular
meshwork of depolymerized DNA, together with guanosine histone H3, neutrophil elastase (NE), histone G,
and myeloperoxidase (MPO)!?. NETs have antimicrobial and antiviral properties in inflammatory responses,
but excessive NETs formation and deposition can lead to tissue damage!!~!3. Latest research shows that the
formation of NETs is closely related to the pathogenesis of intestinal, liver, and lung injuries in I/R diseases.
In diseases such as acute lung injury and cerebrovascular dysfunction, excessive production of NETs has been
proven to exacerbate pathological conditions!*-!”. Ferroptosis, characterized by its reliance on iron-dependent
lipid peroxidation, has been intimately linked with a multitude of cardiovascular disorders'®!°. Recent research
indicates that I/R can induce ferroptosis in affected tissues. For example, in an I/R model of acute kidney injury,
morphological changes caused by ferroptosis in renal tubular epithelial cells were observed. The application of
ferroptosis inhibitors has been shown to significantly alleviate kidney damage and partially reverse the process of
ferroptosis®®?!. Moreover, these inhibitors have also been proven to suppress liver injury and lipid peroxidation
in mouse models of hepatic I/R injury. These research findings suggest that the inhibition of ferroptosis may
serve as an effective strategy for treating I/R injury?>%. It is worth noting that the formation process of NETS is
mainly dependent on the production of reactive oxygen species (ROS), which shares a similar biological basis in
the process of ferroptosis. Although ferroptosis and NETs have similarities in intracellular signaling pathways,
their interrelationship during liver I/R remains unclear.

Tripartite motif-containing 21 (TRIM21), as an E3 ubiquitin ligase, belongs to the TRIM (Tripartite motif)
protein family and is involved in a variety of biological processes within the cell, including redox homeostasis,
apoptosis and inflammatory responses?!. TRIM21 is expressed across a variety of tissues, with notably elevated
levels observed in the cardiac and immune systems?®. Recent research has revealed a novel form of cell death
known as ferroptosis in heart disease. Ferroptosis plays a significant role in cardiac diseases such as myocardial
ischemia-reperfusion injury and doxorubicin-induced cardiomyopathy, and the specific inhibition of ferroptosis
can alleviate cardiac damage?®?’. Studies have found that the absence of TRIM21 can mitigate cardiac toxicity by
suppressing doxorubicin-induced ferroptosis. The mechanism of interaction between TRIM21 and FSP1 and its
impact on the resistance of tumor cells to ferroptosis have also been a focus of research?®%. However, it is unclear
whether TRIM21 regulates hepatic I/R injury. Therefore, in this study, we aim to explore the regulatory role of
TRIM21 in hepatic I/R injury by modulating the formation of ferroptosis-induced NETs.

Materials and methods

Hemorrhage-induced hepatic I/R model

C57BL/6 mice (8-10 weeks old, 25-30 g) were purchased from Guangzhou RuiGe Biotechnology Co., Ltd. They
were housed in cages with standard conditions and maintained on a 12-h light/dark cycle while ensuring that
they were able to eat and drink freely. The mice were randomly divided into control group (n=5), I/R group
(n=5), I/R+DNase-1 group (n=5), I/R+Fer-1 treatment group (n=5), I/R+AAV +si-NC group (n=5), and
I/R+AAV +5i-TRIM21 group (n=5). To eliminate interference, all experimental groups had corresponding
control groups. All animal procedures are conducted in accordance with the Guide for the Care and Use of
Laboratory Animals published by the National Institutes of Health and are approved by the Animal Management
Committee of Nanshan people’s Hospital. We confirmed that all methods were carried out under relevant
guidelines and regulations. Moreover, we confirmed that all methods are reported following ARRIVE guidelines
(https://arriveguidelines.org).

We anesthetized mice with intraperitoneal injection of 3% pentobarbital sodium, after anesthesia was
administered to the C57BL/6 mice, they were placed on the operating table, and the mice were cannulated
through the common carotid artery and jugular vein. The process of hemorrhagic shock was simulated by slow
bloodletting through the common carotid artery cannulation. After successful induction of hemorrhagic shock,
the hepatic artery and portal vein vessels were rapidly clamped to render the liver ischemic. After 90 min of
ischemia, the vascular clamps and other devices were released to restore the blood supply to the liver, and then
the reperfusion began for 6 h. Immediately after the end of reperfusion, serum and liver samples were collected.
Sham-operated mice underwent the same surgical procedure without occlusion of the vascular system. The mice
were euthanized by intraperitoneal injection of 3% pentobarbital sodium at the end of the study.

Cell culture and treatment

LO2 cells (IM-H043, Immocell, China) were cultured in DMEM medium containing 10% fetal bovine serum
and 1% penicillin-streptomycin at 37 °C and 5% CO, in a cell culture incubator. To establish the Oxygen-
Glucose Deprivation/Reoxygenation (OGD/R) model, the LO2 cells were first placed in a hypoxic incubator
(containing 5% CO, and 95% N,) for a 4-h incubation. Subsequently, the cells were transferred to a normoxic
environment with 95% air and 5% co,, and continued to be incubated in complete DMEM medium for 12 h
for reoxygenation.

Biochemical analysis

Serum are obtained by centrifuging the blood samples. Serum aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) kits (C010-2-1, C009-2-1, Jiancheng Bioengineering Institute, Nanjing, China) were
used to test AST and ALT levels to assess hepatic functional status according to the manufacturer’s guidelines.

Histology and TUNEL analysis
Samples were fixed in 4% paraformaldehyde, paraffin-embedded and cut into thin slices for hematoxylin
and eosin staining to assess the extent of liver injury. Following the manufacturer’s instructions, the terminal
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deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining kit (C1088, Beyotime, China)
was used to evaluate hepatocyte apoptosis.

Measurement of MDA, GSH, SOD, and ROS

Following the manufacturers instructions, quantitative analysis of malondialdehyde (MDA, E-EL-0060,
Elabscience, China), glutathione (GSH, E-EL-0026, Elabscience, China), and superoxide dismutase (SOD,
E-EL-H6188, Elabscience, China) levels in the samples is performed using the Enzyme-Linked Immunosorbent
Assay (ELISA) method. The levels of reactive oxygen species (ROS) within cells were quantified utilizing a ROS
Assay Kit The levels of reactive oxygen species (ROS) within cells were quantified utilizing a ROS Assay Kit
(S0033S, Beyotime Biotechnology, China).

Immunohistochemistry

The tissue sections were processed with 3% H202 to inhibit the activity of endogenous peroxidases. Subsequently,
the sections were blocked with 10% bovine serum albumin (BSA) for 1 h to minimize background staining.
The slides were then incubated overnight at 4 °C with SLC7A11 antibody (1:1000, 26864-1-AP, Proteintech
Group) and GPX4 antibody (1:5000, 67763-1-Ig, Proteintech Group) to bind to the target antigens. After
incubation, the sections were washed with PBS to remove any unbound primary antibodies. HRP-conjugated
secondary antibodies were added, and the sections were incubated for an additional 30 min at room temperature
to amplify the signal. Following the secondary antibody incubation, the slides were developed with DAB
(3,3'-diaminobenzidine) and counterstained with hematoxylin. Finally, the stained sections were observed
under a microscope (Olympus, Tokyo, Japan) for evaluation of antigen expression.

Immunofluorescence staining

The samples were fixed with 4% paraformaldehyde and then washed with PBS to remove excess fixative. Next,
the sectioned samples were blocked with BSA and then incubated with specific primary antibodies (anti- MPO
(1:100, ab208670, Abcam, USA), anti- TRIM21 (1:800, 67136-1-Ig, Proteintech, China), anti- SLC7A11 (1:1000,
26864-1-AP, Proteintech, China)) at 4 °C overnight. After washing the sections, fluorescently labeled secondary
antibodies that bind specifically to the primary antibodies were added and incubated for 1 h at room temperature.
Finally, the nuclei were stained using DAPI dye (STC448, Seyotin, China). The sections were observed under a
fluorescence microscope (OLYMPUS) and quantitatively analyzed using image analysis software.

Co-immunoprecipitation (Co-IP)

The cells were lysed under non-denaturing conditions to maintain the integrity of the protein structure and
antigen. Next, the SLC7A11 antibody was mixed thoroughly with the cell lysate to form an immune complex.
Subsequently, protein A/G agarose beads were added to the mixture to promote the formation of a stable complex
between the antibody-antigen and the beads. The complexes were separated using SDS-PAGE electrophoresis.
After electrophoresis, proteins were transferred to the membrane and analyzed by Western blotting using
SLC7A11 antibody (1:1000, 26864-1-AP, Proteintech Group) or TRIM21 antibody (1:5000, 67136-1-Ig,
Proteintech Group).

Real-time PCR analysis

Total RNA was extracted from liver cells and tissues by Trizol reagent (SYTO010, Seyotin, China). Subsequently,
the extracted RNA was converted into cDNA by reverse transcription reaction. When configuring the gPCR
reaction system, cDNA templates, primers (in Table 1), and tests such as qPCR Master Mix (SYT103, Seyotin,
China) were precisely added. Next, the qPCR amplification reaction was carried out by setting the appropriate
reaction conditions on the qPCR instrument, and the target genes were quantitatively analyzed using the 2744¢T
method.

Western blot analysis

Liver tissues and cells are mixed with lysis buffer and undergo homogenization and lysis treatment. Next, the
protein concentration in the lysate is determined using a BCA protein assay kit (P0012S, Beyotime, Shanghai,
China). The prepared protein samples are then loaded onto an SDS-PAGE gel to separate proteins by molecular
weight through electrophoresis. After electrophoresis, the proteins on the gel are transferred onto a PVDF

Genes Forward (5'-3") Reverse (5'-3")
IL-1B GCTACCTGTGTCTTTCCCGT CGTCACACACCAGCAGGTTA
IL-6 ATACCACTTCACAAGTCGGAGG | TGCAAGTGCATCATCGTTGTTC
TNF-a AAGTGGAGGAGCAGCTGGAG GCAGCCTTGTCCCTTGAAGA
CCL2 GATCCCAATGAGTAGGCTGGAG | TGTCTGGACCCATTCCTTCTTG
CCL5 GTGCCCACGTCAAGGAGTAT TCTTCTCTGGGTTGGCACAC
CXCL2 | CCTGCCAAGGGTTGACTTCA GGCTTCAGGGTCAAGGCAAA
TRIM21 | GGAGAAGATCCACGTGGCTT GCGAACTCTGCGTGAATCCT
GAPDH | CTGATGCCCCCATGTTCGTC CAGGGGTGCTAAGCAGTTGG
Table 1. Primer sequences.
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membrane, which is then blocked with a 5% non-fat milk solution. The membrane is incubated overnight at 4 °C
with specific primary antibodies (anti-Cit-H3 (1:2000, ab281584, Abcam, USA), anti-PAD4 (1:1000, ab214810,
Abcam, USA), anti-SLC7A11 (1:1000, 26864-1-AP, Proteintech, China), anti-FTH1 (1:1000, ab183781, Abcam,
USA), anti-GPX4 (1:5000, 67763-1-Ig, Proteintech, China), anti-IL-1p (1:1000, ab254360, Abcam, USA), anti-
IL-6 (1:1000, ab259341, Abcam, USA), anti-TNF-a (1:2000, ab183218, Abcam, USA), anti-CCL2 (1:2000, 26161-
1-AP, Proteintech, China), anti-CCL5 (1:1000, A14192, ABclonal, China), anti-CXCL2 (1:500, 26791-1-AP,
Proteintech, China), anti-GAPDH (1:5000, ab181602, Abcam, USA)), allowing the antibodies to bind to their
target proteins. After incubation, the membrane is washed with TBST buffer to remove unbound antibodies.
Then, an HRP-conjugated secondary antibody is added, followed by another round of washing with TBST buffer.
Finally, protein bands are detected using a chemiluminescent kit (P0018, Beyotime, Shanghai, China), and the
expression of target protein was analyzed by comparing the target protein bands with the internal reference
protein bands.

Statistical analysis

All data were analyzed by GraphPad Prism software and presented as mean + standard deviation (SD), and each
experiment was repeated at least three times independently. Statistical analyses were performed using one-way
analysis of variance (ANOVA) with P<0.05 as the criterion for determining statistical significance.

Results

NETs participating in hepatic I/R injury

In a mouse model of hepatic I/R injury, HE staining revealed significant tissue damage in the liver (Fig. 1A).
Serum biochemical analysis demonstrated that levels of ALT and AST were substantially elevated in the hepatic
I/R injury group compared to the control group (Fig. 1B-C). TUNEL assays detected an increase in apoptotic
hepatocytes (Fig. 1D). Research has shown that PAD4 is essential for the formation of NETs. In activated
neutrophils, the generation of ROS and calcium influx trigger the movement of PAD4 from the cytoplasm
to the nucleus. This translocation leads to the citrullination of histones associated with DNA, resulting in
DNA decondensation. The use of broad-spectrum PAD inhibitors to chemically inhibit PAD4 can effectively
prevent NETosis, indicating that PAD4-induced histone citrullination is a critical step in NET formation’.
The presence of citrullinated histones serves as a marker for the formation of NETs*!. Western blot analysis
revealed increased expression levels of Cit-H3 and PAD4 in hepatic I/R injury (Fig. 1E). Additionally, MPO, an
important protein in the formation of NETs, was found to be significantly higher in the hepatic I/R injury group
by immunofluorescence detection (Fig. 1F). qPCR detected elevated levels of key inflammatory and chemokine
factors (IL-1pB, IL-6, TNF-a, CCL2, CCL5, and CXCL2) in hepatic I/R injury (Fig. 1G). After DNase-I treatment,
Western blot analysis showed a decrease in the expression levels of Cit-H3 and PAD4 (Fig. 1H). Further TUNEL
assays and qPCR analysis found that hepatocyte injury and inflammatory factors in the hepatic I/R injury group
were alleviated after DNase-I treatment (Fig. 1I-]).

Ferroptosis-induced NETs promote hepatic I/R injury

In order to explore the role of ferroptosis in hepatic I/R injury, a panel of ferroptosis biomarkers was assessed,
encompassing the expression of proteins implicated in ferroptosis such as SLC7A11 and FTHI, alongside
measurements of antioxidant activity markers (MDA, SOD, GSH) and the expression levels of GPX4. As
shown in Fig. 2, MDA levels were elevated while SOD and GSH levels were decreased in the hepatic I/R injury
group compared with the control group (Fig. 2A), while SLC7A11 and FTH1 protein expression was decreased
(Fig. 2B). The results of immunohistochemistry showed that the expression of Gpx4 was also reduced (Fig. 2C).
After the administration of FER-1 treatment, SOD and GSH levels were found to rebound and MDA levels
were decreased (Fig. 2D-F). In addition, Western blotting and immunohistochemical analyses showed that the
expression levels of SLC7A11, FTH1, and GPX4 were restored in the FER-1 treatment group (Fig. 2G-H).

TRIM21 facilitated the ferroptosis process

In this study, we examined the expression of TRIM21 in tissues. The results showed that the expression level of
TRIM21 was significantly higher in the hepatic I/R injury group than in the control group (Fig. 3A-B). Next,
we constructed an animal model of AAV-mediated hepatic I/R injury to investigate the effect of TRIM21 gene
silencing on ferroptosis. The experimental results revealed that, compared to the control group, the levels of
MDA were significantly increased, while the level of SOD and GSH were significantly reduced in the hepatic I/R
injury group. Meanwhile the expression of SLC7A11, FTH1 and GPX4 was also significantly changed. Notably,
by knocking down the expression of TRIM21, we found that MDA levels were decreased, while SOD and GSH
activity was significantly elevated (Fig. 3C). In addition, the expression levels of SLC7A11, GPX4 and FTH1 were
also elevated (Fig. 3D-E).

Knockdown of TRIM21 can inhibit the formation of NETs mediated by ferroptosis in the
OGD/R model

By qPCR and immunofluorescence techniques, we detected the expression level of TRIM21 in cells and observed
that in the OGD/R model group, the expression level of TRIM21 was significantly higher than that in the control
group (Fig. 4A-B). To further investigate the effect of TRIM21 in ferroptosis, we knocked down the expression
of TRIM21 using siRNA transfection and found that the key indicators of ferroptosis were significantly changed.
Compared with the control group, the ROS content was increased in the OGD/R model group, whereas a
significant reduction in ROS content was found by knocking down TRIM21 (Fig. 4C). In addition, we assessed
the expression of antioxidant activity indicators such as MDA, SOD, GSH, as well as the ferroptosis-related
proteins SLC7A11, FTHI, and GPX4, which aligned with the expression trend of TRIM21 in the tissue (Fig. 4D-
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Fig. 1. NETs Participating in hepatic I/R injury. (A) HE staining. (B-C) Serum levels of ALT and AST. (D)
Representative images of TUNEL staining in liver tissue and Quantitative analysis of TUNEL staining. (E)
Western blot analysis of Cit-H3 and PAD4 protein content. (F) Immunofluorescence analysis of MPO content.
Original blot is presented in Supplementary Original blot is presented in Supplementary Fig. 1. (G) qPCR
detection of expression of liver tissue-related factors. (H) Western blot detection of Cit-H3 and PAD4 protein
expression after DNase-I treatment. Original blot is presented in Supplementary Fig. 2. (I) After DNase-I
treatment, qQPCR was used to detect the expression of related factors. (J) Liver injury was detected by TUNEL
staining after DNase-I treatment. Data are presented as mean+SD, n=5, *P<0.05, **P<0.01, ***P<0.001.

Scientific Reports |

(2025) 15:16731

| https://doi.org/10.1038/s41598-025-99182-7

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A C
80 60 %% 25+ Control IIR
S 60 5 &
E £ 40- >
3 3 £ 154 3
£ 40 £ = o}
= 2 3 40- O]
< o = 20 o
a 7] 7]
= 204 O
5_
0 T T 0 T T 0-
Control IR Control /IR Control IR
B Control  ®=m IR D E
5 0.8 & * 80— 40+
Control IIR § ‘x
= 0.6 D 60 30
22kDa & £ )
FTH [W— - 3 3 Sk £ .
g 0.4 E 40 g, 20
™ | 55kDa 2 T
SLOTAT | 8 z 3
@ 0.2 O 20 10
GAPDH | wsm» 30kDa &
o 0.0 T T 0 T T T [ e N
FTH1 SLC7A11 Control I/R I/R+Fer-1 Control IR lIR+Fer-1
F

80 G Control I’IR Fer-1
. I —— —— e i

MDA (pmol/mg)
]
1
Gpx4

1 1 1
Control /R I/R+Fer-1

H 207 Control
Control I/R I/R+Fer-1 154 * ok x R
) I/R+Fer-1

FTH1 |ess—— o & # 20KDg

SLC7A11 W * % W |55kDa

* %

e
o
]

GAPDH }— — w350,

Relative protein expression
—
o
1

o
=)

T T
FTH1 SLC7A11

Fig. 2. Ferroptosis-induced NETs promote hepatic I/R injury. (A) Detection of GSH, MDA, and SOD levels in
mouse liver tissue. (B) Western blot analysis of SLC7A11 and FTH1 protein content. Original blot is presented
in Supplementary Fig. 3. (C) Immunohistochemical detection of GPX4 expression. (D-F) Detection of GSH,
MDA and SOD levels in mouse liver tissue after FER-1 treatment. (G) Immunohistochemical detection of
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were detected by Western blot. Original blot is presented in Supplementary Fig. 4. Data are presented as
mean+SD, n=5, *P<0.05, **P<0.01, **P<0.001.

I). Based on the results of the previous experiments, we have known that ferroptosis can induce the formation
of NETs. Therefore, we further explored whether knocking down TRIM21 could inhibit this process. The results
showed that knockdown of TRIM21 significantly reduced the expression of Cit-H3 and PAD4, as well as the
content of MPO (Fig. 4H-K).

TRIM21 regulation of SLC7A11 stability

Through immunofluorescence co-localization experiments, we found a potential interaction between TRIM21
and SLC7A11 (Fig. 5A). Further confirmation of the direct interaction between TRIM21-HA and SLC7A11-
FLAG was achieved through CO-IP experiments (Fig. 5B). Finally, ubiquitination assays revealed an increase in
the expression of SLC7A11 (Fig. 5C).
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Fig. 4. Knockdown of TRIM21 can inhibit the formation of NETs mediated by ferroptosis in the OGD/R
model. (A) qPCR detection of TRIM21 mRNA expression in cells. (B) Immunofluorescence detection

of TRIM21 expression in cells. (C) ROS levels were detected in cells after knockdown of TRIM21. (D-F)
Detection of GSH, MDA and SOD levels in cells after knockdown of TRIM21. (G) Immunofluorescence
detection of SLC7A11 content in cells after knockdown of TRIM21. (H-I) Western blot detection of GPX4,
FTH], Cit-H3 and PAD4 protein expression in cells after knockdown of TRIM21. Original blot is presented
in Supplementary Fig. 6. (J-K) Immunofluorescence detection of MPO in cells after knockdown of TRIM21.
Data are presented as mean + SD, n=3, *P<0.05, **P<0.01, ***P<0.001.
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blot is presented in Supplementary Fig. 8. Data are presented as mean+SD, n=3.

Silencing TRIM21 inhibition of ferroptosis mediates NETs formation to alleviate hepatic I/R
injury in vivo

In in vivo studies, by using AAV-mediated si-TRIM21, we explored the potential effects of inhibiting ferroptosis-
mediated NETs formation on alleviating hepatic I/R injury. HE staining results indicated that the liver tissue
structure in the AAV-si-TRIM21 treatment group was improved, with a reduced degree of liver injury
compared to the untreated group (Fig. 6A). Additionally, biochemical assays of serum ALT and AST levels
also showed improved liver function (Fig. 6B). TUNEL assays further demonstrated the amelioration of liver
injury in the AAV-si-TRIM21 treatment group, with a decrease in apoptosis levels (Fig. 6C). Western blot and
immunofluorescence analyses for the expression levels of Cit-H3, PAD4, and MPO showed that the expression
of these markers was reduced in the AAV-si-TRIM21 treatment group compared to the control group (Fig. 6D-
E). The expression of inflammatory factors such as IL-1f, IL-6, TNF-a, CCL2, CCL5 and CXCL2 was examined
by qPCR, and these factors were found to be significantly upregulated in the hepatic I/R injury group but were
markedly downregulated in the AAV-si-TRIM21 treatment group. Protein expression of these inflammatory
factors was also evaluated, and the results were consistent with the gPCR findings (Fig. 6F-G).

Discussion

In this study, we investigated the role and molecular mechanisms of TRIM21 in hemorrhage-induced hepatic
I/R injury. The results revealed that ferroptosis-induced NETs contribute to hepatic I/R injury. In both in vitro
and in vivo liver I/R models, the expression of TRIM21 was significantly increased, and the genetic knockout
of TRIM21 reduced the formation of ferroptosis-induced NETs, thereby alleviating liver damage. Furthermore,
in terms of the molecular mechanism, we found that TRIM21 knockout inhibits the formation of ferroptosis-
induced NETs by regulating the stability of SLC7A11 protein, thus mitigating hemorrhage-induced hepatic I/R
injury.

Neutrophils form a special structure, known as neutrophil extracellular traps (NETs), in response to infection
or injury. NETs consist of DNA, histones, and various antimicrobial proteins, capable of capturing and killing
pathogens. However, under pathological conditions, such as in I/R injuries, excessive formation of NETs may
exacerbate the inflammatory response and tissue damage. Studies have shown that damage-associated molecular
patterns activate neutrophil extracellular traps (NETs), which exacerbate sterile inflammatory liver injury.
HMGBI-mediated formation of neutrophil extracellular traps intensifies acute lung injury induced by intestinal
ischemia/reperfusion®?-3. In the results of our study, we found that the expression of NETs formation markers
Cit-H3, PAD4, and MPO proteins significantly increased in hepatic I/R injury, indicating that NETs are involved
in the process of hepatic I/R injury. In hepatic I/R injury, enhanced intracellular lipid peroxidation during

Scientific Reports|  (2025) 15:16731 | https://doi.org/10.1038/s41598-025-99182-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A c Control IR+AAV-si-NC IR +AAV-si-TRIM21
Control IR IRFAAV-si-NC IR +AAV-si-TRIM21 o
o
=z
=
w [
W
Ll
B g 300 80 280 a
) — 2 L 2 °
% 60 2 § 6 — — feo
3 3 200 e = —
2 K] 2 s Pt <
: 40 5 §40 3 40 ¥ 4 5
3 < 100 o H R i
€ E ) 3 P 2
E2 E 22 220 o :
5 S i s
& & P e SR
5 e
c
Control IR+AAV-SI-NC IR+AAV-si-TRIM21 g 15 Control
2 IR
I I/R+AAV-si-TRIM21
2 -
o
° 0
s ccL2 ccLs CXCL2
@
Qo —
g
5 O & © & 3107 .. ..
g & 5 S < A
= @) QA L T ‘s
& g =
x 3 5 0.5
N 0
Ny £
Cit-H3 [ s s | 7kDa & 2077 — 5 15 £ 15 )
$ B S v T IG T
Ho [ — 1702 § g » 2 18 IL- TNF-a
PAD4 [+ =« wee s = c7kDa 310 —_— — - . §10 L
< LTI AL .
GAPDH (W s s | 3602 & 10 S e g < = Control
2 g IR
S @& O N s E 5 £
SIS Q}@q’ g o5 2 s ° IR+AAV-5i-NC
fo s 3 2 IR+AAV-si-TRIM21
& 2o 3 3
N ’ CitHs PAD4 © Y : / & T T T
& ccL2 ccLs cxcL2 e e N

Fig. 6. TRIM21 inhibition of ferroptosis mediates NETs formation to alleviate hepatic I/R injury in vivo. (A)
HE staining was performed to detect the condition of liver tissue after knockdown of TRIM21. (B) Serum
levels of ALT and AST were measured after knockdown of TRIM21. (C) TUNEL assay for liver injury after
knockdown of TRIM21. (D) Immunofluorescence detection of MPO in tissues after knockdown of TRIM21.
(E) Western blot detection of Cit-H3 and PAD4 protein expression in tissues after knockdown of TRIM21.
Original blot is presented in Supplementary Fig. 9. (F) Western blot detection of related factor expression in
tissues after knockdown of TRIM21. Original blot is presented in Supplementary Fig. 10. (G) Expression of
related factors in tissues was detected by qPCR after knockdown of TRIM21. Data are presented as mean + SD,
n=>5,*P<0.05, *P<0.01, **P<0.001.

ischemia and reperfusion further triggers ferroptosis. As a novel form of programmed cell death, ferroptosis
has garnered widespread attention in the study of liver I/R injury in recent years. This process involves the
metabolism of iron ions, the regulation of the glutathione (GSH) system, and the disruption of lipid metabolism,
which ultimately leads to the rupture of cell membranes and cell death. It has been shown that certain types of
cell death, such as ferroptosis and pyroptosis, can induce the formation of NETs. For example, platelet activation
and iron death mediate the role of NETosis in heme-induced pulmonary thrombosis. General control of amino
acid synthesis by mitochondria 5 like 1 (GCN5L1) promotes the development of nonalcoholic steatohepatitis
through ferroptosis-induced formation of extracellular traps in neutrophils. Nonclassical inflammatory vesicle
signaling triggers gasdermin D-dependent neutrophil extracellular traps®>*>3¢, However, the relationship
between ferroptosis and NETs in hepatic I/R injury is unclear. In this study, we investigated the role of NETs
in liver I/R injury and found that the expression of Cit-H3, PAD4 and MPO proteins, which are markers of
NETs formation, was significantly increased in the liver I/R injury model. In contrast, the expression of these
proteins was suppressed after treatment with DNase I, indicating that the formation of NETs was inhibited. In
addition, the formation of NETs induced by ferroptosis further promoted hepatic I/R injury. The results showed
that in hepatic I/R injury, ferroptosis markers such as SLC7A11, FTH1, Gpx4 and antioxidant index SOD were
significantly decreased in hepatic I/R injury model, and the expression of these indicators was restored after the
addition of iron inhibitors. These findings suggest that ferroptosis-induced NETSs formation accelerates hepatic
I/R injury.

TRIM21 belongs to the TRIM family and is characterized by its distinctive RING domain, which allows it to
actas an E3 ubiquitin ligase. In recent years, TRIM21 has been reported to participate in a variety of biochemical
processes in the body, including tumorigenesis, pyroptosis, cellular metabolism, and the regulation of oxidative
stress®”38. However, the role of TRIM21 in ferroptosis remains to be investigated. In this study, we observed
significantly elevated levels of TRIM21 in both liver I/R models and OGD/R-induced cellular models. It was
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found that the absence of TRIM21 can alleviate doxorubicin-induced cardiotoxicity by inhibiting ferroptosis.
TRIM21 promotes the process of ferroptosis by facilitating the ubiquitination and degradation of glutathione
peroxidase 4 (GPX4). These discoveries indicate that TRIM21 plays a significant role in cardiac ferroptosis and
may serve as a potential therapeutic target for heart disease?®°. Consequently, we explored whether TRIM21
promotes the process of ferroptosis. Our results demonstrated that the knockdown of TRIM21 upregulated
the expression of iron markers SLC7A11, Gpx4, FTH1, SOD and GSH, while simultaneously suppressing the
expression of MDA. These findings confirm that TRIM21 promotes the occurrence of ferroptosis. SLC7Al1 is a
key marker in the process of ferroptosis. Some studies have found that the ferroptosis process can be influenced
by regulating the ubiquitination of SLC7A11. For instance, mesenchymal stem cells prevent ferroptosis in acute
liver injury through the stabilization of SLC7A11 mediated by exosomes. SOCS2 promotes ferroptosis and radio-
sensitization in hepatocellular carcinoma by enhancing the ubiquitination of SLC7A110-*2, Consistent with
these findings, our research discovered that*!. TRIM21 influences the process of ferroptosis by ubiquitinating
SLC7AL11. Furthermore, given the role of ferroptosis-induced NETs formation in hepatic I/R injury as indicated
by previous studies, we further explored the impact of TRIM21 on ferroptosis-induced NETs formation in
hepatic I/R injury. The study results showed that in both in vivo liver I/R and in vitro OGD/R-induced hepatocyte
models, the knockdown of TRIM21 promoted the expression of iron markers SLC7A11, Gpx4, FTH1, and SOD,
and inhibited the expression of Cit-H3, PAD4, and MPO, suggesting that the knockdown of TRIM21 could
suppress the formation of NETs induced by ferroptosis, thereby alleviating hepatic I/R injury.

Conclusions

In summary, our study has revealed that TRIM21 knockdown inhibits ferroptosis-induced NETs formation by
regulating the stability of SLC7A11, thereby alleviating hemorrhage-induced liver I/R injury. This provides a
potential therapeutic strategy for mitigating hemorrhage-induced liver damage.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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