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Abstract

To investigate the role of knockdown of lipocalin-2 (LCN2) on DHODH mediated mitochondrial
ferroptosis in sepsis-induced myocardial injury (SIMI) in mouse and cardiomyocyte injury model,
and investigate the likely mechanism of STAT3. In this study, we established an sepsis induced
cardiomyopathy (SIMI) model using cecal ligation and puncture (CLP) in mice. Mouse cardiac
samples were used to identify the association between the serum lipocalin 2 (LCN2) level and spesis
progression. Chemical inhibition of ferroptosis were conducted to illustrate the effect of ferroptosis
upon SIMI.Then, mouse models with knockdown of LCN2 were used to ascertain the role of LCN2
upon ferroptosis and spesis. To interaction mechanism between LCN2 and DHODH was
investigated. we overexpressed DHODH in mouse HL-1 cardiomyocytes using lentivirus, and
established a lipopolysaccharide (LPS)-induced cardiomyocyte injury model. The results showed that
in septic mice, the increase of LCN2 was correlated positively with myocardial severity, glutathione
peroxidase 4 (GPX4) and dihydroorotate dehydrogenase (DHODH) mediated ferroptosis both
occurred in SIMI Inhibiting ferroptosis reduced LCN2 expression, thereby alleviated SIML
Molecular docking and immunoprecipitation revealed strong binding between LCN2 and DHODH.
Knockdown of LCN2 inhibited DHODH mediated ferroptosis, decreased phosphorylated STAT3 (p-
STAT3) protein expression level, improved mitochondrial function, and mitigated SIML. Meanwhile,
exogenous recombinant LCN2 protein induced mouse cardiomyocyte ferroptosis. Overexpression of
DHODH protected against LPS-induced cardiomyocyte injury. Inhibition of DHODH abolished
knockdown-LCN2 induced decrease of p-STAT3 protein expression. However, after inhibition of
mitochondrial GPX4 expression by Fin56, p-STAT3 protein was not changed. In summary, our study
confirmed knockdown of LCN2 inhibited DHODH mediated ferroptosis in SIMI, inhibiting DHODH
attenuated the protection of knockdown-LCN2 through inhibiting STAT3 phosphorylation. It
provides the new insight for preventing sepsis-induced myocardial injury.

Keywords: sepsis induce myocardial injury; mitochondrial derived ferroptosis; lipocalin-2;
dihydroorotate dehydrogenase; STAT3

1. Introduction

Sepsis induces multiple organ dysfunction syndrome (MODS) due to a dysregulated
inflammatory response to infection, characterized by concurrent hyperinflammation and
immunosuppression, with high morbidity and mortality rates globally [1]. One of the most severe
complications of sepsis is myocardial injury, which often leads to sepsis induced cardiomyopathy
(SIMI), manifesting as cardiac arrhythmias, heart failure, hypotension and myocardial inflammation,
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it significantly affects the prognosis of septic patients [2]. Recent studies have shown that cardiac
dysfunction induced by sepsis is a major cause of sepsis-related mortality, accounting for 70-90% of
cases [3].

The increasing evidences suggest that ferroptosis exacerbates sepsis-induced organ damage,
leading to multiple organ dysfunction. Ferroptosis as a form of non-apoptotic cell death induced by
ferrous ions (Fe?*) has been widely recognized. Its primary mechanism involves cellular metabolic
and redox imbalances, leading to the accumulation of iron-dependent phospholipid hydroperoxides
(PLOOHs) and increasing lipid reactive oxygen species (ROS), which causes rapid, irreversible
cellular damage. The morphological features include mitochondrial shrinkage, increased membrane
density, and reduction or disappearance of mitochondrial cristae [4]. Mitochondrion as the most
sensitive organelle to cellular damage or injury, plays the central role in iron metabolism and energy
metabolism, and it is a major source of intracellular ROS, thus closely associated with ferroptosis [5].
Recent studies indicate that ferroptosis is a key therapeutic target for cardiac diseases. Wang and
Feng et al. found that the ferroptosis inhibitor ferrostatin-1 (Fer-1) effectively rescued doxorubicin-
induced cardiac injury characterized by significant mitochondrial morphological and functional
changes in mice [6,7]. Sofia et al showed that inhibiting cardiac glutathione metabolism, resulting in
decreased glutathione peroxidase levels, increased cardiac lipid peroxidation, leading to ferroptosis
and exacerbating mitochondrial cardiomyopathy [8]. Liu et al. discovered that melanin nanoparticles
could inhibit intracellular iron accumulation, improve mitochondrial function, suppress ferroptosis,
and ameliorate sepsis-induced myocardial injury [9]. Therefore, targeting mitochondrial derived
ferroptosis may be a crucial strategy for protecting cardiac function, with significant research and
translational potential in SIMI. DHODH as the rate-limiting enzyme for de novo pyrimidine
nucleotide synthesis in mitochondria links de novo pyrimidine nucleotide biosynthesis with the
electron transport chain (ETC) on complex III through coenzyme Q [10]. DHODH is also an essential
enzyme for synthesizing new pyrimidines and a therapeutic target for various cancers such as
melanoma, acute myeloid leukemia, glioblastoma, lung cancer, pancreatic cancer, and prostate cancer
[11-16]. Recent studies suggest that DHODH inhibition may reduce tumor growth in vivo by
reducing the occurrence of ferroptosis [10], however, its role in SIMI remains unknown. Therefore,
in this study, we focus on mitochondrial DHODH mediated ferroptosis in SIML

Lipocalin-2 (LCN2) is a 23 kDa antimicrobial polypeptide that was initially discovered in the
secondary granules of human neutrophils, playing a role in innate immunity by sequestering iron to
limit bacterial growth. LCN2 is expressed in various normal tissues, including thymus, kidneys, bone
marrow and adipose tissue, but its expression is low or absent in normal brain, heart, colon and
skeletal muscle. However, inflammation and metabolic diseases induced LCN2 high-expression [17-
20]. Vazquez et al. found that LCN2 expression was strongly induced in liver and lung of CLP-
induced sepsis animal models [21]. Currently, LCN2 is known to participate in the regulation of
inflammatory responses in the cardiovascular system by modulating the expression and secretion of
inflammatory mediators such as pro-inflammatory cytokines and cell adhesion molecules, leading to
endothelial inflammation and vascular injury. Studies have shown a positive correlation between
LCN2 expression levels and heart failure [22]. LCN2 is upregulated during myocardial ischemia-
reperfusion, coronary artery disease, and myocardial infarction [23-25]. Additionally, hypoxia
induces LCN2 mRNA and protein expression in HL-1 cells [26]. Aigner et al observed the elevated
LCN2 levels after heart transplantation in rodents [24]. These findings suggest that LCN2 can be a
biomarker for the severity and high mortality of heart disease.

As a transporter which regulates intracellular and extracellular iron levels, LCN2 directly
controls iron metabolism. Bacterial growth and metabolism require iron, invading pathogens utilize
iron-binding proteins to acquire iron from the host’s transferrin and lactoferrin [27,28]. Research
indicates that LCN2 promotes lipid peroxidation accumulation by increasing intracellular Fe?,
thereby exacerbating ferroptosis [29]. Our previous studies showed myocardial LCN2 level was
increased, which closely associated with ferroptosis and iron metabolism in CLP mouse model
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[30,31]. Therefore, we would like to explore the intensive mechanism of LCN2 in septic mitochondrial
ferroptosis.

Signal transducer and activator of transcription 3 (STAT3) can regulate the biological behaviors
of cells by mediating extracellular signals of inflammatory mediators. It is an indispensable key
molecule in the process of inflammation formation. When cells are subjected to relevant stimuli, such
as inflammation, hypoxia, and ischemia, STAT3 in the cytoplasm undergoes phosphorylation and
translocates to the nucleus to exert transcriptional regulatory functions [32,33]. Studies have shown
that the upregulation of STAT3 signaling pathway can promote ferroptosis [34]. LCN2 has been
identified as a pro-inflammatory factor to induce STAT3 expression [35]. Jiang discovered that target
LCN2 can effectively inhibit inflammation, improve mitochondrial dysfunction, inhibit
cardiomyocyte ferroptosis, and alleviate SCM [36], but the mechanism is not indicated. In our study,
we want to intensively observe the relationship of p-STAT3, LCN2 and ferroptosis in SIMI [36].
Therefore, firstly, we explored whether LCN2 induced mitochondrial ferroptosis in SIMI through
knockdown of LCN2 in mice model, and analyze the change of mitochondrial ferroptosis through
inhibiting DHODH and mitochondrial GPX4, furtherly used DHODH overexpression and exogenous
rLCN2 in cardiomyocyte model to intensively explore the interaction of LCN2 and DHODH. This
study aims to seek for the new potential therapeutic strategy for sepsis.

2. Materials and Methods

2.1. Experimental Animals

All specific pathogen-free (SPF) grade healthy C57BL/6 mice (male, 6-8 weeks old, weighing 18-
22 g) were purchased from Jiangsu Qinglongshan Biological Technology Co., Ltd., production license
number SCXK (Su) 2024-0001. The animals were housed in an SPF-grade animal facility, maintained
on a 12-hour dark/light cycle, with ad libitum access to food and water. The temperature was
maintained at 22-25 °C, and the humidity was kept at 60 %-70 %. This study was approved by the
Ethics Committee of Bengbu Medical College (Ethics number: [2023] No. 520), and all experiments
complied with the “Regulations on the Administration of Laboratory Animals.”

2.2. Cecal Ligation and Puncture (CLP) Mouse Model

CLP is used in rodents for mimic the clinical course of sepsis [37]. The mice were anesthetized
using a mixture of 3% isoflurane. After shaving and disinfecting the abdominal area, a midline
incision was made with ophthalmic scissors. The cecum was ligated at the distal third with a 3-0 non-
absorbable surgical suture and punctured twice at the distal end with an 18 G needle, gently
squeezing out a small amount of feces. The cecum was then returned to the abdominal cavity and the
incision was closed. In the sham operation group, the cecum was only exposed without ligation and
puncture. Postoperatively, the mice were placed in a prone position and injected subcutaneously with
pre-warmed 37°C saline (10 ml/kg; s.c.) for fluid resuscitation. Before echocardiography, the severity
of sepsis was assessed using Mouse Sepsis Score (MSS). The MSS method calls for 7 observations:
physical characteristics, degree of awareness, activity, reaction to stimulation, eyes, respiratory rate,
and respiratory quality. The average of these seven elements yields the standard MSS score [38]. After
echocardiography, the mice were deeply sedated for blood collection via retro-orbital bleeding.
Following blood collection, the hearts were collected and stored at -80°C for further analysis.

2.3. Construction of shRNA and Lentiviral Vectors

Genechem Co., Ltd. (Shanghai, China) constructed short hairpin RNA (shRNA) targeting mouse
Lipocalin-2 (LCN2) was used to interfere with LCN2 expression, the shRNA sequence for LCN2 is as
follows: target sequence: 5-GCTTTACGATGTACAGCACCA-3'. LCN2 or AAV9-EGFP-NC was
injected into the mice tail vein for 3 weeks to downexpress LCN2 before CLP.
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The lentivirus for overexpressing dihydroorotate dehydrogenase (DHODH) to generate the
stable overexpression cells. The mouse HL-1 cardiomyocytes were transfected by DHODH-EGFP or
NC-EGFP. The positive transfected cells were selected with puromycin at 2.5 pug/mL for 2 weeks post-
transfection. The efficiency of infection and transfection was confirmed by Western blot and
quantitative real-time PCR (qRT-PCR).

2.4. Quantification of Cardiac Injury and Functional Assessment In vivo

The echocardiography was performed in vivo within 24 h post-CLP using Vevo-2100 imaging
system (FujiFilm VisualSonics, Canada). The cardiac function was assessed by measuring the left
ventricular ejection fraction (EF%), fractional shortening (FS%) and cardiac output (CO).

For evaluation of cardiac injury in mice [39,40], creatine kinase-MB (CK-MB) and lactate
dehydrogenase (LDH) levels in serum were measured using the related assay kits (E006-1-1, Nanjing
Jiancheng Bioengineering Institute and BC0685, Solarbio, China respectively)

2.5. Determination of MDA and SOD Levels

According to the manufacturer’s instructions, malondialdehyde (MDA) and superoxide
dismutase (SOD) levels in cardiac tissue were measured using the related commercial assay kit (A003-
1 and A001-3, Nanjing Jiancheng Bioengineering Institute, China).

2.6. Enzyme-Linked Immunosorbent Assay (ELISA) Analysis

According to the manufacturer’s protocols, the levels of serum inflammatory cytokines IL-6 and
TNF-a, as well as the levels of myocardial LCN2 and DHODH, were measured and quantified using
ELISA kits. The specific kits were obtained from Jiangsu Jingmei BioTech Co., Ltd: mouse IL-6 (JM-
02446M1), TNF-a (JM-02415M1), LCN2 (JM-12543M1), and DHODH (JM-12822M).

2.7. Hematoxylin and eosin (H&E) staining Observation

For histological analysis, the harvested heart tissues were fixed in 4% paraformaldehyde for 72
h, dehydrated, cleared, paraffin-embedded, and sliced into 6-pm-thick sections for hematoxylin and
eosin (H&E) staining. The morphological changes in cardiac tissues, such as inflammatory infiltration
and fibrotic areas, were evaluated under an optical microscope (NIKON ECLIPSE E100, Japan) to
assess pathological conditions.

2.8. Transmission Electron Microscopy (TEM) Observation

The myocardial tissue (1 mm?) was rapidly excised from the left ventricle and washed with
pre-cooled PBS. Subsequently, the tissues were immediately fixed overnight at 4 °C in a 2.5%
glutaraldehyde solution buffered with phosphate (pH 7.4). After being embedded, the samples were
sliced into ultrathin Sects. (50 nm) and stained with uranyl acetate and lead citrate before being
observed using an electron microscope (HITACHI, HT7800, Japan).

2.9. Detection of ROS Levels in Myocardial Tissue using DHE Fluorescent Probe

The myocardial tissue was washed with PBS (pH 7.4) and placed in embedding molds.
Embedding medium was immediately added, and the samples were frozen for sectioning. The tissue
was sectioned into 6 um thick slices using a cryostat and mounted on adhesion slides. The sections
were incubated in a working solution of 10 umol/L dihydroethidium (DHE) in a water bath at 37°C
for 30 min in dark. Following incubation, the nuclei were counterstained with 5 pg/ml DAPI working
solution. The changes in fluorescence intensity were observed using an inverted fluorescence
microscope (Zeiss, Obsever Z1, Germany).
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2.10. RNA Extraction using TRIzol and Quantitative Real-Time Polymerase Chain Reaction (gPCR)

Total RNA was extracted from heart tissue and cultured HL-1 cells using TRIzol reagent
(15596026, Invitrogen, USA). The RNA was then reverse transcribed into cDNA using the FastKing
cDNA First Strand Synthesis Kit (KR118, Tiangen Biotech, China). qPCR was performed using the
SuperReal PreMix Plus (FP205, Tiangen Biotech, China). Gene expression levels were normalized to
GAPDH levels to determine relative expression levels, and fold changes were calculated using the 2-
AACT method. The following primers were used:

Objective gene Primer sequences product length (bp)

F:5" TGGCCCTGAGTGTCATGTG 3’
LCN2 239
R:5 CTCTTGTAGCTCATAGATGGTGC &

E:5TCTTCACCTCITACCTGACAGC 3’
DHODH 164
R:5"CATGTTGGAGTCCTGAAACGTAY

F:5 GACATGCCGCCTGGAGAAAC ¥
GAPDH 92
R:5" AGCCCAGGATGCCCTTTAGT 3’

2.11. Molecular Docking Analysis and Co-Immunoprecipitation (Co-IP) to Observe the Relationship Between
LCN2 and Ferroptosis-Related Proteins

For predicting the direct binding models of LCN2 protein with GPX4, FSP1, and DHODH, we
first retrieved the detailed information including structural files and sequence data from the Uniprot
database for LCN2, GPX4, and DHODH. The PDB IDs were as follows: LCN2: 3T1D, GPX4: 6hkgq,
DHODH: 7Z6C. We used AlphaFold 2 protein structure prediction tool to predict the full-length
structure of FSP1.

The protein structures were processed using UCSF Chimera 1.17.1 software by adding
hydrogens, calculating and adding charges, and performing energy minimization. Molecular
docking experiments between these proteins were conducted using ClusPro software. After docking,
the structures with the best binding energies to LCN2 were visualized and processed using Maestro
13.5 software.

For Co-IP experiments, Protein A+G magnetic beads (P2108-5, Beyotime, China) were added to
EP tubes containing IP and IgG groups. The beads were washed with PBS by inverting and then
placed on a magnetic stand to remove the supernatant, repeated twice. LCN2 antibody was added to
the IP group tubes according to the manufacturer’s instructions, while an equal amount of I1gG
antibody (A7007, Beyotime, China) was added to the control group tubes. The tubes were incubated
on a shaker at 4 °C for 12 h. After incubation, the magnetic beads were washed 3 times, and then the
total protein from the CLP group was added to each tube and incubated on a shaker at 4 °C for 12 h.
Input positive control, IP group, and IgG negative control samples were boiled in 3x sample buffer
at 95 °C for 5 min and cooled to 4 °C before western blot analysis to detect the co-expressions of LCN2
with GPX4, DHODH and FSP1.

2.12. Mouse HL-1 Cell Culture

The mouse HL-1 cells were cultured in Claycomb Medium (iCell-0012, Shanghai iCell)
supplemented with 10% FBS at 37°C in a humidified atmosphere containing 5% CO2using a CO:
incubator (HF100, Thermo Fisher Scientific, USA). To verify ferroptosis induced by LPS, the HL-1
cells were treated with 20 ug/ml LPS (L3024, Sigma-Aldrich, USA) for 48 h after determining the
appropriate concentration through viability analysis [31]. Except control group, as a positive
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ferroptosis group, the cells were treated with 10 uM RSL3 (SML2234, Sigma-Aldrich, USA) for 24 h.
To investigate the relationship between LCN2 and ferroptosis, the cells were treated with 1 pug/ml
recombinant LCN2 protein (rLCN2) (CM17, Novoprotein, China) for 24 h [41],. To further investigate
the relationship between LCN2 and DHODH in sepsis, the HL-1 cells with overexpressing-DHODH
were treated with 1 pg/ml rLCN2 and LPS for 24 h.

2.13. Analysis of Cell Viability and LDH Levels

The cell viability was assessed using the Cell Counting Kit-8 (CCK-8) (BS350A, Biosharp, China)
after different treatments. The HL-1 cells were seeded into 96-well plates and incubated with CCK-8
working solution (100 pl/well in medium) at 37 °C in a CO: incubator for 1 h. The absorbance was
measured at 450 nm using a microplate reader (Bio-Tek, USA).

2.14. Cell ROS Measurement by DHE

The cells were washed twice with warm PBS. Following the manufacturer’s instructions, a
working solution of 10 uM DHE probe (S0063, Beyotime, China) diluted in MEM medium was added.
The cells were then incubated in a 5% CO:2 incubator at 37°C for 30 min in the dark. Subsequently,
cells were fixed with 4% paraformaldehyde at room temperature for 20 min. After permeabilization
with permeabilization buffer at room temperature for 10 min, cells were incubated with 5 ug/ml DAPI
working solution (S0063, Beyotime, China) at 37 °C for 7 min in the dark to counterstain the nuclei.
Images were captured using a Zeiss inverted fluorescence microscope (Zeiss, Obsever Z1, Germany).

2.15. Mitochondrial ROS Measurement by MitoSOX

The cells were washed twice with warm Hank’s Balanced Salt Solution (HBSS) (BL561A,
Biosharp, China). A working solution of 5 pmol/ml MitoSOX fluorescent probe (M36008, Thermo
Fisher Scientific, USA) prepared in 1 ml MEM medium was added to the cells, incubated at 37 °C for
30 min. Then, the cells were washed 3 times with PBS according to the manufacturer’s instructions.
Subsequently, cells were fixed with pre-warmed 4% paraformaldehyde at room temperature for 20
min. After permeabilization with permeabilization buffer (P0097, Beyotime, China) at room
temperature for 10 min, the cells were counterstained with 5 pg/ml DAPI working solution to stain
the nuclei. The detection of mitochondrial ROS were performed using a two-photon laser scanning
confocal microscope (FV-1200MPE-SHARE, Olympus, Japan). FlowJo and GraphPad Prism 9
software was used to analyze the results.

2.16. Mitochondrial Imaging and Fe?* Content Measurement

To confirm the mitochondrial damage caused by LPS, RSL3 and rLCN2, and the protective effect
of DHODH, mitochondria were stained, and mitochondrial membrane potential (MMP) were
evaluated. The cells were washed twice with warm HBSS. According to the manufacturer’s
instructions, 1 ml MEM medium containing 0.1 pmol/L MitoBright LT Deep Red fluorescent probe
(MT12, Japan Dojindo) was added, and the cells were incubated in a light-protected incubator at 37
°C for 15 min. After incubation, cells were washed 3 times with pre-warmed HBSS. Then, the cells
were treated with HBSS containing 1 pmol/L Fe? (F374, Japan Dojindo) and incubated at 37 °C in a
5% COzincubator for 30 min. The detection of MMP and Fe2+ Content were performed using a two-
photon laser confocal microscope (FV-1200MPE-SHARE, Japan Olympus). The results were analyzed
by FlowJo and GraphPad Prism 9 software.

2.17. Immunofluorescence (IF)

The Cells were washed 3 times using PBS, fixed with 4% paraformaldehyde (BL539A, China
Biosharp) atroom temperature for 20 min. Immunostaining permeabilization buffer was applied for
10 min, followed by blocking with 5% bovine serum albumin (BSA, 143183, Germany Biofroxx) at 37
°C for 90 min. The cells were then incubated overnight at 4°C with rabbit anti-LCN2 antibody (26991-
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1-AP, China Proteintech), DHODH antibody (14877-1-AP, China Proteintech), STAT3 antibody
(AF6294, USA Affinity), and p-STAT3 antibody (AF3293, USA Affinity). After washing 3 times with
PBS, cells were incubated with corresponding goat anti-rabbit IgG-Alexa Fluor secondary antibody
(ZF-0516, Beijing Zhongsheng Golden Bridge Biotechnology Co., Ltd.) diluted 1:200 at 37°C for 30
min. DAPI staining (C1002, Beyotime, China) was performed for 7 min. Images were acquired using
a Zeiss fluorescence inverted microscope (Zeiss, Observer Z1, Germany).

2.18. Western Blotting

Mitochondria were isolated from fresh heart tissue using the Tissue Mitochondria Isolation Kit
(C3606, Beyotime, China) as per the manufacturer’s instructions. Cytoplasmic proteins were also
extracted. The heart tissue and HL-1 cell proteins were extracted using RIPA lysis buffer (P0013B,
Beyotime, China) supplemented with protease and phosphatase inhibitors, and lysed on ice for 30
min. The lysates were then centrifuged at 4 °C for 15 min. Protein concentration was determined
using the BCA protein assay. Protein samples (20 pg per lane) were separated on 10% SDS-PAGE
gels and subsequently transferred onto PVDF membranes (IPVH0001, Merck Millipore, USA). PVDF
membranes were blocked with non-protein blocking buffer (PS108, Shanghai Yenzyme Biotech,
China) at room temperature for 30 min. Membranes were incubated overnight at 4 °C with the
following primary antibodies: GAPDH (1:7000, abs132004, Absin, China), LCN2 (1:1000, AF1857,
R&D Systems, USA), GPX4 (1:3000, ab125066, Abcam, USA), xCT (1:5000, ab175186, Abcam, USA),
Ferritin (1:1000, ab75973, Abcam, USA), FPN1 (1:2000, NBP1-21502, NOVUS, USA), COX IV (1:2000,
WL02203, Wanlei Bio, China), Cytochrome C (1:2000, WL02410, Wanlei Bio, China), STAT3 (1:1000,
AF6294, Affinity, USA), Phospho-STAT3-Tyr705 (1:1000, AF3293, Affinity, USA). After washing with
TBST (Tris-buffered saline with Tween-20) 3 times for 5 min each, membranes were incubated with
appropriate horseradish peroxidase-conjugated secondary antibodies (1:5000, Affinity, USA) for 30
min at 4°C. Protein bands were visualized using a highly sensitive ECL (enhanced
chemiluminescence) substrate (P90720, Millipore, USA). Band intensities were quantified using
Image] software, and protein expression levels were normalized to GAPDH levels.

2.19. Statistical Analysis

The results are presented as the mean + SD from at least three in dependent experiments using
GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA). The significance of differences in the
means of corresponding values among groups was determined by using one-way ANOVA followed
by Tukey post hoc tests. Statistical significance was considered at P <0.05.

3. Results

3.1. Sepsis Induced the Increase of Myocardial LCN2 Expression, and LCN2 Level is Positively Correlated
with the Severity of Sepsis

We established the mouse sepsis model of by CLP operation, and the severity of sepsis was
evaluated using MSS at 12h, 24h, 36h, 48h, and 72h post-surgery [38]. In the Figure 1A and Figure 1B,
it was found that the myocardial injury was more severe in 12h and 24h after CLP, and LDH in CLP
group was higher than in Sham group at other time periods (Figure 1D, P<0.05), indicating that sepsis
model was successful. The cardiac function, CO, LVFS% and LVEF% in CLP12h and CLP24h groups
were significantly decreased when compared with the Sham group (P < 0.001). In CLP36h, CLP48h
and CLP72h groups, there was a gradual decline in CO, LVFS%, and LVEF% (Figure 1F-1H, P <0.01).
Additionally, CK level was increased obviously in CLP24h (Figure 1D, P <0.01). Compared with the
Sham group, LCN2 protein expression level in CLP12h and CLP24h groups was elevated (Figure 1G,
P <0.01).

In HL-1 cardiomyocyte injury model, when the cells were induced with LPS and RSL3
respectively, ROS levels in cells and mitochondria were both increased (Figure 1L, N, P < 0.01),
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intracellular Fe?* level was elevated, and MMP was decreased significantly (Figure 1R). LCN2 protein
level was increased (Figure 1P, T, P <0.01), while the ferroptosis-related proteins GPX4 and DHODH

were decreased (Figure 1Q, U, V, P <0.01).
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function by echocardiography. Representative M-mode images are shown (E). F-H: Echocardiographic
parameters. cardiac output (F); left ventricle ejection fraction (G); left ventricular fractional shortening (H). L S:
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Representative images of the Western blot results. Changes in the protein expressions of LCN2 (], T) (n = 3-6),
GPX4 (V) and DHODH (U) (n = 6). K: Representative images of fluorescence probe for ROS in HL-1
cardiomyocytes (n=6, scale bar= 50 pm). L: The ROS fluorescence in each group. M: Images of mitochondrial
ROS in different groups. N: Mitochondrial ROS fluorescence intensity analysis. (n=5, scale bar= 20 pm). O:
Images of LCN2 and DHODH (red) and DAPI (blue) immunofluorescence staining. P, Q: LCN2 and DHODH
fluorescence intensity analysis. (n=6, scale bar= 50 p m). R: Detection of intracellular Fe?*and mitochondrial
morphology of HL-1 cardiomyocytes in different groups (scale bar= 20 um). Data are presented as mean + SD.

P <0.001, "P < 0.01, P <0.05 vs Sham group, NS:P > 0.05 vs Sham group. “P< 0.001, “P< 0.01 vs CON group.

3.2. Different Pathways of Ferroptosis were Happened in Sepsis-Induced Cardiac Injury

According to the above experimental results, further experiments were conducted at 24h post-
CLP to investigate the different pathways of ferroptosis in septic conditions. In cardiomyocyte model,
we further used ferroptosis chelating agent DXZ and ferroptosis inhibitor Fer-1 to observe the change
of ferroptosis. The experimental design is shown in the Figure 2A. According to the results of
myocardial ferroptosis related key proteins expressions---- total GPX4, total xCT, cytoplasm GPX4
(Cyto GPX4), ferroptosis suppressor protein 1 (Cyto FSP1), xCT (Cyto xCT), mitochondrial derived
GPX4 (Mito GPX4), DHODH (Mito DHODH) and xCT (Mito xCT), the results showed that the
different pathways of ferroptosis were occurred in CLP group (Figure 2 D-M, P < 0.01-0.001).
Ferroptosis chelator DXZ and inhibitor Fer-1 both improved MSS scores (Figure 2B, P < 0.01) and
decreased LCN2 protein expression in CLP mice (Figure 2C, P <0.01).
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Figure 2. Different pathways of ferroptosis in sepsis-induced cardiac injury. A: Experimental design drawing. B:

Murine sepsis score (MSS). C: The myocardial LCN2 level in each group. D: Representative images of the western
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blot results. Changes in the protein expressions of LCN2 (E), Total GPX4 (F), Total xCT (G) (n =3), Cyto FSP1
(H), Cyto xCT (I), Cyto GPX4 (J), Mito xCT (K), Mito DHODH (L) and Mito GPX4 (M) (n=6). P <0.001 vs Sham
group, #*P<0.001, #P< 0.01, “P< 0.05 vs CLP group.

3.3. Inhibiting Ferroptosis Decreased LCN2 Expression and Alleviate Myocardial Damage in Sepsis

Table 1 treatment, it showed the significant recovery in cardiac function (Figure 3 A-D, P <0.001-
0.01). In CLP group, HE staining also revealed that myocardial fibers were broken and inflammatory
cell infiltration was increased (Figure 3 G), the levels of CK-MB and LDH were significantly
decreased, with the increase of SOD level, suggesting that myocardial injury in CLP group was
happened, DXZ and Fer-1 effectively reversed the myocardial injury (Figure 3 E, F, L, P <0.001-0.01).
The levels of serum IL-6 and TNF-a in CLP group were significantly higher than those in Sham group,
DXZ and Fer-1 decreased the levels of IL-6 and TNF-a (Figure 3 M, N, P <0.001-0.01). The biochemical
characteristics of ferroptosis MDA and ROS levels [42] were higher in CLP mice compared to Sham
mice (Figure 3 J, K, P < 0.001). The morphological changes of mitochondria was happened in CLP
group [43] including mitochondrial shrinkage, increased membrane density, and mitochondrial
cristae disruption (Figure 3 H). ELISA and western blot analysis both confirmed the elevated LCN2
expression level in cardiac tissue in CLP mice (Figure 2 C, E, P <0.001-0.01), which were significantly
reduced in DXZ+CLP and Fer-1+CLP groups. These results indicate that in SIMI, LCN2 expression is
closely associated with ferroptosis. Inhibiting ferroptosis reduced LCN2 expression and mitigated
SIMI.
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Figure 3. Inhibiting ferroptosis decreases LCN2 expression and alleviate myocardial damage in sepsis. A, G, H,
I: Representative images of echocardiographic M-mode (A), H&E (G), transmission electron microscopy (H) and
fluorescence probe for ROS in cardiac tissues (I) (Scale bar = 100 um) in different groups. B-D: Echocardiographic
parameters. cardiac output (B); left ventricle ejection fraction (C); left ventricular fractional shortening (D). E-F:
The serum CK-MB (E) and LDH (F) levels in each group. Data are presented as mean + SD (n=6). “"P < 0.001 vs
Sham group, #"P< 0.001, #P< 0.01, *P<0.05 vs CLP group.

3.4. Knockdown of LCN2 Improves Mitochondrial Function and Alleviates Sepsis-Induced Ferroptosis

To assess the protective role of inhibition LCN2 against SIMI, the wild-type C57BL/6 mice were
injected intravenously with 2x10"PFUs AAV9-ShLCN2 to knockdown LCN2 efficiency. gPCR and
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western blot results confirmed after the mice were injected with AAV9-ShLCN2, myocardial LCN2
at mRNA and protein expression levels were reduced (Fig 4 A-C, P < 0.001). Knockdown of LCN2
improved cardiac function parameters (Fig 4 K-N, P <0.001-0.01), reduced myocardial fiber rupture,
and inflammatory cell infiltration (Figure 4 A-C, P <0.001). The ultrastructure results showed fewer
mitochondrial morphological changes, MMP and mitochondrial function index - COX IV protein
expression were increased, with the decrease of Cyto C protein expression, suggesting that
mitochondrial damage was reduced after knockdown of LCN2 in CLP mice. Meanwhile, myocardial
ROS level was decreased, the ferroptosis-related proteins Ferritin, FPN1, Mito GPX4 and Mito
DHODH were increased (P < 0.001). Overall, LCN2 knockdown protects the myocardium against
cyto- and mitochondrial ferroptosis in CLP mice.

3.5. DHODH as a Key Protein of Ferroptosis Against LCN2 Induced Myocardial Damage in Sepsis

LCN2, an innate immune protein, has emerged as a critical iron regulatory protein during
physiological and inflammatory conditions [44]. Through molecular docking and
immunoprecipitation experiment, we observed that LCN2 interacts strongly with DHODH protein
(Figure 40). DHODH, a rate-limiting enzyme for de novo pyrimidine nucleotide synthesis located in
mitochondria, plays a crucial role in mitochondrial oxidative phosphorylation and respiratory chain
[10]. For observing the relationship between LCN2 and mitochondrial ferroptosis, the mice were also
treated with the specific DHODH inhibitor Brequinar (20 mg/kg, i.p), and mito-GPX4 inhibitor Fin56
(10 mg/kg, i.p) on knockdown-LCN2 mice before CLP surgery (Figure 4 G). the results showed
compared with the AAV9-ShLCN2+CLP group, Brequinar and Fin56 exacerbated myocardial injury
with increased LCN2 protein expression (Fig 5 G, P <0.001), decreased MSS scores (Fig 4 H), ruptured
myocardial fiber, increased red blood cells and inflammatory cell infiltration (Fig 4 O). Elevated
serum levels of CK-MB, LDH, IL-6, TNF-q, increased MDA and ROS levels and decreased SOD level
(Fig 4 I, G and Fig 5 B, C, D, P < 0.001-0.01). ELISA kits and Western blot analysis results showed,
compared with the AAV9-ShLCN2+CLP group, Brequinar decreased myocardial DHODH
expression and elevated LCN2 levels, while Fin56 treatment showed no statistically significant
changes in LCN2 and DHODH expressions. Meanwhile, in the AAV9-ShLCN2+CLP+Brequinar and
AAV9-ShLCN2+CLP+Fin56 groups, it exhibited mitochondrial atrophy, increased membrane
density, ridge breakage, partial mitochondrial outer membrane rupture (Figure 4 P), the decrease of
mitochondrial COX IV expression (Figure 4 R), and the increase of cytoplasmic Cyto C expression
(Fig 4 U) were also observed. These findings indicated that inhibition of DHODH and mito-GPX4
could eliminate the protective effect of LCN2-knockdown on mitochondrial function and exacerbate
SIMI, but mito-GPX4 has no effect on LCN2 and DHODH.
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Figure 4. DHODH as a key protein of LCN2 affecting myocardial damage in sepsis. A, E, F, K, O, P:
Representative images of Western blot results (A), molecular docking results (E, LCN2: green, DHODH: blue),
immune-function precipitation results (F), echocardiographic M-mode (K), H&E (O) and transmission electron
microscopy (P) in cardiac tissues in different groups. B: Changes in the protein expressions of LCN2 (n = 3). C:
The LCN2 level at mRNA expression was detected in each group by q-PCR (n = 6). G: Experimental design
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drawing. D, H: Murine sepsis sorce. I-G: The serum CK-MB (I) and LDH (G) levels in each group.
Echocardiographic parameters: cardiac output (L); left ventricle ejection fraction (M); left ventricular fractional
shortening (N). Q: Representative images of the Western blot results. Changes in the protein expressions of Cyto
C (R), Mito GPX4 (S), Mito DHODH (T), Mito COX IV (U), LCN2 (V), FPN1 (W) and Ferritin (X).Data are
presented as mean + SD (n=6). “"P< 0.001 vs Sham group, #*P < 0.001, #P< 0.01 vs NC-RNA+CLP group, NS: P >
0.05 vs CLP group, #*¥P<0.001, #P< 0.01, #P< 0.05 vs SARNA-LCN2+CLP group, ns P >0.05 vs .ShRNA-LCN2+CLP

group.
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Figure 5. A: Representative images of fluorescence probe for ROS in cardiac tissues (Scale bar = 100 um). B: The
ROS fluorescence in each group. C-D: Changes of myocardial MDA (C) and SOD (D) levels in different groups.
E-F: The serum TNF-a (E) and IL-6 (F) levels in each group. G-H: The cardiac LCN2 and DHODH levels in each
group. Data are presented as mean + SD (n=6). “"P< 0.001 vs Sham group, **P <0.001, #P < 0.01 vs NC-RNA+CLP
group, NS: P> 0.05 vs CLP group, %P < 0.001, %P < 0.01, 3P < 0.05 vs ShRNA-LCN2+CLP group, ns P > 0.05 vs

ShRNA-LCN2+CLP group.

3.6. Recombinant LCN2 Protein Induced Cardiomyocyte Injury and Triggers Ferroptosis

For further investigate the potential effect of LCN2 on ferroptosis, we used rLCN2 in HL-1
mouse cardiomyocytes. The results showed that addition of rLCN2 increased intracellular and
mitochondrial ROS levels (Figure 6 B, D), elevated Fe? levels, decreased MMP (Figure 6 H), and
reduced LCN2 (Figure 4 G, K) and ferroptosis-related proteins GPX4 and DHODH (Figure 6 J, F, L).
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20 um). E: Images of LCN2 and DHODH (red) and DAPI (blue) immunofluorescence staining. F, G: LCN2 and
DHODH fluorescence intensity analysis. (n=6, scale bar= 50 p m). H: Detection of intracellular Fe?and
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3.7. Overexpression of DHODH Resists LPS-Induced Mouse Cardiomyocyte Injury

To determine whether DHODH is a key factor in LCN2 induced ferroptosis in sepsis, lentivirus
overexpression of DHODH was performed in vitro, the transfection efficiency was verified by qPCR
and Western blot (Fig 7 A-C, P < 0.001). The results showed ROS levels in cells and mitochondria
were decreased in LPS-induced HL-1 cardiomyocyte model with DHODH-overexpression (Fig 7 A-
C), lipid peroxidation levels and intracellular Fe? levels were decreased, and MMP was increased
(Fig 7 H). GPX4, DHODH and FPN1 expressions were significantly increased, while LCN2 protein
expression was significantly decreased (Fig 7 M, N, O, P < 0.001-0.01). Treatment with rLCN2
reversed the effect of DHODH-overexpression in LPS-induced HL-1 cells.
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Figure 7. Overexpression of DHODH resists LPS-induced mouse cardiomyocyte injury. A: Representative
images of Western blots. B: Changes in the protein expressions of DHODH (n=3). C: The LCN2 expression was
detected by qPCR (n=6). D: Representative images of fluorescence probe for ROS in HL-1 cardiomyocytes (n=6,
scale bar= 50 pm). F: The ROS fluorescence in each group. E: Images of mitochondrial ROS in different groups.
G: Mitochondrial ROS fluorescence intensity analysis. (n=5, scale bar=20 um). I: Images of LCN2 and DHODH
(red) and DAPI (blue) immunofluorescence staining. J, K: LCN2 and DHODH fluorescence intensity analysis.
(n=6, scale bar="50 um). H: Detection of intracellular Fe?* and mitochondrial morphology of HL-1 cardiomyocytes
in different groups (scale bar= 20 um). L: Representative images of the Western blot results. Changes in the
protein expressions of GPX4 (M), LCN2 (N) and DHODH (O) (n = 6). Data are presented as mean + SD. ™'P <
0.001, P <0.01, P < 0.05 vs CON group. NS: P>0.05 vs CON group (Fig8 B, C), #P<0.01 vs NC-GFP+LPS group,
NS: P> 0.05 vs LPS group (Fig8 ], K, F, G, M, N, O), #P< 0.001, %¥P< 0.01, *P< 0.05 vs DHODH-GFP+LPS group.

3.8. LCN2 Activates Ferroptosis Through Inhibiting DHODH Expression via STAT3 Signaling

STATS3 signaling pathway plays a critical role in various biological processes, and LCN2 induces
ferroptosis by activating STAT3 pathway [45]. STATS3 is closely associated with DHODH protein and
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mitochondrial function [46]. We sought to explore whether STATS3 is involved in the regulation of
LCN2 in myocardial damage caused by sepsis. The results showed, stimulation of HL-1 cells with
rLCN2 increased phosphorylation STAT3 (p-STAT3) (Figure 8 A-E). When compared with LPS-
induced DHODH-overexpression HL-1 cells, rLCN2 reduced DHODH protein expression, while
increased p-STAT3 expression (Figure 8 F-K). Knockdown of LCN2 reduced p-STAT3 expression
level, which were reversed by DHODH-specific inhibitor Brequinar but not by GPX4 inhibitor Fin56
(Fig 8 L-N).
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group, NS: P > 0.05 vs LPS group (Fig8 H, J), #¥¥P< 0.001, #*P< 0.01, *P< 0.05 vs DHODH-GFP+LPS group (Figure
8B, C E, G, H,J). "P<0.001 vs Sham group, #P < 0.001, #P< 0.01 vs NC-RNA+CLP group, NS: P > 0.05 vs CLP
group, $P< 0.001, ¥P< 0.01, ¥P< 0.05 vs ShARNA-LCN2+CLP group, ns P > 0.05 vs ShRNA-LCN2+CLP group
(Figure 8 L).

4. Discussion

Sepsis is a life-threatening systemic reactive disease, and myocardial dysfunction is a major
cause of its high mortality rate [47]. Cardiomyocytes, as terminally differentiated cells, undergo
irreversible deterioration of cardiac function once damaged by sepsis. The studies have indicated that
cardiomyocyte death is a key factor in SIMI, thus alleviating cardiomyocyte death in sepsis is
considered as an important therapeutic approach. Cell death can be categorized into apoptotic and
non-apoptotic processes, including necrosis, pyroptosis, ferroptosis, et al [48]. Numerous studies
have demonstrated that ferroptosis is involved in various pathological processes [49], and is closely
linked to SIMI. Currently, it is believed that ferroptosis involves multiple metabolic pathways,
cytosolic and mitochondrial GPX4 both play the major protective role against lipid peroxidation [50],
while FSP1 acts primarily on the plasma membrane [51], and DHODH functions in mitochondria
[52]. These different ferroptosis pathways interact each other, promoting myocardial injury and
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dysfunction. In this study, our results showed that inhibition of ferroptosis with Fer-1 and the iron
chelator DXZ reduced myocardial LCN2 expression, alleviated oxidative stress and myocardial
injury caused by ferroptosis from these different pathways. Therefore, intensively investigating the
relationship of LCN2 and ferroptosis pathways is crucial for the prevention and treatment of SIMI.

LCN2 is an acute-phase protein that regulates various cellular processes, and plays a significant
pathogenic role in acute and chronic inflammation, cancer, central nervous system diseases, and
metabolic diseases [53]. It is currently used as a biomarker for renal injury [54], high plasma LCN2
levels predict high mortality and cardiac dysfunction in patients with severe sepsis and septic shock
[55]. As a transporter regulating intracellular and extracellular iron levels, LCN2 directly controls
iron metabolism [56], maintaining iron homeostasis is vital for cardiac function [57], and the
increasing evidence suggests that LCN2 plays a critical role in maintaining cardiovascular iron
homeostasis [58].

In our study, from the in vitro experiments, we determined that LCN2 could induce an increase
in Fe?* content, intracellular and mitochondrial ROS levels and inhibition of GPX4 in HL-1 mouse
cardiomyocytes, leading to oxidative stress and ferroptosis. In vivo study, in the LCN2-knockdown
mice, ferroptosis was reduced and SIMI was rescued. these results suggest that LCN2 is a key factor
causing SIMI through activation of ferroptosis. We also found that exogenous LCN2 protein
stimulation in HL-1 cells induced mitochondrial dysfunction and activated p-STAT3 expression,
while myocardial p-STAT3 activation was inhibited in LCN2-knockdown mice. Thus, we conclude
that LCN2 regulates ferroptosis in SIMI through activation of STAT3 signaling pathway.

To further investigate the correlation between LCN2 and ferroptosis, we performed molecular
docking to analyze for macromolecule-macromolecule interactions, and found a favorable docking
effect between LCN2 and DHODH. Immunoprecipitation experiments using LCN2 as bait pulled
down GPX4, FSP1, and DHODH proteins. DHODH protein was detected in the precipitated complex,
while GPX4 and FSP1 were not detected, suggesting that LCN2 may act directly through the
mitochondrial DHODH-mediated ferroptosis pathway. DHODH, which locates in mitochondria, is
an essential enzyme for de novo pyrimidine synthesis and a therapeutic target in several cancers [11-
16]. Recent studies have indicated that inhibiting DHODH may suppress tumor growth by inducing
ferroptosis [10]. However, the mechanism between DHODH and LCN2 remains unknown. In our
study, in the knockdown-LCN2 septic mice, we observed the elevated DHODH expression,
improved cardiac function, reduced lipid peroxidation, decreased inflammatory cell infiltration, and
lower oxidative stress levels. Similarly, in LPS-induced HL-1 cardiomyocyte sepsis model, LCN2
expression was increased while DHODH expression was decreased. Addition of exogenous LCN2
recombinant protein to normal cardiomyocyte reduced DHODH expression and increased ROS and
Fe? levels, indicating that LCN2 inhibited DHODH directly to induce ferroptosish. Inhibition of
myocardial LCN2 expression increased DHODH expression, reduced ferroptosis, and provided the
cardioprotective role.

In our study, we furtherly observed that the protective effects of knockdown-LCN2 were
counteracted by DHODH inhibitor Brequinar, not by mitochondrial GPX4 inhibitor Fin56 in septic
mice. As we know, DHODH is a crucial component of the mitochondrial respiratory chain and
involved in energy metabolism and ATP production [59], we then assessed that mitochondrial
function by measuring cyto C and COX IV protein expressions, and ROS production. In the LPS-
induced DHODH-overexpression HL-1 cell model, the results showed that the decreased
mitochondrial ROS levels, recovered MMP, improved mitochondrial morphological damage, at the
same time, p-STAT3 protein expression level was decreased, while exogenous rLCN2 increased
mitochondrial ROS levels, decreased MMP, and damaged mitochondrial morphology. The protective
effect of DHODH-overexpression was reversed by exogenous rLCN2, and p-STAT3 protein
expression level was increased. Similarly, Brequinar, the DHODH inhibitor, alleviated the protective
role and elevated p-STAT3 level in LCN2 -knockdown septic mice, mitochondrial GPX4 inhibitor
Fin56 had no effect on p-STAT3. The results further indicates that LCN2 aggravates mitochondrial
ferroptosis in SIMI through increasing STAT3 phosphorylation to decrease DHODH.
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5. Conclusions

In sepsis induced myocardial injury, myocardial LCN2 promotes mitochondrial ferroptosis.
Knockdown of LCN2 protected against SIMI through elevating DHODH and dephosphorylation of
STAT3. Our study is the first time to demonstrate the interaction between myocardial LCN2 and
DHODH in septic mice, it provides the new insight for preventing sepsis induced myocardial injury.
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