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A B S T R A C T   

Microvascular endothelial damage caused by intestinal ischemia‒reperfusion (II/R) is a primary catalyst for 
microcirculation dysfunction and enterogenous infection. Previous studies have mainly focused on how 
neutrophil extracellular traps (NETs) and ferroptosis cause intestinal epithelial injury, and little attention has 
been given to how NETs, mainly from circulatory neutrophils, affect intestinal endothelial cells during II/R. This 
study aimed to unravel the mechanisms through which NETs cause intestinal microvascular dysfunction. We first 
detected heightened local NET infiltration around the intestinal microvasculature, accompanied by increased 
endothelial cell ferroptosis, resulting in microcirculation dysfunction in both human and animal II/R models. 
However, the administration of the ferroptosis inhibitor ferrostatin-1 or the inhibition of NETs via neutrophil- 
specific peptidylarginine deiminase 4 (Pad4) deficiency led to positive outcomes, with reduced intestinal 
endothelial ferroptosis and microvascular function recovery. Moreover, RNA-seq analysis revealed a significant 
enrichment of mitophagy- and ferroptosis-related signaling pathways in HUVECs incubated with NETs. Mech
anistically, elevated NET formation induced Fundc1 phosphorylation at Tyr18 in intestinal endothelial cells, 
which led to mitophagy inhibition, mitochondrial quality control imbalance, and excessive mitochondrial ROS 
generation and lipid peroxidation, resulting in endothelial ferroptosis and microvascular dysfunction. Never
theless, using the mitophagy activator urolithin A or AAV-Fundc1 transfection could reverse this process and 
ameliorate microvascular damage. We first demonstrate that increased NETosis could result in intestinal 
microcirculatory dysfunction and conclude that suppressed NET formation can mitigate intestinal endothelial 
ferroptosis by improving Fundc1-dependent mitophagy. Targeting NETs could be a promising approach for 
treating II/R-induced intestinal microcirculatory dysfunction.   

1. Introduction 

Intestinal ischemia‒reperfusion (II/R) injury is a serious patho
physiological process that manifests in various clinical conditions, 
including mesenteric artery occlusion, abdominal trauma, hemorrhagic 
shock, and intestinal obstruction [1,2]. The intestine, a crucial organ 
with a substantial blood supply, is susceptible to damage induced by 
ischemia, hypoxia, and reperfusion. Intestinal microvascular endothelial 

dysfunction is known to be one of the main causes of gut barrier damage 
in developing II/R injury [3,4]. At the molecular and cellular levels, 
increased oxidative stress subsequently causes swelling and vacuoliza
tion of endothelial cells, intercellular tight junction loss and hyper
permeability, neutrophil infiltration, and microthrombus formation in 
the microvasculature [3,5]. Microvascular injury and dysfunction lead 
to gut barrier damage, which triggers a vicious cycle of aggravating II/R 
injury [6]. These factors may subsequently lead to the development of 
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severe sepsis, septic shock, and even multiple organ dysfunction syn
drome (MODS). 

Activated neutrophils produce and release neutrophil extracellular 
traps (NETs), which primarily consist of the extracellular decondensed 
chromatin with bound histones, myeloperoxidase (MPO), and neutro
phil elastase (NE) and are capable of capturing and eliminating infec
tious microorganisms [7]. While NET components have been identified 
to have the antimicrobial function, it is important to acknowledge that 
the dysregulation or excessive formation of NETs may result in a 
two-sided impact, potentially leading to cellular damage and adjacent 
tissue injury [8]. Notably, a recent study highlighted the involvement of 
NETs in the pathogenesis of intestinal, liver, and lung injuries in the 
context of ischemia–reperfusion (I/R) diseases [9–12]. Interventions 
aimed at inhibiting NET formation may mitigate ischemia‒reperfusion 
injury in various organs, reduce inflammatory responses, and increase 
survival rates. Recently, it has been discovered that NETs play a role in 
the progression of lung and cardiac microvascular damage and micro
circulation dysfunction in SARS-CoV-2 infection or myocardial infarc
tion [13,14]. Our prior investigations have established that NETs can 
potentially impair the intestinal barrier in the aftermath of II/R or sepsis 
injury [10,15,16]. Nevertheless, the extent to which NET formation may 
result in intestinal endothelial cell damage and microvascular dysfunc
tion remains largely unexplored. 

Mitophagy is a crucial pathway for maintaining mitochondrial ho
meostasis by sequestering damaged or depolarized mitochondria into 
autophagosomes for lysosomal degradation. Recent studies have shown 
that impaired mitophagy may contribute to I/R injury, as the accumu
lation of defective mitochondria can lead to mitochondrial dysfunction, 
characterized by ATP synthesis interruption, mitochondrial ROS pro
duction, loss of mitochondrial membrane potential, mitochondrial 
permeability transition pore (mPTP) opening and cytochrome-c (Cytc) 
leakage [17,18]. The FUN14 domain-containing 1 (Fundc1) protein is an 
essential component of the mitochondrial outer membrane, which in
teracts with LC3 to promote mitophagosome formation and maintain 
proper mitochondrial homeostasis [19]. Fundc1 is believed to have a 
crucial function in activating mitophagy during ischemic and hypoxic 
conditions via phosphorylation and dephosphorylation [20]. Further
more, a recent study demonstrated that NET formation might enhance 
tumor growth in digestive oncological diseases by impacting mito
chondrial homeostasis [21]. However, the role of NET formation in 
endothelial mitochondrial dysfunction in II/R remains poorly defined. 
Thus, there is still a strong need to elucidate whether there is a potential 
link between NET formation, Fundc1-dependent mitophagy regulation, 
and intestinal microvascular dysfunction, particularly in the context of 
II/R injury. 

Ferroptosis is a new form of iron-dependent regulated cell death 
resulting from accumulating reactive oxygen species (ROS) and lipid 
peroxidation. A mounting body of evidence indicates that ferroptosis has 
a noteworthy influence on chronic and acute gastrointestinal disorders, 
including acute intestinal ischemia, inflammatory bowel disease, and 
tumors [4,22,23]. Multiple studies have demonstrated a strong associ
ation between mitochondrial dysfunction and ferroptosis, as evidenced 
by the disruption of ATP synthesis and a subsequent increase in reactive 
oxygen species (ROS) levels, leading to abnormal iron transport and 
lipid peroxidation [24,25]. Additionally, morphological changes such as 
condensed membrane densities, reduced or absent cristae, and outer 
membrane ruptures have been observed in mitochondria during fer
roptosis [26,27]. Although several studies have demonstrated the ability 
of ferroptosis to induce damage to the intestinal epithelium during II/R 
conditions [28,29], the relationship between NET formation and fer
roptosis, as well as the potential influence of Fundc1-dependent 
mitophagy on the initiation of ferroptosis in microvascular endothelial 
cells during II/R, remains unclear. 

Herein, we hypothesized that NET formation could trigger intestinal 
microvascular endothelial ferroptosis by inhibiting Fundc1-dependent 
mitophagy following II/R conditions. The present study examined the 
mechanisms underlying NET formation and Fundc1-dependent 
mitophagy and their influence on ferroptosis in human subjects and 
an II/R injury model utilizing Pad4 and Fundc1 knockout mice. The 
objective of this investigation was to offer novel insights and therapeutic 
approaches to the management of microvascular dysfunction during II/ 
R injury. 

2. Materials and methods 

2.1. Ethics statement 

The present investigation was conducted in adherence to the 
Guidelines for Clinical Trials as recommended by the Ethics Committee 
of the Jinling Hospital. The study protocol was executed in accordance 
with the principles outlined in the Declaration of Helsinki and was 
granted approval by the Ethics Committee of the Jinling Hospital 
(2022DZGZR-018). Before any study-related procedures, all participants 
provided written informed consent. The mice were raised in a pathogen- 
free environment at the Research Institute of General Surgery in Jinling 
Hospital. They were humanely euthanized through carbon dioxide 
narcosis in compliance with both local and national ethical guidelines of 
the use of laboratory animals. The Institutional Animal Care and Use 
Committee at the Jinling Hospital granted approval for all animal pro
cedures and experimental protocols under reference number 
2022DZGKJDWLS-0058. 

2.2. Patient recruitment 

This study, conducted at the Jinling Hospital (Medical School of 
Nanjing University, China), included 16 patients diagnosed with iso
lated acute superior mesenteric artery occlusion disease. Ineffective 
conservative treatment led to surgical resection of all patients’ diseased 
bowel and intestinal ostomy. The surgical procedures performed were 
consistent with those described in our previous study [30]. The subse
quent analysis involved the collection of eight intestinal samples from 
resection specimens. The present study utilized healthy intestinal tissues 
obtained from an intraoperatively removed enterostomy of eight pa
tients who underwent definite intestinal ostomy anastomosis as controls. 
Additionally, serum samples were collected from all patients before 
surgery. 

2.3. Animal study 

Pad4fl/fl C57BL/6 mice (#026708) and Mrp8-Cre (S100A8-Cre) 
C57BL/6 mice (#021614) were purchased from the Jackson Laboratory 
(Bar Harbor, ME, USA) through the Model Animals Research Center of 
Nanjing University as described in our earlier report [15]. Fundc1fl/fl 

C57BL/6 mice and Tie2-Cre (Tek-Cre) C57BL/6 mice were purchased 
from the Model Animals Research Center of Nanjing University. Pad4fl/fl 

mutant mice were crossed with Mrp8-Cre mice to generate 
neutrophil-specific Pad4 knockout (Pad4fl/fl; Mrp8-Cre, Pad4ΔPMN) mice. 
Fundc1fl/fl mice were crossed with Tie2-Cre mice to generate 
endothelium-specific Fundc1 knockout (Fundc1fl/fl; Tie2-Cre, Fundc1ΔEC) 
mice. The Model Animals Research Center of Nanjing University pro
vided WT C57BL/6 mice. Considering estrogen is an independent pro
tective factor against ischemia‒reperfusion injury [31,32], male mice 
aged 8–10 weeks were selected for the study, with five mice allocated to 
each group. The mice were housed in a controlled environment with 
regulated light and temperature and were provided ad libitum access to 
food and water. 
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The II/R model was established according to established protocols 
outlined in previous literature [29,33]. Briefly, mice were fasted over
night for 12 h, anesthetized with isoflurane (oxygen delivered at 1 L/min 
with 3% isoflurane for induction and 1.5% isoflurane for maintenance), 
and placed on the operating table. Following midline laparotomy, II/R 
injury was induced through the occlusion of the superior mesenteric 
artery using a nontraumatic vascular clamp for 1 h, followed by 24 h of 
reperfusion. The animals were promptly revived from anesthesia within 
10 min of the surgical procedure and were administered ibuprofen (200 
mg/L drinking water) for postoperative analgesia. Additionally, they 
were closely monitored for 24 h. After reperfusion, the animals were 
euthanized per the aforementioned protocol, and serum and terminal 
ileum specimens were collected. 

To evaluate the effect of ferroptosis regulation, mice received the 
ferroptosis activator erastin (15 μg/g, i.p., qd, HY-15763, MCE, China) 
or the ferroptosis inhibitor ferrostatin-1 (5 μg/g, i.p., qd, HY-100579, 
MCE, China) for 7 days (Suppl. Fig. 1A) [29,34]. An equal amount of 
the vehicle (corn oil, HY-Y1888, MCE, China) was delivered to the sham 
group. To examine the role of mitophagy in II/R, mice received the 
mitophagy activator urolithin A (UA, 50 μg/g, i.g., qd, HY-100599, 
MCE, China) or the mitophagy inhibitor mitochondrial division inhibi
tor 1 (Mdivi-1, 50 μg/g, i.p., qd, HY-15886, MCE, China) for 14 days 
(Suppl. Fig. 3A) [35–37]. The sham group was given an equal amount of 
the vehicle (normal saline). 

2.4. Histology, immunohistochemistry and immunofluorescence 

Fresh terminal ileal tissue specimens were fixed in 4% para
formaldehyde for histological analysis and subsequently embedded in 
paraffin. Standard hematoxylin and eosin (H&E) staining and Masson’s 
trichrome staining were conducted on the intestinal paraffin sections. 
Two pathologists employed the Chiu scoring system to evaluate the 
sections [38]. 

The tissues were fixed, embedded, and sectioned for immunohisto
chemistry as previously described. Subsequently, primary antibodies, 
namely, anti-VCAM1 (ab215380, Abcam, USA) and anti-albumin 
(66051-1-Ig, Proteintech, China), were added and allowed to incubate 
overnight at 4 ◦C after antigen repair. Following incubation with the 
primary antibodies and an HRP-conjugated secondary antibody, DAB 
was used as a chromogen. Finally, the sections were visualized after 
counterstaining with hematoxylin. In addition, TUNEL staining was 
carried out using a TUNEL apoptosis kit (G1507-100T, Servicebio, 
China) following the manufacturer’s protocol. Analysis was performed 
using the ImageJ software by investigators who were blinded to the 
experimental groups. 

For immunofluorescence, slides were blinded using 3% BSA for 1 h, 
followed by overnight incubation at 4 ◦C with primary antibodies. The 
primary antibodies included anti-CD31 (human: ab76533; mouse: 
ab222783, Abcam, USA), anti-VE cadherin (ab33168, Abcam, USA), anti- 
CitH3 (ab5103, Abcam, USA), anti-Drp1 (ab184247, Abcam, USA), and 
anti-Tom20 (ab186735, Abcam, USA). The nuclei were subsequently 
counterstained with DAPI (D1306, Thermo Fisher, USA) in accordance 
with the manufacturer’s instructions. Cells were then captured using a 

confocal microscope (Nikon Eclipse Ti; Nikon, Japan), while tissue sec
tions were photographed using a fluorescence microscope (IXplore 
Standard; Olympus, Japan). Two independent investigators analyzed The 
relative fluorescence intensity using the ImageJ software. 

2.5. Enzyme-linked immunosorbent assay (ELISA) 

The levels of human syndecan-1 (CSB-E14983h, CusaBio, China), 
mouse syndecan-1 (CSB-EL020888MO, CusaBio, China), human von 
Willebrand factor (vWF, CSB-E08437h, CusaBio, China), MDA (S0131 
M, Beyotime, China), GSH and GSSG (S0053, Beyotime, China), and 
Fe2+ (BC5415, Solarbio, China) in serum, intestinal tissue or isolated 
intestinal microvascular endothelial cells were analyzed using com
mercial ELISA kits according to the manufacturers’ protocols. 

2.6. Quantification of NETs 

Detection and quantification of soluble NETs in human and mouse 
sera and intestines were accomplished using a CitH3-DNA or MPO-DNA 
complex ELISA, according to our prior study [15]. Specifically, 96-well 
plates were coated with anti-CitH3 (ab5103, Abcam, USA) or anti-MPO 
(ab272101, Abcam, USA) antibodies overnight at 4 ◦C, followed by 
blocking with 2% BSA at room temperature for 2 h. Samples were 
subjected to three washes before being introduced into the wells con
taining an incubation buffer supplemented with a peroxidase-labeled 
anti-DNA monoclonal antibody (Cell Death ELISAPLUS, 11774425001, 
Roche, Switzerland). Following a 2-h incubation, the plates underwent 
three additional washes. The ABTS peroxidase substrate was then 
introduced, and the absorbance was measured using a microplate reader 
(FilterMax 3, Molecular Devices, USA) at 405 nm. The values for soluble 
NET formation were expressed as a percentage increase in the absor
bance above the control. 

2.7. Intestinal laser speckle perfusion imaging 

An RFLSI Pro Laser Speckle Flow Imaging System (RFSLI ZW/RFLSI 
III, RWD, China) was used for real-time imaging of intestinal blood 
perfusion. The mouse terminal ileum and mesangium were positioned 
externally on a sterilization workstation after 24 h of modeling. Subse
quently, the intestinal tract was moistened with physiological saline at 
37 ◦C, and the probe was placed above the intestinal tract. A 785 nm 
laser wavelength was selected to record microcirculation hemodynamic 
indicators, including blood flow velocity and tissue perfusion volume. 

2.8. Transmission electron microscopy (TEM) 

The microvasculature, mitochondrial morphology, and mitophago
somes from intestinal endothelial cells were examined by TEM (Hitachi 
H-600, Japan). Intestinal tissues were initially fixed with 4% glutaral
dehyde and treated with 2% osmium tetroxide. Following dehydration 
through a series of graded ethanol solutions, the samples were 
embedded in epoxy resin and sectioned. The thin sections were stained 
with uranyl acetate and lead citrate to facilitate TEM observations. 

Fig. 1. Increased NET levels are associated with intestinal microvascular dysfunction in II/R patients. A–E. Representative photographs showing the 
pathological changes in the intestine from healthy controls and II/R patients, as observed via microscopy. (B) HE- and Masson’s trichrome-stained tissue samples of 
small bowels were evaluated with the Chiu score system. (C) TUNEL staining was performed to detect apoptosis of intestinal microvascular endothelial cells, and the 
percentage of TUNEL-positive cells was calculated. (D–E) Immunohistochemical staining for VCAM-1 and albumin was performed in intestinal sections and quan
tified by the ImageJ software. Scale bars = 200 μm. F. Expression levels of CD31 and VE-cadherin (adherens junction protein of the endothelium) were analyzed by 
immunofluorescence staining. Scale bars = 100 μm. G. Syndecan-1 levels in the serum (ng/mL) and intestinal tissue lysates (μg/g protein) were evaluated using 
ELISA kits. H. von Willebrand factor (vWF) concentrations in the serum (ng/mL) and intestinal homogenate (μg/g protein) were evaluated using an ELISA. I. 
Colocalization of intestinal microvascular (CD31) and NET formation (CitH3) was assessed by immunofluorescence staining. Scale bars = 100 μm. J-K. Circulating 
and intestinal MPO-DNA and CitH3-DNA complexes in healthy controls and II/R patients were analyzed by ELISAs. L-M. Correlation between intestinal NET bio
markers (CitH3-DNA and MPO-DNA complexes) and intestinal microvascular injury biomarkers (syndecan-1 and vWF). NET, neutrophil extracellular trap; II/R, 
intestinal ischemia‒reperfusion; HE, hematoxylin-eosin; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling; VCAM-1, vascular cell 
adhesion protein 1; CitH3, citrullinated histone H3; MPO, myeloperoxidase. Data are shown as the means ± SD, **P < 0.01, ***P < 0.001. 
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2.9. NET isolation and cell culture 

The methodology utilized to isolate human neutrophils was based on 
previously established protocols [15,39]. Informed consent was ob
tained from healthy volunteers, and 5 mL of EDTA-anticoagulated pe
ripheral blood was layered on Polymorphprep (Axis-Shield, Oslo, 
Norway) and centrifuged for 30 min at 500×g. The resulting lower layer 
containing neutrophils was collected and subsequently washed with 
phosphate-buffered saline (PBS). Following centrifugation (450×g, 5 
min), red blood cells were lysed using RBC lysis buffer (Solarbio, Beijing, 
China). Subsequently, isolated neutrophils were suspended in RPMI 
1640 medium (11875-093, Gibco, USA) supplemented with 1% HEPES 
buffer (15630-080, Gibco, USA). Freshly isolated neutrophils were then 
seeded in 6-well culture plates at a concentration of 3 × 106 cells per 
well and stimulated with PMA (100 nM, P1585, Sigma‒Aldrich). 
Following incubation, each well was thoroughly washed twice with 1 
mL of PBS, and the content was subsequently resuspended in DMEM 
(17-207-CV, Corning, USA). The resulting suspension was then cen
trifugated to eliminate whole cells and debris. After centrifugation, the 
supernatant was collected and reserved. The quantification of isolated 
NETs was conducted by assessing the DNA concentration using the 
Quant-iT™ PicoGreen™ dsDNA Assay kit (P11496, Thermo Fisher, 
USA). 

Human umbilical vein endothelial cells (HUVECs) were procured 
from the Cell Bank of the Chinese Academy of Sciences (Shanghai, 
China) and cultured in DMEM (10-013-CVR, Corning, China) supple
mented with 10% FBS (10099-141, Gibco, USA). The isolated NETs were 
diluted in DMEM to achieve a 500 ng/mL concentration. HUVECs were 
then incubated with either NETs or solvent vehicles for 24 h, after which 
RNA was extracted and subjected to sequencing. 

2.10. RNA sequencing and data analysis 

RNA sequencing was conducted on HUVECs that were incubated 
with or without NETs. The TRIzol reagent (15596026, Invitrogen, USA) 
was used to extract the total RNA from each sample. The RNA libraries 
were sequenced on an Illumina sequencing platform (Gene Denovo 
Biotechnology Co., Ltd., Guangzhou, China). The original gene expres
sion levels were normalized to fragments per kilobase of transcript per 
million mapped reads (FPKM). The FPKM data elucidated the interre
lationship between samples through principal component analysis 
(PCA) and hierarchical clustering analyses. Differentially expressed 
genes (DEGs) were determined by applying edgeR general filtering 
criteria (|log2 fold change| > 1.5, P < 0.05) to the FPKM values. Addi
tionally, KEGG and GO annotations were used to identify the relevant 
pathways of the DEGs. 

2.11. Intestinal endothelial cell isolation 

Intestinal endothelial cells were isolated and purified through 
magnetic-activated cell sorting (MACS) utilizing CD31 MicroBead kits 
(human: 130-091-935; mouse: 130-097-418, Miltenyi Biotec, Germany) 

in accordance with the manufacturer’s instructions. The fresh intestinal 
specimens obtained during surgery were placed in a cold PBS solution, 
and any residual intestinal contents and blood cells were rinsed off. The 
tissue was then cut into small pieces and incubated with an equal vol
ume of 0.5% collagenase type I (SCR103, Sigma, USA) for 45 min. A 
filter screen was used to eliminate cell clumps, followed by adding red 
blood cell lysis buffer (BL503B, Biosharp, China) to eliminate red blood 
cells. Precipitates were collected by centrifugation, and the cells were 
resuspended in DMEM. Total cell number was assessed using a cell 
counter (IC 1000, Countstar BioTech, China). CD31 magnetic beads 
were introduced to system (1 × 108 total cells per sample) and incubated 
at 4 ◦C for 15 min. The separation column was then fixed in the MACS 
magnetic field and rinsed with bubble-free buffer; the labeled cell sus
pension was added to the separation column. The separation column 
was removed from the magnetic field, followed by adding a buffer so
lution, and pressure elution was performed to collect the eluted CD31- 
positive cells. The collected cells were resuspended in an endothelial 
cell medium (ECM, YZ-1001, Solarbio, China) to facilitate the detection 
of indicators related to mitophagy and ferroptosis in subsequent 
analyses. 

2.12. Quantitative real-time PCR analysis 

Intestinal tissue was subjected to RNA extraction using the TRIzol 
reagent (15596026, Invitrogen, USA) in accordance with the manufac
turer’s instructions. The purity and concentration of the extracted RNA 
were determined using a NanoDrop instrument (Agilent Technologies, 
USA). Subsequently, single-strand cDNA was synthesized via reverse 
transcription using the HiScript II QRT SuperMix for qPCR (R223-01, 
Vazyme, China) according to the manufacturer’s instructions. Finally, 
relative quantification was conducted by real-time PCR using the 
ChamQ SYBR Color qPCR Master Mix (Q431-02, Vazyme, China) and a 
Fast 7500 real-time PCR system (Applied Biosystems, USA). The 2− ΔΔCT 

method was used to calculate fold changes in target expression levels, 
with GAPDH as the endogenous reference. The qRT‒PCR primers 
employed in this study were synthesized by Sangon Biotech (Shanghai, 
China) and are listed below: Human_GPx4 Forward: 5′-GACACCGTCTC 
TCCACAGTTC-3′, Human_GPx4 Reverse: 5′-CAGGTCCTTCTCTATCAC
CAGG-3′, Human_ACSL4 Forward: 5′-TCCTTTTTGCGAGCTTTCCGA-3′, 
Human_ACSL4 Reverse: 5′-AAGCCGACAATAAAGTACGCAA-3′, 
Human_GAPDH Forward: 5′-CAGGAGGCATTGCTGATGAT-3′, Human_
GAPDH Reverse: 5′-GAAGGCTGGGGCTCATTT-3’. 

2.13. Mitochondrial extraction 

To isolate mitochondria and extract mitochondrial proteins, mito
chondrial extraction kits (tissues: C3606, cells: C3601, Beyotime, China) 
were used according to the manufacturer’s protocols. Briefly, cells or 
tissues were resuspended in 800 μL of the Mitochondria Isolate Reagent, 
followed by incubation on ice for 15 min and homogenization using a 
homogenizer. The homogenate was then subjected to centrifugation at 
4 ◦C for 5 min at 600×g, followed by transferring the supernatant to a 

Fig. 2. Neutrophil-specific Pad4 deficiency attenuated intestinal endothelial damage and microvascular dysfunction. A. Intestinal NET biomarkers, CitH3- 
DNA and MPO-DNA complexes, were measured by ELISAs. B–C. Protein expression levels of neutrophil infiltration (Ly6G), NET formation (CitH3) and microvascular 
damage (VCAM-1 and VE-cadherin) biomarkers were measured by western blotting. The grayscale value of each band was analyzed using the ImageJ software. D-E. 
Immunofluorescent colocalization was performed to assess NET formation (CitH3) in microvascular (CD31) and endothelial (VE-cadherin) injury. Scale bars = 100 
μm. F-G. Intestinal blood flow and perfusion indices were measured using a laser speckle blood flow analysis system. Scale bars = 1 cm. H–I. Intestinal tissue of mice 
was collected for pathological analysis and immunohistochemical staining. The Chiu score system was employed to evaluate HE- and Masson’s trichrome-stained 
tissue samples from the intestine. To detect apoptosis of intestinal microvascular endothelial cells, TUNEL staining was conducted, and the percentage of TUNEL- 
positive cells was calculated. Additionally, immunohistochemical staining of VCAM-1 and albumin in intestinal sections was quantified using the ImageJ soft
ware. Scale bars = 100 μm. J. Expression of syndecan-1 in the serum and intestinal tissues was examined using ELISA kits. K. Microvascular and endothelial 
micromorphological changes were observed by transmission electron microscopy (TEM). Following II/R injury in WT mice, irregular swelling of the endothelium and 
luminal stenosis were observed in intestinal microvessels, along with the presence of microthrombosis. White arrows denoting the lumen, black arrows indicating the 
presence of microthrombosis, and red arrows highlighting the presence of red blood cells within the lumen. Data are shown as the means ± SD, ns, not significant, *P 
< 0.05, **P < 0.01, ***P < 0.001. 
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fresh tube and subsequent centrifugation (11,000×g, 10 min) to pellet 
mitochondria. The resulting cytosolic supernatant was used for Western 
blot analysis, while the mitochondrial pellet was washed with cold PBS 
and resuspended in RIPA lysis buffer for western blotting. 

2.14. Fluorescence staining 

LysoTracker™ Red (L7528, Thermo Fisher, USA) and MitoTracker™ 
Green (M7514, Thermo Fisher, USA) were used to track lysosomes and 
mitochondria, respectively, following the manufacturer’s instructions. 
Intracellular Fe2+ was detected using a FerroOrange fluorescent probe 
(F374, DojinDo, Japan), and nuclei were subsequently counterstained 
with Hoechst 33342 (C1029, Beyotime, China). Cells were imaged using 
a confocal microscope (Nikon Eclipse Ti; Nikon, Japan). 

2.15. Mitochondrial membrane potential (ΔΨm) detection 

The JC-1 assay kit (C2003S, Beyotime, China) was used to measure 
the mitochondrial membrane potential in accordance with the manu
facturer’s guidelines. Specifically, cells were incubated for 20 min with 
the JC-1 staining solution at 37 ◦C, followed by two washes with the JC- 
1 buffer solution. JC-1 aggregates and monomers were visualized and 
captured using a confocal microscope (Nikon Eclipse Ti; Nikon, Japan) 
with excitation and emission wavelengths of 525 and 590 nm and 490 
and 530 nm, respectively. 

2.16. ATP generation assessment 

The generation of intracellular ATP was assessed using an ATP 
measurement kit (S0027, Beyotime, China). Following cell harvesting, 
lysis, and centrifugation, the supernatant was collected and mixed with 
an ATP detection working solution (100 μL per well) in 96-well plates. 
Subsequently, samples or ATP standards (20 μL) were added for the 
detection using a luminometer (FilterMax 3, Molecular Devices, USA). 
The ATP concentration in each sample was determined by a standard 
curve. 

2.17. Intracellular and mitochondrial ROS detection 

Intracellular ROS (cyto-ROS) were quantified using the ROS- 
sensitive dye DCFH-DA (E004-1-1, Jiancheng, China). Mitochondrial 
ROS (mito-ROS) and superoxide were measured using the MitoSOX Red 
mitochondrial superoxide indicator (M36008, Thermo Fisher, USA). The 
concentrations of cyto-ROS and mito-ROS were determined using a 
confocal microscope (Nikon Eclipse Ti; Nikon, Japan) in accordance 
with the manufacturer’s instructions. 

2.18. Adeno-associated virus (AAV)-mediated gene transfer 

To achieve endothelium-specific knockdown of Fundc1, the Fundc1 
shRNA sequence (Target: 5′-GAAGACACCACTGGTGGAATC-3′) was 
incorporated into an AAV9-TIE1 construct that contained the sequence 
of TIE1, an endothelial-specific promoter (GeneChem, Shanghai, China). 
To induce the overexpression of Fundc1 in the endothelium, a cDNA 
encoding the Fundc1 sequence, an enhanced GFP reporter gene, and the 
endothelial-specific TIE1 promoter were generated and inserted into the 
AAV9 packaging vector (AAV9-TIEp-FUNDC1-EGFP-3Flag-SV40 
PolyA). An AAV9 vector that solely expressed the green fluorescent 
protein served as the negative control (Sh-NC and AAV-NC). The 
administration protocols were conducted in accordance with prior 
research [40,41]. Briefly, 1 × 1012 vector genomes (v.g) of AAV9 were 
injected into the tail veins of mice in 200 μl of PBS 14 days prior to 
modeling. 

2.19. Western blotting 

Proteins were extracted from intestinal tissue or cells using a lysis 
buffer (SD001, Invent Biotechnologies, USA), followed by separation via 
SDS‒PAGE and transfer onto polyvinylidene difluoride membranes 
(ISEQ00010, Merck Millipore, Ireland). The membranes were subse
quently blocked with 5% skim milk for 2 h and incubated with the 
appropriate primary antibodies overnight at 4 ◦C. Next, the membranes 
were incubated with an HRP-conjugated secondary antibody, and pro
tein bands were detected using enhanced chemiluminescence (ECL) lu
minous fluid (P10300, NCM Biotech, China). The band intensities were 
analyzed using the ImageJ software. The following primary antibodies 
were used: Ly6G (1:1000, 87048S, CST, USA), CitH3 (1:2000, 
ab281584, Abcam, USA), H3 (1:2500, ab1791, Abcam, USA), VCAM-1 
(1:1000, ab134047, Abcam, USA), VE-cadherin (1:1000, ab33168, 
Abcam, USA), GAPDH (1:5000, ab181602, Abcam, USA), FTH1 (1:1000, 
Mouse: ab183781, Human: ab75972, Abcam, USA), GPx4 (1:1000, 
ab125066, Abcam, USA), ACSL4 (1:1000, ab155282, Abcam, USA), 
COX2 (1:1000, ab179800, Abcam, USA), p62 (1:1000, 5114S, CST, 
USA), LC3 A/B (1:1000, 4108S, CST, USA), Tom20 (1:5000, 11802-1- 
AP, Proteintech, China), Tim23 (1:1000, 11123-1-AP, Proteintech, 
China), Cytc (1:1000, DF6457, Affinity, China), VDAC1 (1:1000, 
ab15895, Abcam, USA), Mfn1 (1:1000, ab126575, Abcam, USA), Opa1 
(1:1000, ab157457, Abcam, USA), Opa1 (1:1000, ab157457, Abcam, 
USA), p-Mff (1:1000, AF14488, Afantibody, China), t-Mff (1:1000, 
84580S, CST, USA), Drp1 (1:1000, ab184247, Abcam, USA), and Fundc1 
(1:1000, ab224722, Abcam, USA). Rabbit antibodies against pSer17- 
Fundc1 and pTyr18-Fundc1 (1:500) were custom made by Abgent (Suz
hou) according to a previous study [42,43]. 

Fig. 3. NET formation triggers endothelial ferroptosis in the intestinal microvasculature. HUVECs were cultured in the presence or absence of isolated NETs at 
a concentration of 500 ng/mL for 24 h. Subsequently, RNA sequencing was conducted on the total RNA extracted from the samples. A. PCA was conducted to 
compare the effects of Blank and NET, which resulted in a distinct separation between the two groups. B–C. Bar graph and volcano plot showing differential gene 
expression between the Blank and NET treatment groups. D. KEGG pathway enrichment analysis was performed on differentially expressed genes. E-G. GO 
enrichment analysis of differentially expressed genes was performed to identify significantly enriched GO terms. Panels (E–G) represent BP, CC and MF, respectively. 
H. Comparative analysis between differentially expressed genes and programmed cell death-related genes was conducted using the Gene Ontology (GO) database 
(http://www.geneontology.org/), and the results are depicted using Venn diagrams. I. Bar diagram illustrating the variations in gene expression across various 
programmed cell death modes. The highest number of differentially expressed genes was found to be associated with ferroptosis. J. Heatmap depicting differentially 
expressed ferroptosis-related genes. K. Intestinal endothelial cells were isolated from healthy controls and II/R patients using CD31 magnetic beads. The levels of 
MDA, GSH, GSSG and Fe2+ in the endothelium were determined using ELISAs. L. Expression of GPx4 and ACSL4 mRNA was measured by real-time PCR. M-N. 
Expression levels of ferroptosis-related proteins in intestinal endothelial cells from healthy controls and II/R patients were tested by western blotting. The grayscale 
values of the bands were determined using ImageJ. PCA, principal component analysis; KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology; BP, 
biological process; CC, cellular component; MF, molecular function; MDA, malondialdehyde; GSH, glutathione; GSSG, glutathione (oxidized); GPx4, glutathione 
peroxidase 4; ACSL4, acyl-CoA synthetase long chain family member 4. Data are displayed as the mean values with SD, ns, not significant, *P < 0.05, **P < 0.01, 
***P < 0.001. 
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2.20. Statistical analysis 

Statistical analyses were conducted using GraphPad Prism version 
9.31 (GraphPad Software, Inc., La Jolla, CA). The data are presented as 
either the mean ± standard deviation (SD) or the median with an 
interquartile range. The normal distribution and homogeneity of vari
ance were assessed for all variables using the Shapiro‒Wilk and Levene 
tests, respectively. In the case of clinical samples, the t-test was 
employed for normally distributed data, while nonnormally distributed 
data were evaluated using the Wilcoxon test. In the context of mouse and 
cell studies, statistical analysis was conducted using one or two-way 
ANOVA for experiments involving one or two factors and three-way 
ANOVA for experiments involving three factors. Subsequently, a post- 
hoc Tukey’s test was performed. Statistical significance was deter
mined by a P value of less than 0.05 (*P < 0.05, **P < 0.01, ***P <
0.001). 

3. Results 

3.1. Increased intestinal microvascular injury and NET formation in II/R 
patients 

We first performed hematoxylin–eosin and Masson’s trichrome 
staining to evaluate the histopathological changes and inflammatory cell 
infiltration in intestinal tissue. The II/R group presented with microvas
cular dilation, erythrocyte stasis, thrombus formation, and neutrophil 
infiltration near the vessel wall, and a higher Chiu score in the intestine 
(Fig. 1A and B). TUNEL staining indicated that more vascular endothelial 
cells underwent apoptosis in response to II/R injury (Fig. 1A and C). 
Vascular cell adhesion molecule 1 (VCAM-1), a surface marker charac
teristic of vascular endothelial dysfunction, was found to be upregulated 
in response to vascular injury. In parallel, immunohistochemical staining 
showed higher expression of VCAM-1, circumscribing the intestinal 
microvasculature, in II/R patients than in controls (Fig. 1A and D). As 
shown in Fig. 1A and E, II/R also induced more plasma albumin leakage 
from the vessel wall into the intestinal interstitial spaces, indicating an 
elevation in microvascular permeability following II/R injury. Moreover, 
the results showed that II/R injury led to the downregulation of VE- 
cadherin, a crucial junctional protein sustaining microvascular perme
ability, as supported by immunofluorescence analysis (Fig. 1F). In addi
tion, the serum levels of syndecan-1 and von Willebrand factor (vWF) 
were increased in II/R patients compared to those in healthy controls 
(Fig. 1G and H). In contrast, significantly lower levels of these factors 
were observed in the intestinal tissues of II/R patients. 

Our previous studies have reported NET formation in intestinal tissue 
[15,16]; hence, we first sought to investigate the connection between 
NETs and intestinal microvascular injury during II/R. As shown in 
Fig. 1I, immunofluorescence colocalization of CD31 and CitH3 
confirmed the abundant formation and infiltration of NETs in the in
testinal microvasculature of II/R patients. Meanwhile, the levels of 
CitH3-DNA and MPO-DNA complexes, which are specific biomarkers of 
NETs, were significantly elevated in both the serum and intestinal tissue 
of patients with II/R (Fig. 1J and K). Moreover, there were significant 
correlations between NET biomarkers and microvascular damage 
markers in the intestine (Fig. 1L and M). These results show a solid as
sociation between NET formation and intestinal microvascular injury 
during II/R in humans. 

3.2. Pad4 deficiency ameliorated intestinal microvascular dysfunction in 
mice 

Peptidylarginine deiminase 4 (PAD4) is a histone-modifying enzyme 
highly expressed in neutrophils and crucial for NET formation. There
fore, neutrophil-specific Pad4 (Pad4ΔPMN) knockout mice were used to 
investigate the connection between NET formation and intestinal 
microvascular injury. As shown in Fig. 2A, Pad4 deficiency led to lower 
formation of intestinal NET biomarkers (MPO-DNA and CitH3-DNA 
complexes) after II/R. WB analysis revealed no obvious difference in 
intestinal Ly6G expression between WT II/R and Pad4ΔPMN II/R mice 
(Fig. 2B and C), indicating that Pad4ΔPMN deficiency did not affect 
neutrophil infiltration. However, the CitH3 expression level in the Pad4- 
deficient intestine was markedly decreased during II/R, accompanied by 
increased VCAM-1 and reduced VE-cadherin protein levels. Likewise, II/ 
R increased CitH3 expression in intestinal microvessels, along with 
decreased expression of VE-cadherin, and these effects were reversed by 
the Pad4 deletion (Fig. 2D and E). Subsequently, laser speckle flowmetry 
was used to functionally assess intestinal blood perfusion. The results 
showed that the intestinal blood perfusion index was significantly 
decreased in II/R-treated mice, while Pad4 deficiency sustained blood 
flow perfusion (Fig. 2F and G). To analyze the pathological impairment 
of the intestinal microvasculature in II/R, intestinal morphological 
staining, and immunohistochemistry were performed. Histological 
evaluation by HE and Masson’s trichrome staining revealed decreased 
microvessel histological damage and Chiu scores in Pad4-deficient mice 
that underwent II/R compared with those in WT II/R mice (Fig. 2H and 
I). Immunohistochemistry analysis revealed that II/R injury-induced 
increases in the number of TUNEL-positive cells, VCAM-1 upregula
tion, and plasma albumin leakage from vessels into the interstitial tissue. 
However, Pad4 deficiency ameliorated cell apoptosis, decreased VCAM- 
1 expression, and weakened the diffusion of plasma albumin into the 
outer surface of the vessel wall (Fig. 2H and I). In addition, Pad4 ablation 
stabilized syndecan-1 in the intestine and attenuated its loss and release 
into the serum after II/R injury (Fig. 2J). Finally, TEM was used to 
confirm morphological changes in intestinal microvascular endothelial 
cells. As shown in Fig. 2K, irregular endothelial swelling and luminal 
stenosis, accompanied by microthrombosis (indicated by the black 
arrow), were observed in intestinal microvessels following II/R injury in 
WT mice but not in neutrophil-specific Pad4-KO mice. These results 
indicated that NETs drove intestinal microvascular hyperpermeability 
and dysfunction, and the clearance of NETs (Pad4 deficiency) in the II/R 
ileum may reduce intestinal microvessel injury. 

3.3. NET formation promoted ferroptosis of intestinal vascular 
endothelial cells 

To further explore how NETs lead to intestinal microvascular dam
age, HUVECs were cultured in the presence of isolated NETs (500 ng/ 
mL) for 24 h, and RNA sequencing was performed on the total RNA 
extracted. PCA of Blank versus NET treatment revealed a clear separa
tion between the two groups (Fig. 3A). Genes with a P value < 0.05 and | 
log2 FC| > 1.5 were considered to be differentially expressed. Based on 
these criteria, 2126 mRNAs were upregulated, and 4247 mRNAs were 
downregulated in HUVECs cultured with NETs, as shown in the bar 
graph (Fig. 3B) and volcano plot (Fig. 3C). Next, KEGG and GO pathway 
enrichment analyses of differentially expressed genes were performed, 

Fig. 4. Targeted regulation of ferroptosis has an impact on NET-induced intestinal microvascular dysfunction. A. CitH3-DNA and MPO-DNA complexes in the 
intestine were measured by ELISAs. B–C. Western blotting was used to determine the protein expression levels of Ly6G (neutrophil infiltration) and CitH3 (NET 
formation). D. Intestinal endothelial cells were isolated from WT and Pad4ΔPMN mice using CD31-coated magnetic beads. The intracellular levels of MDA, GSH, GSSG, 
and Fe2+ were analyzed by ELISAs. E-F. Ferroptotic protein levels in the intestinal endothelium were evaluated using western blotting. The grayscale values of the 
bands were determined using ImageJ. G-H. Intestinal blood flow and perfusion indices were measured with a laser speckle blood flow imager. I. Assessment of NET 
formation (CitH3) in microvascular (CD31) and endothelial (VE-cadherin) injury was conducted using immunofluorescent colocalization. Scale bars = 100 μm. J-K. 
Western blot quantification of the intestinal microvascular damage markers VCAM-1 and VE-cadherin. Grayscale images were then analyzed using ImageJ. All the 
data are expressed as the means ± SD, ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001. 
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and the top 20 most significantly enriched KEGG pathways (Fig. 3D) and 
GO terms (Fig. 3E–G) are listed. Moreover, we compared these differ
entially expressed genes with programmed cell death-related genes in 
the GO database (http://www.geneontology.org/) and found that 1112 
genes were significantly differentially expressed (Fig. 3H). The number 
of differentially expressed genes associated with ferroptosis was the 
highest among all programmed cell death-related differential genes 
(Fig. 3I), including 22 upregulated and 64 downregulated genes 
(Fig. 3J). These data showed that endothelial cell ferroptosis might 
correlate with NET-induced microvascular damage. 

To detect ferroptosis in intestinal microvessels of II/R patients, we 
isolated intestinal endothelial cells using magnetic bead cell sorting with 
a CD31 antibody. As shown in Fig. 3K, ELISA results revealed that MDA, 
GSSG, and Fe2+ levels were significantly increased in intestinal vascular 
endothelial cells of II/R patients, while GSH levels were markedly 
diminished. In addition, mRNA levels of GPx4 in intestinal vascular 
endothelial cells of II/R patients were markedly decreased (Fig. 3L), 
which was accompanied by decreased GPx4 protein expression (Fig. 3M 
and N). In contrast, the mRNA and protein levels of ACSL4 were 
significantly elevated. These results indicate that II/R-induced intestinal 
microvascular injury is related to endothelial cell ferroptosis. Alterna
tively, NET formation may be involved in the activation of ferroptosis. 

3.4. Targeted regulation of ferroptosis affects NET-mediated intestinal 
microvascular damage 

To further define the molecular links among NET formation, intes
tinal vascular endothelial cell ferroptosis, and microvessel damage, we 
administered erastin (a ferroptosis activator) and ferrostatin-1 (a fer
roptosis inhibitor) to target ferroptosis in WT and Pad4ΔPMN II/R mice 
(Suppl. Fig. 1A). We first examined global NET formation in the intes
tine. As shown in Fig. 4A, the ferroptosis inhibitor and activator did not 
alter the levels of CitH3-DNA and MPO-DNA complexes in the intestine 
after II/R treatment. Furthermore, no differences were detected between 
the erastin and ferrostatin-1 groups in Ly6G or CitH3 expression (Fig. 4B 
and C). These results indicated that the regulation of ferroptosis by 
treatment with erastin or ferrostatin-1 did not affect neutrophil infil
tration or NET formation in WT or Pad4ΔPMN II/R mice. 

Considering that cellular ferroptosis is a dynamic process, we 
analyzed the cell count and viability of isolated endothelial cells. 
Additionally, the changes over time in cell morphology and ferroptosis 
biomarkers were also documented. As shown in Suppl. Figs. 1B and C, 
the cell count and viability of intact endothelial cells isolated from the 
intestines in WT II/R mice were decreased compared to the WT sham 
group. While the morphological differences of isolated fresh endothelial 
cells (0 h) may not be evident under an optical microscope (Suppl. 
Fig. 1D), the cell activity of the WT II/R group is significantly diminished 
(Suppl. Fig. 1E). This alteration is associated with heightened ferroptosis 
levels and the accumulation of markers for endothelial injury, showing a 
positive correlation with the duration of incubation (Suppl. Figs. 1F and 
G). To minimize potential interference from other factors, we opted for 
freshly isolated endothelial cells (0 h) for further experimentation. 

We further examined ferroptosis-related indicators in microvascular 
endothelial cells isolated from the intestine using CD31 magnetic beads. 
WT II/R mice showed significantly increased MDA, GSSH, and Fe2+

levels and decreased GSH levels compared to those in sham mice, while 
ferrostatin-1 markedly decreased MDA, GSSH, and Fe2+ levels and 
increased GSH production (Fig. 4D). Interestingly, similar effects were 
also observed in the Pad4ΔPMN II/R group. Pad4 deficiency notably 
reduced MDA, GSSG, and Fe2+ levels and elevated the GSH content 
compared to those in WT II/R mice. However, these effects could be 
reversed by the ferroptosis activator erastin. In addition, WB analyses 
showed that GPx4 and FTH1 were downregulated in the WT II/R mice, 
while the ACSL4 and COX2 levels were upregulated (Fig. 4E and F). In 
contrast, Pad4 deficiency suppressed COX2 and ACSL4 expression and 
restored GPx4 and FTH1 levels. Overall, these results confirmed the 
upstream and downstream relationships between NET formation and 
intestinal microvascular endothelial cell ferroptosis, and the regulation 
of NET formation could affect ferroptosis in the microvessel 
endothelium. 

We next examined the relationship between endothelial cell ferrop
tosis and intestinal microvascular injury. As shown in Fig. 4G and H, 
ferrostatin-1 significantly attenuated the impaired intestinal blood 
perfusion in WT II/R mice. However, erastin reversed the protective 
effect of blood flow perfusion afforded by Pad4 deficiency during II/R. 
Histopathological staining and immunohistochemistry showed that the 
application of ferrostatin-1 alleviated pathological injury to the intes
tinal microvasculature, decreased the number of apoptotic cells, 
diminished VCAM-1 expression, and ameliorated plasma albumin 
exudation in the WT II/R group (Suppl. Figs. 2A and B). The same trends 
were observed in Pad4-deficient mice, while these protective effects 
were reversed by the administration of erastin (Suppl. Figs. 2A and B). 
Furthermore, immunofluorescence revealed upregulated CitH3 infil
tration around intestinal microvessels in both the WT II/R group and the 
ferrostatin-1- or erastin-treated group (Fig. 4I). Notably, although there 
was little appreciable reduction in NET formation, elevated VE-cadherin 
expression was observed in the ferrostatin-1-treated WT II/R group. 
Although no significant intestinal NET formation was observed in the 
Pad4-deficient II/R group, with or without ferrostatin-1 or erastin 
treatment, erastin reversed the preserving effect of Pad4 ablation on VE- 
cadherin. Similar WB results verified this observation at the protein level 
(Fig. 4J and K). These results further defined the upstream or down
stream relationships among NET formation, endothelial cell ferroptosis, 
and microvascular dysfunction. NETs may lead to microvascular injury 
through the regulation of intestinal endothelial ferroptosis. 

3.5. Elevated NET formation impaired mitochondrial quality control in 
intestinal vascular endothelial cells 

The KEGG pathway analysis also showed enrichments of mitophagy- 
and lysosome-associated pathways (Fig. 3D). Considering that mito
chondrial dysfunction is closely related to ferroptosis, we further 
assessed whether mitochondrial function in intestinal microvascular 
endothelial cells was affected by NET formation. Intestinal endothelial 
cells were isolated and collected from WT and Pad4ΔPMN mice using 
CD31 magnetic beads. Subsequently, western blotting detected 
mitophagy-associated proteins (Fig. 5A and B). The results demon
strated a significant increase in SQSTM1/p62 expression and decreases 
in the LC3 II/I ratio and mito-LC3 II expression. Conversely, Pad4 defi
ciency diminished SQSTM1/p62 expression and restored mito-LC3 II 

Fig. 5. NET formation negatively impacted mitochondrial quality control in the microvascular endothelium of the intestine. A-B. Western blotting to assess 
mitophagy flux (p62, LC3 II/I ratio and mito-LC3 II) and mitochondrial protein (Tom20 and Tim23) levels in the intestinal endothelium of WT and Pad4ΔPMN mice. C- 
D. To evaluate the level of mitophagy, colocalization of mitochondria (MitoTracker) and lysosomes (LysoTracker) was analyzed using immunofluorescence. E-F. 
Western blotting was used to investigate the Cytc levels in both the cytosol and isolated mitochondria of intestinal endothelial cells. G. ATP generation was measured 
using an ATP assay kit. H–I. Cytoplasmic and mitochondrial ROS were measured using DCFH-DA and MitoSOX Red probes. J. The mitochondrial membrane potential 
of isolated intestinal endothelial cells was examined by JC-1 staining. K-L. Western blotting was used to analyze the regulatory factors related to mitochondrial fusion 
(Mfn1 and Opa1) and fission (Mff and Drp1). M-N. Immunofluorescence detection of mitochondrial fission was accomplished by costaining Drp1 and mitochondria. 
Drp1 exhibits a propensity to interact with fragmented mitochondria. O–P. Morphological alterations in mitochondria were observed using immunofluorescence 
(Tom20) and TEM. The average mitochondrial length and the numbers of mitophagosomes were determined. TEM, transmission electron microscopy. Data are 
expressed as the means ± SD, ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001. 
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expression, with concomitant decreases in mitochondrial Tom20 and 
Tim23 levels. Additionally, less colocalization of mitochondria and ly
sosomes was observed in intestinal endothelial cells in the WT II/R 
group by costaining with LysoTracker Red and MitoTracker Green 
(Fig. 5C and D). In contrast, Pad4 deficiency increased the colocalization 
of mitochondria and lysosomes, suggesting that mitophagosome for
mation was significantly augmented following NET inhibition. Subse
quently, changes in intestinal endothelial mitochondrial function were 
assessed. As shown in Fig. 5E and F, there was a significant accumulation 
of the cytosolic Cytc protein in WT II/R mice and a remarkable 
moderation of this effect in Pad4-deficient mice. Moreover, mice treated 
with II/R showed significantly decreased ATP generation (Fig. 5G), 
elevated cyto- and mito-ROS production (Fig. 5H and I), and a lowered 
ΔΨm level (Fig. 5J). However, ATP generation was increased, cyto- and 
mito-ROS overproduction was alleviated, and ΔΨm was stabilized in 
Pad4ΔPMN mice. 

Subsequently, we examined the effect of NET formation on mito
chondrial fusion and fission in intestinal vascular endothelial cells. As 
shown in Fig. 5K and L, fusion-related proteins, such as Mfn1 and Opa1, 
were downregulated after II/R treatment, but this reduction was 
ameliorated in Pad4-deficient mice. Western blotting also examined the 
molecular mechanism underlying II/R-related mitochondrial fission. 
The results revealed that Mff phosphorylation was markedly increased 
in response to II/R treatment. II/R promoted Drp1 translocation from 
the cytosol to mitochondria, which initiated mitochondrial fission. In 
contrast, the Pad4 deletion mitigated Mff phosphorylation and reduced 
the level of mitochondrial Drp1 (Fig. 5K and L). Colocalization of 
mitochondria and Drp1 puncta by immunofluorescence showed that II/ 
R injury increased the number of Drp1-labeled fragmented mitochon
dria. However, Pad4 deficiency led to the preservation of the mito
chondrial network and restrained the translocation of Drp1 to 
mitochondria (Fig. 5M and N). In addition, morphological changes in 
mitochondria were observed by immunofluorescence and TEM. II/R 
induced mitochondrial fragmentation, accompanied by mitochondrial 
swelling and vacuolization, outer membrane rupture, cristae disap
pearance, and mitophagosome loss. However, the Pad4 ablation resulted 
in predominantly elongated forms of mitochondria and promoted 
mitophagosome formation (Fig. 5O and P). Therefore, these results 
confirmed our hypothesis that NET formation impaired intestinal 
endothelial mitochondrial quality control and augmented mitochondrial 
dysfunction in the II/R injury setting. 

3.6. Modulation of mitophagy impacts NET-induced intestinal 
microvascular endothelial ferroptosis and dysfunction 

Our results suggested that NET formation could suppress mitophagy 
in intestinal microvascular endothelial cells; however, the current con
text’s relationship between mitophagy and ferroptosis remained un
clear. We next used UA (urolithin A, a mild mitophagy activator) and 
Mdivi-1 (mitochondrial division inhibitor 1, a mitophagy inhibitor) to 
examine the association between mitophagy and ferroptosis in both WT 
and Pad4ΔPMN mice (Suppl. Fig. 3A). We first examined NET formation in 
the intestine. The results showed that the current UA or Mdivi-1 
administration mode did not influence intestinal NET levels 
(Fig. 6A–C). Next, intestinal endothelial cells were isolated using mag
netic bead cell sorting with a CD31 antibody to assess ferroptosis. As 

shown in Fig. 6D, the MDA, GSSG, and Fe2+ levels were significantly 
increased due to II/R injury but significantly decreased by UA admin
istration in WT mice. However, the mitophagy inhibitor Mdivi-1 
reversed the Pad4 deficiency-mediated inhibition of MDA, GSSG, and 
Fe2+ levels and the sustention of GSH levels. The same trend was shown 
for Fe2+ staining with FerroOrange (Fig. 6E and F). We next assessed the 
expression levels of ferroptotic proteins using western blotting. Treat
ment with the mitophagy activator UA increased the relative expression 
of FTH1 and GPx4 and reduced that of ACSL4 and COX2 in WT II/R 
mice. In contrast, FTH1 and GPx4 were downregulated, while ACSL4 
and COX2 were upregulated in the WT and Pad4ΔPMN mice administered 
Mdivi-1 (Fig. 6G and H). These results revealed that mitophagy regu
lation was associated with ferroptosis levels. Notably, no visible changes 
in mitophagy-related protein levels in response to erastin or ferrostatin- 
1 were observed in intestinal microvascular endothelial cells from WT or 
Pad4-deficient mice (Suppl. Figs. 3B and C). Altogether, these results 
confirmed the regulatory relationship between mitophagy and 
ferroptosis. 

We further evaluated the effect of mitophagy regulation on intestinal 
microvessel function. As shown in Fig. 6I and J, UA enhanced intestinal 
blood perfusion in both WT and Pad4ΔPMN II/R mice, while the 
mitophagy inhibitor Mdivi-1 reversed this effect. The results of histo
pathological staining and immunohistochemistry demonstrated that the 
administration of UA mitigated pathological damage to the intestinal 
microvasculature, diminished the Chiu score, reduced the quantity of 
apoptotic cells, attenuated the elevated expression of VCAM-1, and 
weakened plasma albumin leakage in the WT II/R group. However, 
these protective effects were reversed by Mdivi-1 application in both the 
WT and Pad4-deficient II/R groups (Suppl. Figs. 3D and E). Furthermore, 
UA demonstrated the ability to stabilize the glycoprotein syndecan-1 in 
endothelial cells and mitigate its migration to the serum after II/R 
injury. Conversely, Mdivi-1 elicited a greater release of syndecan-1 into 
circulation (Fig. 6K). Moreover, intestinal VCAM-1 and VE-cadherin 
protein expression was measured by western blotting to evaluate 
microvascular damage. UA administration reduced VCAM-1 expression 
while simultaneously increasing VE-cadherin expression in the WT II/R 
group. However, the Mdivi-1 treatment reversed these effects in the WT 
and Pad4-deficient groups (Fig. 6L and M). Additionally, the immuno
fluorescence results confirmed these observations regarding the VE- 
cadherin expression levels (Fig. 6N and O). The data suggest that 
NETs may induce ferroptosis by suppressing mitophagy levels. Selective 
activation of mitophagy may mitigate NET-induced ferroptosis and 
dysfunction of intestinal endothelial cells. 

3.7. Fundc1-mediated mitophagy is required for attenuating ferroptosis 
and maintaining microvascular function 

Mitophagy is a complex metabolic process regulated by several up
stream signaling pathways. Given that ischemia or hypoxic stimuli pri
marily impact Fundc1 phosphorylation, our study sought to examine the 
potential involvement of the Fundc1 signaling pathway in NET- 
mediated mitophagy regulation. As shown in Suppl. Figs. 4A and B, 
II/R augmented Fundc1 phosphorylation at Tyr18 and diminished Ser17 
phosphorylation in intestinal endothelial cells, while these responses in 
Pad4-deficient mice were partially reversed. Furthermore, we used an 
adeno-associated virus carrying a Fundc1 shRNA under the control of the 

Fig. 6. Mitophagy regulation impacts NET-induced intestinal microvascular endothelial cell ferroptosis and dysfunction. A. CitH3-DNA and MPO-DNA 
complexes in the intestine were assessed using ELISAs. B–C. Western blotting was performed to detect relevant proteins of neutrophil infiltration (Ly6G) and 
NET formation (CitH3) in the intestine. D. Isolated endothelial cells from intestinal tissue were used to assess intracellular MDA, GSH, GSSH and Fe2+ levels by 
ELISAs. E-F. Fluorometric analysis of intracellular Fe2+ using FerroOrange. G-H. Levels of ferroptosis-related proteins in the intestinal microvascular endothelium 
were determined by western blotting. I-J. Laser speckle imaging was used to assess intestinal blood perfusion. K. Syndecan-1 concentrations in the serum and in
testinal homogenate were determined using ELISA kits. L-M. Quantification of the intestinal microvascular damage markers VCAM-1 and VE-cadherin was performed 
by Western blot analysis. Grayscale images were analyzed using the ImageJ software. N–O. Immunofluorescence colocalization of a microvascular biomarker (CD31) 
and VE-cadherin in the intestine was performed to assess microvascular damage. Scale bars = 50 μm. Data are presented as the means ± SD, ns, not significant, *P <
0.05, **P < 0.01, ***P < 0.001. 
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TIE1 promoter to specifically knock down Fundc1 expression in the 
endothelium. Endothelium-specific Fundc1 knockdown reversed the 
reduction in MDA, GSSG, and Fe2+ levels and decreased GSH levels in 
intestinal microvascular endothelial cells of Pad4-deficient II/R mice 
(Suppl. Fig. 4C). Moreover, the knockdown of Fundc1 resulted in 
increased ferroptosis in Pad4ΔPMN II/R mice, which was manifested as 
decreased expression of the GPx4 and FTH1 proteins and increased 
expression of the COX2 and ACSL4 proteins (Suppl. Figs. 4D and E). In 
addition, the WB results revealed that VCAM-1 level increased and VE- 
cadherin levels decreased in the intestine after AAV-shFundc1 treatment 
of Pad4-deficient mice (Suppl. Figs. 4F and G), indicating that Fundc1 
knockdown abolished the protective effect of Pad4 deficiency on intes
tinal microvascular function. These results indicated that the Fundc1 
protein might be a key regulator of NET-induced mitophagy 
suppression. 

To further explore whether Fundc1-mediated mitophagy is involved 
in ferroptosis and microvascular dysfunction, an endothelial cell- 
specific inducible Fundc1 knockout mouse line (Fundc1ΔEC) and AAV9 
carrying Fundc1 under control of the TIE1 promoter were used in the 
following experiments (Suppl. Fig. 4H). Initially, the formation of in
testinal NETs was investigated. The findings indicated that Fundc1 
deficiency, with or without supplementation with exogenous Fundc1 
(AAV-Fundc1), did not elicit any discernible impact on the levels of NETs 
in the intestinal region following II/R injury (Fig. 7A–C). Subsequently, 
costaining with LysoTracker Red and MitoTracker Green demonstrated 
less colocalization of mitochondria and lysosomes in intestinal endo
thelial cells in the Fundc1-deficient group. Fundc1 supplementation via 
AAV-Fundc1 increased mitophagosome numbers in both WT and 
Fundc1-deficient II/R mice (Fig. 7D and E). Meanwhile, western blotting 
detected mitophagy-associated proteins (Fig. 7F and G). The findings 
revealed a noteworthy elevation in SQSTM1/p62 and Tim23 expression 
and reduced the LC3 II/I ratio and mito-LC3 II expression in the Fundc1- 
deficient II/R group. In contrast, intraperitoneal injection of AAV- 
Fundc1 partially led to a decline in SQSTM1/p62 and Tim23 expression 
and a resurgence of the LC3 II/I ratio and mito-LC3 II expression in both 
the WT and Fundc1ΔEC groups following II/R injury. Next, an evaluation 
of changes in intestinal endothelium mitochondrial function was con
ducted. II/R plus AAV-NC treatment of Fundc1ΔEC mice resulted in a 
significant augmentation in the release of Cytc from mitochondria into 
the cytosol (Fig. 7H and I), an elevation in cyto- and mito-ROS genera
tion (Fig. 7J and K), and a decrease in the ΔΨm level (Fig. 7L). Mean
while, pretreatment with AAV-Fundc1 partially reversed these changes. 
Next, we investigated the fusion and fission of mitochondrial structures 
in intestinal vascular endothelial cells. Our findings, as illustrated in 
Fig. 7M and N, indicated a decrease in the expression of fusion-related 
proteins, such as Mfn1 and Opa1, following II/R treatment of 
Fundc1ΔEC mice. However, this reduction was mitigated in WT and 
Fundc1-deficient mice pretreated with AAV-Fundc1. The results also 
demonstrated a significant increase in Mff phosphorylation in response 
to II/R treatment (Fig. 7M and N), as well as the promotion of Drp1 
translocation from the cytosol to mitochondria (Fig. 7M–P) in WT and 
Fundc1ΔEC II/R mice. However, AAV-Fundc1 pretreatment resulted in the 
retention of the mitochondrial network and inhibited the migration of 
Drp1 to mitochondria. This suggests that Fundc1 is vital in maintaining 
mitochondrial quality control in the intestinal endothelium. 

We further examined the effects of Fundc1 regulation on endothelial 
cell ferroptosis and microvascular function in the intestine. Fig. 8A 
demonstrates that II/R injury led to significant increases in MDA, GSSG, 
and Fe2+ levels and a decrease in GSH levels in Fundc1ΔEC mice, which 
were subsequently reversed by AAV-Fundc1 administration in WT and 
Fundc1-deficient mice. The trend of changes in the Fe2+ levels was 
further confirmed by FerroOrange staining (Fig. 8B and C). WB analysis 
revealed relative increases in ACSL4 and COX2 expression and decreases 
in FTH1 and GPx4 expression in WT and Fundc1ΔEC II/R mice (Fig. 8D 
and E). Moreover, Fundc1 deficiency blocked intestinal blood perfusion 
following II/R, while pretreatment with AAV-Fundc1 partially restored 
the blood perfusion index (Fig. 8F and G). AAV-Fundc1 transfection 
could stabilize the syndecan-1 glycoprotein in endothelial cells and 
hinder its migration to the serum following II/R injury in the WT and 
Fundc1ΔEC II/R groups (Fig. 8H). Meanwhile, the findings from histo
pathological staining and immunohistochemistry demonstrated that 
AAV-Fundc1 administration attenuated the pathological injury to in
testinal microvessels, reduced the Chiu score, decreased the number of 
TUNEL-positive cells, mitigated VCAM-1 expression, and restrained 
plasma albumin leakage in WT and Fundc1ΔEC mice after II/R injury 
(Fig. 8I and J). Furthermore, western blotting was used to assess 
microvascular injury by measuring intestinal VCAM-1 and VE-cadherin 
protein expression (Fig. 8K and L). The WT and Fundc1ΔEC II/R groups 
exhibited decreased VE-cadherin expression and a concomitant increase 
in VCAM-1 expression. However, AAV-Fundc1 treatment counteracted 
these effects in the WT and Fundc1-deficient groups. The immunofluo
rescence results further corroborated these findings, which demon
strated a similar trend in the intestinal VE-cadherin expression level 
(Fig. 8M and N). These results indicated that NETs might impair intes
tinal microvascular endothelial mitophagy via the Fundc1 protein. 
Deletion of Fundc1 resulted in mitochondrial quality control failure, 
ferroptosis aggravation, and microvascular damage. 

4. Discussion 

The topic of intestinal microvascular ischemia‒reperfusion injury 
has been overlooked in perioperative gut barrier protection. Owing to 
the intricate molecular mechanisms underlying II/R-induced microvas
cular dysfunction, limited pharmacological options are available for 
safeguarding intestinal microcirculation against such injury. In this 
study, we first established heightened NET formation, intestinal endo
thelial cell ferroptosis activation, and microvascular dysfunction in in
testinal samples obtained from II/R patients. Moreover, it was observed 
that the inhibition of NET formation through neutrophil-specific Pad4 
deficiency led to the mitigation of intestinal endothelial ferroptosis and 
microvascular dysfunction induced by II/R in vivo. These findings 
support the notion that NETs play a detrimental role in intestinal 
vascular barrier damage under II/R conditions. Furthermore, the study 
revealed a novel finding, indicating that NETs can initiate endothelial 
ferroptosis by impeding the activation of Fundc1-requiring mitophagy 
(Fig. 9). 

II/R injury is an important factor associated with high mortality and 
prolonged hospitalization [22,44]. The intestine, a crucial organ 
endowed with a profuse vascular network, is highly susceptible to 
ischemia and reperfusion injury [45]. The occurrence of I/R in intestinal 

Fig. 7. Effects of Fundc1 regulation on NET formation and endothelial mitochondrial quality control. A. Intestinal CitH3-DNA and MPO-DNA complexes were 
assayed using ELISAs. B–C. Protein expression levels of Ly6G and CitH3 were measured by Western blot analysis. D-E. Intestinal CD31-positive endothelial cells were 
isolated with CD31-coated magnetic beads. Mitochondrial (MitoTracker) and lysosomal (LysoTracker) immunofluorescence colocalization was performed to explore 
the mitophagy level. F-G. Endothelial mitophagy parameters (p62, LC3 II/I ratio and mito-LC3 II) and a mitochondrial protein (Tim23) were examined using western 
blotting. The relative grayscale values were measured using ImageJ. H–I. Cytc levels in the cytosol and isolated mitochondria were examined by western blotting. J- 
K. Quantification of cytoplasmic and mitochondrial ROS in the intestinal endothelium was conducted using DCFH-DA and MitoSOX Red probes. L. Mitochondrial 
membrane potential changes in endothelial cells were detected by JC-1 staining. M-N. Key proteins of mitochondrial fusion (Mfn1 and Opa1) and fission (Mff and 
Drp1) were examined by a Western blot assay. O–P. Immunofluorescence confocal imaging of mitochondrial (Tom20, green) and Drp1 (red) colocalization was used 
to evaluate mitochondrial fission. AAV, adeno-associated virus; NC, negative control. Data are shown as the means ± SD, ns, not significant, *P < 0.05, **P < 0.01, 
***P < 0.001. 
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tissues can stimulate the release of reactive oxygen species and associ
ated inflammatory mediators, instigating the aggregation and activation 
of neutrophils within the intestine [46]. The persistence of activated 
neutrophils could exacerbate local intestinal damage, culminating in the 
impairment of the gut barrier and translocation of intestinal bacteria 
and endotoxins [47,48]. Our prior research on rats revealed that II/R 
injury could result in intestinal inflammation and a reduction in the 
levels of tight junction proteins [16]. The intestinal barrier comprises 
the intestinal epithelial barrier, consisting of intestinal epithelial cells, 
and the intestinal vascular barrier, consisting of vascular endothelial 
cells, enteric glial cells, and pericytes [49,50]. While studies on the in
testinal barrier have primarily focused on the epithelial barrier, there 
remains a dearth of understanding regarding the functions and molec
ular underpinnings of vascular barrier dysfunction in the context of II/R 
injury. Recent research has demonstrated that ischemia‒reperfusion 
induces endothelial cell swelling, subendothelial collagen exposure, 
leukocyte adhesion, and microthrombus formation, ultimately resulting 
in microvascular dysfunction [51,52]. Our current investigation simi
larly demonstrated heightened neutrophil infiltration, elevated micro
vascular damage, and hyperpermeability in human II/R patients. 
Additionally, animal studies have revealed evidence of microvessel 
damage and dysfunction, characterized by intensified neutrophil ag
gregation, increased microvascular permeability, and upregulation of 
biomarkers of endothelial injury. Moreover, we employed CD31- 
positive magnetic beads to isolate endothelial cells from the intestine 
to investigate the effects of II/R on endothelial cells. Throughout this 
procedure, dead cells or cell fragments that could not be captured by the 
magnetic beads were eliminated through centrifugation. As a result, the 
WT II/R group displayed a diminished count of endothelial cells 
compared to the sham group. Furthermore, despite the absence of 
discernible morphological disparities in the initially isolated intact 
endothelial cells when observed under an optical microscope, the WT 
II/R group exhibited a noteworthy decline in endothelial cell viability, 
accompanied by the accumulation of endothelial injury biomarkers. 
These results indicated that an increase in endothelial cell damage 
during II/R injury. 

Activated neutrophils play a crucial role in eliminating pathogens 
through the release of NETs [7]. Nevertheless, overproduction of NETs 
may lead to local tissue damage, and NETs may act as a proinflammatory 
agent [8]. Our previous research has demonstrated that circulating NET 
biomarkers are linked to disease severity and clinical prognosis [15,53]. 
In the current study, we observed similar findings, as both MPO-DNA 
and CitH3-DNA complexes, which serve as intestinal NET biomarkers, 
were found to be elevated in serum and intestinal samples obtained from 
patients experiencing II/R injury. Furthermore, a positive correlation 
was observed between NET levels and microvascular injury biomarkers 
(syndecan-1 and vWF). Additionally, the presence of massive neutro
philic infiltration and NET formation in the intestinal microvasculature 
of II/R patients suggests a potential role for NET formation in endo
thelial injury. Notably, PAD4 is critical in regulating NET formation by 
facilitating histone decondensation through citrullination. To investi
gate the contribution of NETs to microvascular injury in the intestine 
during II/R, we conducted further investigations using mice with 
neutrophil-specific Pad4 deficiency, which impedes NET formation. Our 
findings in an II/R animal model revealed that Pad4 
deficiency-mediated NET inhibition reduced NET formation around the 

microvascular lumen, resulting in improved microvessel permeability, 
enhanced microcirculatory perfusion, and alleviated pathological dam
age. Together, these results provide evidence of the deleterious effects of 
NETs in II/R-induced intestinal microvascular dysfunction. 

Mitophagy is a crucial process that facilitates the removal of 
damaged and senescent mitochondria, thereby preserving mitochon
drial homeostasis and cell viability [18,54]. Under physiological con
ditions, mitophagy and mitochondrial fusion, and fission work in 
tandem to maintain a balance in mitochondrial quality control and 
ensure optimal mitochondrial function [18,55]. However, when 
mitophagy is inhibited, the timely removal of impaired mitochondria is 
impeded, accumulating damaged mitochondria and subsequent mito
chondrial dysfunction [27]. Evidence suggests that ischemia‒reperfu
sion-induced tissue damage is intricately linked to mitochondrial 
dysfunction, governed by a complex regulatory mechanism [17,56,57]. 
Nevertheless, it remains unclear whether NETs play a role in mito
chondrial dysfunction by impeding mitophagy, causing microvascular 
endothelial damage during II/R. The in vivo experimental findings from 
the present study demonstrated that NET formation hindered mitophagy 
levels and exacerbated mitochondrial dysfunction, resulting in a loss of 
mitochondrial membrane potential, overproduction of mt- and 
cyto-ROS, decreased mitochondrial ATP synthesis, elevated Cytc 
leakage, augmented mitochondrial fission and diminished mitochon
drial fusion. However, the inhibition of mitophagy was significantly 
rescued, mitochondrial dysfunction was alleviated, and mitochondrial 
quality control was improved by Pad4 deficiency or the mitophagy 
activator UA. Conversely, the use of the mitophagy inhibitor Mdivi-1 
reversed the protective effects on the microvasculature and exacer
bated mitochondrial dysfunction. These results provide compelling ev
idence that excessive NET formation hinders mitophagy, thereby 
exacerbating mitochondrial dysfunction. 

The Fundc1 protein, which is located in the mitochondrial outer 
membrane and is highly conserved, functions as a mitophagy receptor 
that operates independently of ubiquitin and regulates both mitochon
drial dynamics and mitophagy [20,58]. The activation of 
Fundc1-mediated mitophagy is preferentially induced by hypoxia and 
ischemia [59]. Fundc1 phosphorylation at Ser17 and Tyr18 results in 
different effects, as phosphorylation of Tyr18 inhibits Fundc1-mediated 
mitophagy, whereas phosphorylation of Ser17 enhances the interaction 
between mitochondria and LC3, thereby promoting mitophagy [19,60]. 
In the current investigation, we assessed the protein expression levels of 
pSer17-Fundc1, pTyr18-Fundc1, and t-Fundc1 in WT mice subjected to II/R 
and observed varying degrees of expression. However, in Pad4-deficient 
mice, we noted a significant decrease in pTyr18-Fundc1 expression and an 
increase in pSer17-Fundc1 expression. Consequently, we hypothesize that 
the coordinated action of these proteins ultimately leads to the sup
pression of mitophagy in WT II/R mice. Furthermore, we found that 
Pad4 deficiency inhibited NET formation, which accounted for the 
dephosphorylation of Fundc1 at Tyr18 and the phosphorylation of 
Fundc1 at Ser17, ultimately resulting in the upregulation of mitophagy. 
To validate the hypothesis, endothelium-specific Fundc1 knockout mice 
and an adeno-associated virus with specific expression of Fundc1 in 
endothelial cells were employed to evaluate the impact of 
Fundc1-dependent mitophagy on intestinal microvascular dysfunction 
after II/R. Fundc1 deficiency was found to reduce mitophagy levels, 
aggravate mitochondrial dysfunction, decrease mitochondrial fusion, 

Fig. 8. Impact of Fundc1 regulation on the intestinal endothelial ferroptosis level and microvascular function. A. Endothelial cells isolated from intestinal 
tissue were used to evaluate MDA, GSH, GSSH and Fe2+ levels by ELISAs. B–C. Intracellular Fe2+ in the intestinal endothelium was evaluated using the FerroOrange 
probe. D-E. Western blot analysis was used to detect ferroptosis-related proteins in endothelial cells isolated from the intestine. F-G. Intestinal blood perfusion in WT 
and Fundc1ΔEC mice was measured using a laser speckle blood flow analysis system. H. Intestinal and serum syndecan-1 levels were assessed using an ELISA kit. I-J. 
Pathological staining and immunohistochemistry were performed to evaluate intestinal microvascular function. The intestinal microvascular morphology was 
observed by HE and Masson’s trichrome staining and evaluated and graded according to the Chiu score system. TUNEL staining was used to evaluate microvascular 
cells undergoing apoptosis. Intestinal microvascular damage and permeability were assessed using immunohistochemistry for VCAM-1 and albumin. K-L. Western 
immunoblotting was used to examine VCAM-1 and VE-cadherin protein expression. M-N. To evaluate microvascular damage, immunofluorescence colocalization of 
CD31 and VE-cadherin was conducted in the intestine. Data correspond to the means ± SD, ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001. 
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Fig. 9. During intestinal ischemia‒reperfusion, neutrophils become activated and infiltrate the intestinal microcirculation by releasing NETs. The presence of NETs 
in microvessels affects endothelial cells, resulting in the phosphorylation of Fundc1 at Tyr18, which inhibits mitophagy function. Consequently, damaged mito
chondria are not cleared promptly, leading to mitochondrial dysfunction, which is characterized by the accumulation of mitochondrial ROS and by Cytc leakage. The 
accumulation of intracellular and mitochondrial ROS triggers lipid peroxidation, which activates ferroptosis in endothelial cells, ultimately causing microvascular 
damage and dysfunction. The clearance of NETs has been shown to effectively maintain mitophagy levels in endothelial cells, leading to enhanced mitochondrial 
quality control and a reduction in mitochondrial dysfunction. As a result, ROS generation is mitigated, cell ferroptosis is prevented, and intestinal microvascular 
function is preserved. 

C. Chu et al.                                                                                                                                                                                                                                     



Redox Biology 67 (2023) 102906

20

increase mitochondrial fission, and intensify the disruption of the in
testinal vascular barrier. However, the administration of AAV-Fundc1 
before II/R to WT and Fundc1-deficient mice partially reversed the 
aforementioned outcomes. Our data show that Fundc1-requiring 
mitophagy may play a pivotal role in NET-induced intestinal micro
vascular dysfunction. 

Ferroptosis is a form of programmed cell death initiated by iron- 
dependent phospholipid peroxidation [23,61]. Recent research has 
revealed that ferroptosis is heightened during ischemia–reperfusion and 
that intervening in ferroptosis can mitigate damage to both the in
testines and remote organs [29,62]. Furthermore, numerous links have 
been established between ferroptosis and mitochondrial dysfunction, as 
evidenced by the disruption of ATP synthesis and elevation of ROS 
production, leading to aberrant iron transport and lipid peroxidation 
[63–65]. Several studies have demonstrated the association between 
ferroptosis and mitophagy. For instance, Lin et al. found that 
BNIP3-mediated and PINK1-PARK2-mediated mitophagy protected 
renal tubular epithelial cells against cisplatin-induced ferroptosis 
through the ROS/HO1/GPx4 axis [66]. Similarly, Bi et al. showed that 
Fundc1 interacted with GPx4 to promote hepatic ferroptosis and fibrotic 
injury through mitophagy-dependent mechanisms [67]. However, the 
potential interplay between mitophagy and ferroptosis in II/R-induced 
intestinal microvascular dysfunction remains inadequately understood. 
The present study utilized RNA sequencing to observe the differential 
expression of mitophagy and ferroptosis pathways in HUVECs cultured 
with or without NETs. Elevated intestinal microvascular endothelial 
ferroptosis was also observed in human II/R patients. The in vivo 
experimental findings demonstrated that NET formation exacerbated 
endothelial ferroptosis and microvascular dysfunction. However, the 
study also found that endothelial ferroptosis was alleviated by Pad4 
deficiency or ferroptosis inhibitor ferrostatin-1. In contrast, the admin
istration of the ferroptosis activator erastin reversed the protective effect 
on the microvasculature and intensified ferroptosis. Furthermore, our 
findings indicated that the regulation of mitophagy impacted the level of 
ferroptosis, although the induction of ferroptosis did not influence the 
level of mitophagy. These outcomes provide evidence for a potential 
upstream and downstream association between mitophagy and ferrop
tosis in NET-induced microvascular damage after II/R. 

The current investigation was constrained by certain limitations, 
namely, the potential existence of biological dissimilarities between 
HUVECs and intestinal endothelial cells and the possibility that the 
RNA-sequenced HUVECs might not comprehensively depict the alter
ations in gene expression in intestinal endothelial cells. Furthermore, 
our investigation demonstrated that the mitophagy process, dependent 
on Fundc1, significantly promoted ferroptosis in the intestinal endo
thelium, thereby leading to microvascular dysfunction. However, the 
possibility of other mechanisms underlying endothelial cell injury, such 
as oxidative stress, calcium overload, endoplasmic reticulum stress, and 
other forms of cell death induced by ischemia-reperfusion injury, cannot 
be disregarded. Additionally, our study explored the potential involve
ment of NETs in the advancement and exacerbation of intestinal 
microvascular damage during II/R. Small sample sizes may affect the 
current study on clinical specimens, resulting in potential selection bias 
and other influences. Thus, conducting further prospective studies or 
employing larger cohorts to corroborate our findings is imperative. 

5. Conclusion 

Our investigation demonstrated the involvement of NETs in the in
duction of intestinal microvascular dysfunction and vascular barrier 
injury resulting from II/R. The heightened infiltration of NETs was 
linked to mitophagy inhibition, mitochondrial dysfunction, and ferrop
tosis in the intestinal endothelium of both human patients and animals 

subjected to II/R. Furthermore, the mitigation of endothelial ferroptosis 
and intestinal vascular barrier injury caused by II/R was achieved 
through the restriction of NETs via neutrophil-specific Pad4 deletion, 
which relieved the limitation of Fundc1-requiring mitophagy activation. 
Therefore, the present study may shed light on protecting the intestinal 
vascular barrier in II/R patients. 
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