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A B S T R A C T

Background: Disruption of the blood-brain barrier (BBB) is a major contributor to hemorrhagic transformation
(HT) in patients with acute ischemic stroke (AIS) following intravenous thrombolysis (IVT). However, the clinical
therapies aimed at BBB protection after IVT remain limited.
Methods: One hundred patients with AIS who underwent IVT were enrolled (42 with HT and 58 without HT 24 h
after IVT). Based on the cytokine chip, the serum levels of several AIS-related proteins, including LCN2, ferritin,
matrix metalloproteinase-3, vascular endothelial-derived growth factor, and X-linked inhibitor of apoptosis, were
detected upon admission, and their associations with HT were analyzed. After finding that LCN2 was related to
HT in patients with IVT, we clarified whether the modulation of LCN2 influenced BBB dysfunction and HT after
thrombolysis and investigated the potential mechanism.
Results: In patients with AIS following IVT, logistic regression analysis showed that baseline serum LCN2 (p =

0.023) and ferritin (p = 0.046) levels were independently associated with HT. A positive correlation between
serum LCN2 and ferritin levels was identified in patients with HT. In experimental studies, recombinant LCN2
(rLCN2) significantly aggravated BBB dysfunction and HT in the thromboembolic stroke rats after thrombolysis,
whereas LCN2 inhibition by ZINC006440089 exerted opposite effects. Further mechanistic studies showed that,
LCN2 promoted endothelial cell ferroptosis, accompanied by the induction of high mobility group box 1
(HMGB1) and the inhibition of nuclear translocation of nuclear factor E2-related factor 2 (Nrf2) and heme
oxygenase-1 (HO-1) proteins. Ferroptosis inhibitor ferrostatin-1 (fer-1) significantly restricted the LCN2-
mediated BBB disruption. Transfection of LCN2 and HMGB1 siRNA inhibited the endothelial cell ferroptosis,
and this effects was reversed by Nrf2 siRNA.
Conclusion: LCN2 aggravated BBB disruption after thrombolysis by promoting endothelial cell ferroptosis via
regulating the HMGB1/Nrf2/HO-1 pathway, this may provide a promising therapeutic target for the prevention
of HT after IVT.

1. Introduction

Acute ischemic stroke (AIS) is a leading cause of disability and death
worldwide [1]. Intravenous thrombolysis (IVT) is one of the most
effective therapies for AIS. However, nearly half of the patients with AIS
cannot benefit from IVT, and the complications after IVT, particularly
hemorrhagic transformation (HT) [2,3], cannot be ignored. The

mechanism of HT after IVT is complicated, and disruption of the
blood-brain barrier (BBB) is considered a major cause [4–7]. However,
the clinical therapies targeting the BBB after IVT are limited. Therefore,
in-depth research on the mechanisms of BBB disruption after IVT and the
identification of new therapeutic targets are necessary for the preven-
tion of HT.
Nowadays, lipocalin-2 (LCN2), a secreted circulatory protein
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belonging to the lipocalin superfamily, has attracted increased attention
in the field of brain disorders. Under normal physiological conditions,
LCN2 is produced in low amounts in the central nervous system [8], but
it could be rapidly upregulated in response to injury, infection, or other
inflammatory stimuli to control diverse cellular processes [9–11].
Several clinical studies have demonstrated that LCN2 protein levels in
the blood/cerebrospinal fluid of patients with acute stroke were signif-
icantly elevated and can be used as an independent predictor of the poor
prognosis [12–14]. An important mechanism is that, increased LCN2
contributes to BBB disruption to aggravate stroke injury [15,16].
However, the potential role of LCN2 in HT following IVT and the
possible mechanisms have not been reported yet. In addition, ferritin
[17,18], matrix metalloproteinase-3 (MMP-3) [19], vascular
endothelial-derived growth factor (VEGF) [20], and X-linked inhibitor
of apoptosis (XIAP) [21] are considered to be associated with the
prognosis of AIS (Table 1). And their effects on HT following IVT remain
unclear and need to be investigated further. Therefore, in this study, we
sought to (1) measure the serum levels of LCN2, ferritin, MMP-3, VEGF
and XIAP proteins in 100 patients with AIS after IVT and analyze their
associations with HT; and (2) investigate whether the modulation of
differentially expressed proteins could influence BBB function and HT
after IVT in experimental stroke models as well as the potential mech-
anisms. Based on these, this study may pave the way for the develop-
ment of novel therapeutic targets to prevent HT after IVT.

2. Methods

2.1. Participants and the study protocol

Written informed consent was obtained from all the participants.
This prospective observational study followed the “Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)” guide-
lines, and the study protocol was approved by the Ethics Committee of
the First Hospital of Jilin University (2015-156). The participants had
the right to withdraw from the study at any point. The animal study
protocol was approved by the Ethics Committee of Jilin University, and
all procedures were performed in accordance with the National In-
stitutes of Health Guidelines on the Use of Laboratory Animals and the
ARRIVE guidelines.

2.2. Clinical study

2.2.1. Study design
Patients (≥18 years of age) with AIS who received recombinant tis-

sue plasminogen activator (rt-PA) at a dosage of 0.9 mg/kg within 4.5 h
of stroke onset were enrolled from the Department of Neurology at the

First Hospital of Jilin University between June 2015 and October 2017.
We excluded patients who (1) underwent combined endovascular and
IVT interventions; (3) had a premorbid modified Rankin Scale (mRS)
score ≥2; and (4) had other neurological disorders, myocardial infarc-
tion or unstable angina within the past 6 months. To obtain reference
values, we included a total of 198 patients with AIS who underwent IVT:
42 patients who presented with HT were included in the HT group, and
58 patients who received IVT but did not present with HT were enrolled
in the non-HT group. Computer-based randomization was used to select
58 of 156 patients without HT.
Baseline information and clinical parameters expected to influence

HT were collected, including sex, age, vascular risk factors (smoking,
hypertension, diabetes, atrial fibrillation, and history of stroke), baseline
National Institutes of Health Stroke Scale score (NIHSS) score, onset to
thrombolysis time, baseline systolic blood pressure, systolic blood
pressure, laboratory data (baseline blood glucose, platelet, and low-
density lipoprotein cholesterol levels), body mass index (BMI), and in-
ternational normalized ratio (INR). HT was defined as any new intra-
cranial hemorrhage detected by computed tomography 24 h after IVT
but not detected prior to IVT [22] and was classified as hemorrhagic
infarction type 1 (HI1), hemorrhagic infarction type 2 (HI2), paren-
chymal hematoma type 1 (PH1), or parenchymal hematoma type 2
(PH2). PH was determined by dichotomizing the lesion volume to more
than 30 %.

2.2.2. Serum protein measurements
Blood samples were collected from each participant on admission for

serum protein detection. Samples were centrifuged at 4 ◦C, and the su-
pernatant was frozen at − 80 ◦C until use. Serum proteins were detected
by the Quantibody Human custom array (RayBiotech, Norcross, GA,
USA) [23]. Measurements were performed according to the manufac-
turer’s instructions, and the signal values were analyzed using the
RayBiotech analysis tool. Each sample was analyzed in four technical
replicates. The clinical investigators were blinded to the serum test re-
sults until the end of the study period.

2.3. Preclinical study

2.3.1. Animals
Male Sprague-Dawley rats (weighing 250–300 g) obtained from Vital

River Laboratory Animal Technology Co., Ltd. (Beijing, China) were
used in the study according to an established protocol. The rats were
housed in a specific pathogen-free (SPF) environment at 22–24 ◦C under
standard 12-h light/12-h dark conditions, with free access to food and
water.

2.3.2. Study design
Two animal models were established in rats, including the photo-

thrombotic stroke (PTS) model specifically for BBB permeability eval-
uation and the thromboembolic stroke model in combination with rt-PA
treatment for the simulation of IVT therapy after AIS in clinical settings.
In the first experiment, 34 rats were randomly assigned to undergo

PTS operation or the sham operation. Rats in the PTS group were
administered an intraventricular injection of recombinant LCN2 (rLCN2,
0.2, 0.4, or 0.8 μg/kg) before the surgery, and rats in the sham group
were administered only phosphate-buffered saline (PBS). The dosages of
rLCN2 were selected according to the previous study [24]. At 2 h before
the surgery, IR-808 dyes (5 μM, 2 ml/g) were injected into the tail veins
of rats. Based on NIR-II fluorescence imaging, the vascular network and
leakage of fluorescent dyes in the rat brains were clearly observed. Rats
were sacrificed after the last observaion. Finally, 29 rats were included,
and 5 rats were excluded due to death within 72 h after surgery.
In the second experiment, 360 rats were randomly assigned to un-

dergo the sham operation or the thromboembolic stroke surgery com-
bined with rt-PA treatment. Rats in each group were administered an
intraventricular injection of rLCN2 (the dosage depended on the results

Table 1
Serum protein biomarkers and their relationship with AIS.

Biomarkers Relationship with AIS

Ferritin A protein that serves as body iron reservoir to store excess iron, which
can induce iron overload and is an important predictor of HT after AIS
[67,68].

LCN2 An acute-phase protein to regulate inflammation, which is associated
with unfavorable outcomes of AIS [15,53].

MMP-3 One of the best-studied of the matrix metalloproteinases, which can
lead to aberrant proteolysis and BBB dysfunction, and contribute to a
worsen prognosis of AIS [69].

VEGF A protein that participates in atherosclerosis, neuroprotection,
neurogenesis, and angiogenesis. In the acute phase of AIS, its up-
regulation aggravated hemorrhage risk [70–72].

XIAP A protein that can inhibit ischemia/hypoxia-induced apoptotic cell
death [73].

Abbreviations: HT, hemorrhagic transformation; AIS, acute ischemic stroke;
BBB, blood-brain barrier; LCN2, lipocalin-2; MMP, matrix metalloproteinase;
VEGF, vascular endothelial-derived growth factor; XIAP, X-linked inhibitor of
apoptosis.
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of the first part) or an equal volume of PBS 1 h before the surgery or were
intraperitoneally injected with ZINC00640089 (25 mg/kg, the inhibitor
of LCN2) or an equal volume of 10 % DMSO 1 h before the surgery and 8
h after thrombolysis, respectively. To clarify the potential role of fer-
roptosis in LCN2-enhanced BBB disruption after thrombolysis, the
thromboembolic stroke rats were intraperitoneally injected with
ferrostatin-1 (fer-1) (10 mg/kg) or an equal volume of 5 % DMSO 2 h
before the surgery. At different time points after thrombolysis, rats were
sacrificed for further analysis. Finally, 347 rats were included, and 13
rats were excluded due to the lack of neurological deficit 1 h after sur-
gery or dying before the analysis points. All behavioral measures and
data analyses were performed in a blinded manner.
In the in vitro studies, oxygen and glucose deprivation/re-

oxygenation (OGD/R) (6h/12h) and rt-PA stimulation (100 μg/mL) at
the start of reoxygenation were introduced into Bend.3 endothelial cells
based on our preliminary tests to mimic BBB damage after thrombolysis.
In different experiments, rLCN2 (200 ng/ml) was administered 2 h
before OGD/R; fer-1 (5 μM, dissolved in 0.1 % DMSO) was administered
4 h before OGD/R; and transfection of different small interfering ribo-
nucleic acid (siRNA) was performed 24 h before OGD/R. After reox-
ygenation for 12 h, the cells and supernatants were collected for further
analysis. The detailed experimental designs and source of reagents are
listed in Supplemental Method.

2.3.3. Animal surgery
Two animal models were used in this study. The thromboembolic

stroke model was established as previously described, with minor
modifications [25,26]. Briefly, rats were anesthetized with 4 % iso-
flurane in an air/oxygen (70/30) mixture and maintained with 1.5 %
isoflurane through a facemask during the surgery period. The right
common carotid artery (CCA) was exposed and isolated via midline
incision, and its branches were also dissected and coagulated. Then, the
CCAwas placed in the electric clamp of the YLS-148 thrombus formation
tester (Jinan Yiyan Science & Technology Development Co., Ltd.), and
the distal CCA was clamped using an artery clamp. Galvanic stimulation
(1.00 mA) was initiated for 90 s to induce the formation of thrombus.
After that, the thrombus was fragmented into pieces with microscopic
tweezers until the blood vessels exhibited a uniform gray color and
resumed pulsation, indicating restoration of blood flow. The CCA was
temporarily released to direct the crushed thrombus towards the middle
cerebral artery/lacunar artery and the internal carotid artery. Later, the
CCA was re-clamped and stimulated (1.00 mA) for another 240 s to form
an additional thrombus. After that, the artery clamp was relieved, and
the crushed thrombus was flushed into the internal carotid artery.
Finally, the CCA was clamped for another 10 min to stabilize the
thrombus. Three hours after ischemia, the rats were anesthetized again
and administered 10 mg/kg rt-PA via the tail vein. The initial 10 % dose
of rt-PA was administered within 1 min, whereas the remaining 90 %
was infused over 10 min using a syringe infusion pump (RWD Life Sci-
ence Co., Ltd., Shenzhen, China). Rats in the sham group underwent the
same procedure without galvanic stimulation and were injected intra-
venously with an equal volume of saline through the tail vein 3 h after
embolus insertion.
The PTS model was established as previously described. At first, rats

were injected with Rose Bengal (4,5,6,7-tetrachloro-2′,4′,5′,7′-tetraio-
dofluorescein, RB, 50 mg/ml) through the tail vein. The thinned skull
was then irradiated with a circular 561 nm laser for 15 min to induce
thrombus formation. Rats injected with PBS before irradiation were used
as sham-operated controls.

2.3.4. Intracerebral ventricular injections
Intracerebral ventricular injections were administered as previously

described [27]. Briefly, the rats were positioned in a stereotactic appa-
ratus, and a cranial burr hole (1 mm) was drilled. A total volume of
approximately 10 μl rLCN2 or PBS was injected into the ipsilateral
ventricle of rats using a 10-μl Hamilton syringe at a rate of 0.5 μL/min

via a microinjection pump before the surgery (coordinates: 0.5 mm
posterior, 1.6 mm lateral, and 4.8 mm ventral to the bregma).

2.3.5. Assessment of neurological deficits
At 24 h after thrombolysis, we assessed the neurological deficits of

rats. The Zea Longa score [28], modified Garcia score [29], the forelimb
placing test [30], corner turn [31] test, and horizontal ladder walking
task [32] were performed and scored in a blinded fashion, as previously
described.
The Zea Longa score: The performance of rats were scored as follows:

0 points, no observable neurologic deficit; 1 point, failed to extend the
right forepaw; 2 points, circled to the right; 3 points, unable to walk
spontaneously; and 4 points, dead.
Modified Garcia score: The score comprises six tested items: spon-

taneous activity, reaction to touch on both sides of the trunk, sponta-
neous movement of all limbs, movement of the forelimbs, response to
vibrissa touch, and climbing. The total score ranges from 3 (most severe
deficit) to 18 (no deficit).
Forelimb placement test: Rats were held by their torsos, which

allowed the forelimb to hang free, and were then placed on the corner
edge of the table to stimulate the vibrissae. When the rat’s vibrissae
touched the table, the ipsilateral foreleg movement on the table
responded to the vibrissae stimulation. Ten trials were performed for
each rat, and the percentage of successful responses was calculated.
Corner turn test: Rats were allowed to approach a corner at an angle

of 30◦. When the rat tried to exit the corner, its choice of either a left or
right turn was recorded. This trial was repeated ten times for each rat.
The percentage of left turns was then calculated.
Horizontal ladder walking task: The apparatus consisted of sidewalls

made of clear Plexiglas and stainless-steel rungs (3 mm diameter). The
sidewalls were 1 m long and 20 cm high and equipped with 99 evenly
spaced holes at the bottom, each spaced 1 cm apart, for the insertion of
stainless-steel rungs. Rungs were randomly inserted into the holes
(spacing between bars ranged from 1 to 3 cm). The ladder was set 30 cm
above the ground. The rats walked spontaneously from the beginning to
the end of the horizontal ladder, and a camera was placed on the lateral
ventral side to record paw activity. The trial was repeated ten times for
each rat, and the total number of limb drops were calculated.

2.3.6. Infarct measurement
At 24 h after thrombolysis, rats were euthanized, and their brains

were removed and sliced coronally into 2-mm-thick sections. These
sections were then stained with 1 % 2,3,5-triphenyltetrazoliumchloride
(TTC, Sigma, USA) solution at 37 ◦C for 20 min in the dark. The infarct
volume was calculated with edema correction using ImageJ software
(Wayne Rasband, National Institutes of Health, USA) [33].

2.3.7. Intracerebral hemorrhage detection
Rats were transcardially perfused with PBS to remove intravascular

blood 24 h after thrombolysis. The brains were separated into ipsilateral
and contralateral hemispheres. For quantitative measurement, the
ipsilateral hemisphere was homogenized with 300 μl PBS in a FastPrep-
24 5 G homogenate device (MP Biomedicals) for 1 min and centrifuged
at 13,000×g for 30 min. Next, Drabkin reagent was added to the su-
pernatant and incubated for 15 min. The absorbance was measured at
540 nm with a spectrophotometer (Spectronix 3000, Milton-Roy,
Rochester, NY) and hemorrhage volume (μL) was calculated using a
standard curve.

2.3.8. BBB permeability evaluation
Two methods were used to evaluate the BBB permeability of rats.
IR-808 dyes (5 μM, 2 ml/g) were introduced into PTS rats via tail

vein injections 2 h before the surgery. Based on NIR-II fluorescence
imaging, the vascular network and leakage of fluorescent dyes in the
brain of rats were clearly observed. Gray values difference between the
ipsilateral and contralateral hemispheres were calculated at different
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time points to assess variations in BBB permeability. The gray value
difference before the surgery was set to 0 in each rat.
Rats that underwent thromboembolic stroke surgery and received rt-

PA treatment were anesthetized and injected with Evans Blue (EB) 24 h
after thrombolysis (2 mL/kg, 4 % in saline). After 4 h of circulation, rats
were transcardially perfused with PBS to remove intravascular blood
and the ipsilateral brain hemispheres were collected and homogenized
with a 50 % trichloroacetic acid solution in a FastPrep-24 5 G homog-
enate device for 1 min. The mixture was then centrifuged at 13,000g,
4 ◦C for 15 min. The absorbance of the supernatant at 620 nm was
measured using a spectrophotometer to quantify the extravasation of EB
dye and then compared with a standard curve.

2.3.9. Cell culture and OGD/R model
The Bend.3 mouse brain endothelial cell line was obtained from

FuHeng Cell Center (Shanghai, China) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, Carlsbad, CA, USA) supple-
mented with 10 % fetal bovine serum (FBS; Invitrogen, Carlsbad, CA,
USA) and 1 % penicillin-streptomycin (Sigma-Aldrich, St. Louis, MO,
USA) in a humidified incubator at 37 ◦C, with 5 % CO2. To induce OGD/
R injury, we transferred cells to glucose- and FBS-free DMEM and
incubated them in a hypoxic chamber filled with 5 % CO2/95 % N2 at
37 ◦C for 6 h. Then, the medium was discarded, and the cells were
returned to normal culture conditions for re-oxygenation [34].

2.3.10. Cell counting kit-8 (CCK8) assay
CCK8 was used to determine cell viability according to the manu-

facturer’s protocol [35]. Briefly, Bend.3 cells were seeded in 96-well
plates. After reoxygenation, the conditioned medium was refreshed,
and 10 μl of CCK8 reagent (Solarbio, Japan) was added to each well,
followed by further incubation for 2 h. The absorbance was measured at
450 nm using a spectrophotometer.

2.3.11. Transfection of siRNA
Bend.3 cells were seeded in 6-well plates before siRNA transfection.

The sequence of highmobility group box 1 (HMGB1) siRNAwas sense 5′-
GCAGCCCUAUGAGAAGAAATT-3,’ antisense 5′-UUUCUUCUCAUAGGG
CUGCTT-3’; the LCN2 siRNA sequence was sense 5′-GCCUCAAGGACGA
CAACAUTT-3,’ antisense 5’ -AUGUUGUCGUCCUUGAGGCTT-3’; the
Nrf2 siRNA sequence was sense 5′-GCCUCAAGGACGACAACAUTT-3,’
antisense 5’ -AUGUUGUCGUCCUUGAGGCTT-3’; the 24p3r siRNA
sequence was sense 5′-GCCUCAAGGACGACAACAUTT-3,’ antisense 5’
-AUGUUGUCGUCCUUGAGGCTT-3’. Transfection was performed using
HiPerfect transfection reagent (Qiagen, Germany) according to the
manufacturer’s protocol. To evaluate transfection efficiency, we har-
vested cells and supernatants and subjected them to Western Blot (WB)
and enzyme linked immunosorbent assay (ELISA).

2.3.12. Measurement of Glutathione (GSH), malondialdehyde (MDA),
iron content and ROS
GSH, MDA, and cell iron content were measured from protein lysates

of rat brains or Bend.3 cells following the manufacturer’s instructions.
The concentration of GSH was expressed as μg/g sample (in vivo study),
or μg/10^6 cells (in vitro study); the concentration of MDA was
expressed as μmol/g sample (in vivo study) or μmol/10^6 cells (in vitro
study). Iron concentrations were expressed as ng/10^6 cells (in vitro
study).
Intracellular ROS levels were measured using 2′,7′-Dichloro-

fluorescin diacetate (DCFH-DA). Briefly, the collected cells were incu-
bated with 10 μM DCFH-DA (dissolved in serum-free medium) at 37 ◦C
for 20 min in the dark. After washing with serum-free medium three
times, the fluorescence intensity was detected using a flow cytometer
(Becton, Dickinson and Company, New Jersey, USA) and analyzed using
FlowJo analytical software (TreeStar).

2.3.13. Immunofluorescence (IF) staining
Rats were sacrificed after perfusion, and their brains were fixed using

4 % PFA and dehydrated with sucrose gradient. Then, the brains were
embedded in an Optimal Cutting Temperature compound for frozen
sections and sliced into 10-μm sections. After washing with PBS for 20
min, the slices were blocked with 10 % goat serum for 1 h. Following
this, they were incubated with primary antibodies at 4 ◦C overnight, and
then incubated with species-specific Alexa Fluor-488/594-conjugated
secondary antibodies for 1 h in the dark. Fluoroshield™ with DAPI
was used for nuclear staining. Images were captured using a FluoView
FV3000 confocal laser scanning microscope (Olympus, Tokyo, Japan)
with × 20 and × 60 objectives. The percentage of positive cells was
calculated using ImageJ software. Three rats were used per experi-
mental group, with at least three regions selected for analysis in each rat
[36].

2.3.14. WB
Protein samples from the rat brains and cultured cells were extracted

using RIPA-lysis buffer. Cytoplasmic and nuclear proteins were extrac-
ted using the Nuclear and Cytoplasmic Protein Extraction Kit (Beyo-
time), according to the manufacturer’s protocols. Proteins was separated
on a 4–12 % polyacrylamide gel and transferred onto polyvinylidene
difluoride membranes. The membranes were then blocked with 5 %
skim milk at room temperature for 1 h and incubated at 4 ◦C overnight
with primary antibodies. Subsequently, the membranes were incubated
with the corresponding HRP-conjugated secondary antibodies at room
temperature for 1 h. Protein bands were detected with an ECL kit and
quantified using ImageJ software. For sequential blotting, the mem-
branes were stripped with a Stripping Buffer and reprobed with the
appropriate antibodies. LaminB 1 served as a loading control for nuclear
fractions, and β-actin served as a loading control for cytoplasmic frac-
tions and total proteins to normalize protein levels [37].

2.3.15. ELISA
The levels of LCN2 and HMGB1 in the brain lysate and serum of rats

or supernatant of Bend.3 cells were examined using ELISA kits. Mea-
surements were performed according to the manufacturer’s instructions.
The absorbance was measured at 450 nm, and the concentration was
calculated using standard curve interpolation. Each experiment was
performed in triplicate.

2.3.16. Statistical analyses
All data were analyzed using SPSS 26.0 version (SPSS Inc., Armonk,

NY, USA) and GraphPad Prism version 8.0 (GraphPad Software, San
Diego, CA, USA). Continuous data were described as the mean ± stan-
dard deviation (SD) or median and interquartile ranges according to
distribution. Two-group comparisons were conducted using Student’s t-
test or the Mann-Whitney U test. Multiple group comparisons were
analyzed using one-way ANOVA, two-way ANOVA or the Kruskal-Wallis
H test with Tukey’s correction (in the preclinical study). Univariate and
multivariate logistic regression analyses were performed to investigate
the association between serum protein levels and HT after IVT in pa-
tients with AIS. Count data were expressed as absolute values and per-
centages and were analyzed using the χ2 test or Fisher exact test. Serum
protein levels were converted into binary variables based on the median
values. A p-value of <0.05 was considered statistically significant.

3. Results

3.1. Association between serum proteins and HT

This study included 100 patients with AIS who underwent IVT,
comprising 42 patients with HT and 58 patients without HT. Among the
patients with HT, 23 had HI (HI1 in 8, HI2 in 15), and 19 had PH (PH1 in
11, PH2 in 8). The demographic and baseline characteristics of the
included patients were compared across the HT in Supplemental
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Table 1.
Based on the cytokine chip, wemeasured the serum levels of five AIS-

associated proteins in these patients on admission, including LCN2,
ferritin, MMP-3, VEGF, and XIAP. The comparison of serum protein
levels among different groups is shown in Table 2. We found that MMP-3
(p = 0.012) and VEGF (p = 0.047) levels were significantly lower in the
HT group than in the non-HT group. After adjusting for possible con-
founding factors, the multivariate logistic analysis revealed that higher
levels of ferritin (OR 1.589; 95 % CI 1.008–2.505; p = 0.046) and LCN2
(OR 3.17; 95 % CI 1.271–8.581; p = 0.023) were independently asso-
ciated with the increased risk of HT (Table 3).
Subsequently, we investigated the relationship between the serum

level of LCN2 and other proteins. Interestingly, Spearman correlation
analysis revealed a significant positive correlation between serum LCN2
and ferritin levels in patients with HT (rs = 0.675, p < 0.001). The
correlation coefficient was higher in patients with PH (rs = 0.789, p <

0.001) than in those with HI (rs = 0.676, p < 0.001) (Fig. 1). As pre-
viously reported, ferritin is considered to be critically associated with
the induction of iron overload and overproduction of reactive oxygen
species after AIS, which are characteristic processes that lead to fer-
roptosis [38,39]. Therefore, we speculated that LCN2 may be positively
correlated with ferroptosis in IVT-induced HT.

3.2. rLCN2 promoted BBB disruption and HT after thrombolysis

Animal studies were conducted to critically assess the role of LCN2 in
BBB disruption and HT after thrombolysis. First, we established a PTS
model in rats. IR-808 dyes (5 μM, 2 ml/g) were injected into the tail vein
of rats 2 h before the surgery, and the accumulation of the fluorescent
dye was detected based on the NIR-II imaging. rLCN2 protein was
introduced via intraventricular injection before the surgery to mimic the
secretion of LCN2 during AIS. We observed that rLCN2 significantly
aggravated BBB permeability in the ipsilateral hemisphere of rats in the
PTS group during a 72-h course, especially within 24 h after surgery, and
that rLCN2 at 0.8 μg/kg exerted similar effects compared with rLCN2 at
0.4 μg/kg (Fig. 2). Therefore, in following experiments, we primarily
investigated the effects of LCN2 at 24 h after AIS and chosen 0.4 μg/kg as
the appropriate dose of rLCN2.
Then, a thromboembolic stroke rat model combined with rt-PA

thrombolysis was established to simulate clinical IVT therapy after
AIS. According to WB and ELISA analysis, we observed a remarkable
elevation of LCN2 levels in the brain of rats at 3 h after surgery (before
thrombolysis) and a gradual increase over the following 24 h after
thrombolysis. rLCN2 treatment further promoted this trend (Fig. 3A).
This phenomenon was consistent with ELISA findings that reflect serum
LCN2 levels, indicating the successful transmission of rLCN2 between
brain and serum (Fig. 3A). Based on this, the neurological deficits,

cerebral infarction, hemorrhage volumes, and BBB function of rats were
tested 24 h after thrombolysis. Compared with the sham operation, the
thromboembolic stroke surgery followed by rt-PA thrombolysis induced
obvious neurobehavioral defects (Fig. 3B), cerebral infarction (Fig. 3C),
hemorrhage (Fig. 3D), Evans blue (EB) dye extravasation (Fig. 3E) and
the downregulation of tight junction proteins (TJPs), including ZO-1,
occludin, and claudin-5 (Fig. 3F). And rLCN2 supplementation further
aggravated cerebral damage in stroke rats and promoted BBB disruption
(Fig. 3C–F).

3.3. Pharmacological inhibition of LCN2 alleviated BBB disruption and
HT after thrombolysis

ZINC00640089 is a newly discovered specific inhibitor of LCN2 [40].
To further clarify the effects of LCN2 on BBB disruption and HT after
thrombolysis, we introduced ZINC00640089 into rats. According to our
preliminary results, intraperitoneal injection of ZINC00640089 (25
mg/kg) 1 h before the surgery and 8 h after thrombolysis significantly
decreased the expressions of LCN2 protein both in serum and brain of
rats (Fig. 4A). Meanwhile, it also tended to alleviate neurobehavioral
deficits (Fig. 4B), and significantly reduced cerebral infarction (Fig. 4C),
hemorrhage (Fig. 4D), EB dye extravasation (Fig. 4E) and the down-
regulation of TJPs compared to the vehicle group (Fig. 4F), suggesting
notable protective effects by LCN2 inhibition.

3.4. LCN2 promoted BBB disruption after thrombolysis by inducing
endothelial cell ferroptosis

Since the contribution of LCN2 to BBB disruption after thrombolysis
has been demonstrated, we then focused on its potential mechanism.
The cellular locations of LCN2 and its specific receptor 24p3r [41] in
ischemic cortex were clarified with co-IF staining. The results showed
that LCN2 was significantly upregulated and substantially co-localized
with astrocyte marker (GFAP) and endothelial cell marker (CD31) 24
h after thrombolysis (Fig. 5A), whereas its receptor 24p3r could be
co-localized with neuronal marker (NeuN), microglial marker (IBA1),
GFAP, and CD31 (Fig. 5B), which indicated that LCN2 was mainly
released by astrocytes and endothelial cells and could act on neurons,

Table 2
Comparison of baseline serum protein levels between patients in different
groups.

Indicators
(pg/ml)

HT group (n = 42) Non-HT group (n =

58)
Z p

Ferritin 29458.29
(23860.56,
32962.88)

24455.33
(19559.58,
32271.69)

− 1.488 0.137

LCN2 6542.04 (6175.42,
7101.10)

6368.16 (5611.47,
7082.52)

− 1.592 0.111

MMP-3 57223.33
(33254.64,
95628.82)

77985.79
(51095.32,
119596.44)

− 2.514 0.012

VEGF 440.87 (240.59,
619.81)

575.71 (311.04,
998.58)

− 1.983 0.047

XIAP 0 (0, 4.21) 0 (0, 11.66) − 1.1 0.271

Abbreviations: HT, hemorrhagic transformation; LCN2, lipocalin-2; MMP, ma-
trix metalloproteinase; VEGF, vascular endothelial-derived growth factor; XIAP,
X-linked inhibitor of apoptosis.

Table 3
Association between serum protein levels and HT.

Variables Model 1 Model 2 Model 3

OR (95 %
CI)

p OR (95 %
CI)

p OR (95 %
CI)

p

Ferritin 1.39 (0.93,
2.09)

0.107 1.502
(0.987,
2.285)

0.058 1.589
(1.008,
2.505)

0.046

LCN2 1.641
(0.737,
3.655)

0.225 1.957
(0.844,
4.534)

0.118 3.17
(1.271,
8.581)

0.023

MMP-3 0.434
(0.193,
0.979)

0.044 0.477
(0.203,
1.123)

0.09 0.5 (0.198,
1.268)

0.144

VEGF 0.515
(0.23,
1.153)

0.107 0.491
(0.207,
1.164)

0.106 0.4 (0.155,
1.032)

0.058

XIAP 0.85 (0.38,
1.88)

0.685 0.753
(0.328,
1.727)

0.503 0.667
(0.271,
1.637)

0.376

Model 1: Unadjusted.
Model 2: Adjusted for sex, age, baseline NIHSS.
Model 3: Adjusted for sex, age, baseline NIHSS, and variables with p＜0.15
(including smoking, history of stroke, onset to thrombolysis time, and baseline
blood glucose).
Abbreviations: HT, hemorrhagic transformation; OR, odds ratio; CI, confidence
interval; NIHSS, National Institute of Health stroke scale; LCN2, lipocalin-2;
MMP, matrix metalloproteinase; VEGF, vascular endothelial-derived growth
factor; XIAP, X-linked inhibitor of apoptosis.
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microglia, astrocytes, and endothelial cells after thrombolysis.
Based on our clinical speculation, LCN2 may be positively associated

with ferroptosis in IVT-induced HT. In addition, ferroptosis of cerebro-
vascular endothelial cells, a critical component of the BBB, has been
repeatedly identified to promote BBB dysfunction in cerebrovascular
diseases [42–44]. Therefore, we examined whether LCN2 contributes to
BBB disruption after thrombolysis by modulating the ferroptosis of
endothelial cells. Ferroptosis damage was assessed by detecting the ex-
pressions of PTGS2, FTH1, and GPX4 proteins and measuring GSH and
MDA levels. The results showed that the expressions of PTGS2 and MDA
were markedly elevated, whereas the expressions of FTH1, GPX4, and
GSH were decreased in the brain of thromboembolic stroke rats
compared with the sham rats 24 h after thrombolysis (Fig. 5C-D).
Meanwhile, a high percentage of PTGS2-positive endothelial cells was
also identified in the ischemic cortex of the thromboembolic stroke rats.
rLCN2 administration further enhanced these changes, whereas
ZINC00640089 reversed these damages (Fig. 5E).
Then, to clarify the crosstalk between the LCN2-mediated ferroptosis

and BBB disruption after thrombolysis, we used the ferroptosis inhibitor,
fer-1. As illustrated in Fig. 5F, fer-1, similar to ZINC00640089, allevi-
ated the decrease of TJPs in thromboembolic stroke rats. Meanwhile,
additional administration of fer-1 also reversed the downregulation of
TJPs induced by rLCN2. Therefore, we proposed that LCN2 could induce
BBB dysfunction after thrombolysis by promoting endothelial cell fer-
roptosis and that targeting LCN2 inhibition might be a promising ther-
apeutic approach to prevent HT.
To further seek in vitro evidence confirming these results, we con-

ducted studies using Bend.3 endothelial cells. A combination of OGD/R
and rt-PA stimuli was used to simulate IVT-induced BBB damage after
AIS. CCK8 assay showed that cell viability was significantly decreased
after different OGD/R conditions and that 6-h OGD decreased cell
viability by about 45 % (Fig. 6A); In addition, LCN2 levels were upre-
gulated and reached the highest levels at 12 h of reoxygenation after 6-h
OGD (Fig. 6B). Thus, we selected OGD/R (6h/12h) as the optimal time
points for experiments. rLCN2 and LCN2 siRNA were used to modulate
the expression of LCN2 in Bend.3 cells and fer-1 was used to inhibit

ferroptosis. The successful transfection of siRNAwas confirmed withWB
and ELISA (Supplemental Fig. 1). In agreement with the in vivo findings,
our results showed that after exposure to OGD/R + rt-PA stimulus, the
levels of PTGS2, cell iron, MDA, and ROS were significantly increased,
whereas the levels of TJPs, FTH1, GPX4, and GSH were significantly
decreased. rLCN2 administration further enhanced these changes;
however, transfection with LCN2 siRNA alleviated the damages
(Fig. 6C–E). Fer-1, similar to LCN2 siRNA, mitigated OGD/R + rt-PA-
induced TJPs reductions, meanwhile, it also reversed the down-
regulation of TJPs induced by rLCN2 (Fig. 6F).

3.5. LCN2 induced endothelial cell ferroptosis after thrombolysis via
promoting HMGB1 secretion

HMGB1 is a classical regulatory protein of cellular ferroptosis, which
is also critically involved in the pathogenesis of BBB disruption and HT
after AIS [45,46]. In recent years, studies have shown that increased
LCN2 could induce HMGB1 secretion by binding to its cell surface re-
ceptor 24p3r [24]. However, the potential link between LCN2 and
HMGB1 in IVT-induced HT remains unclear. To further elucidate the
potential signaling responsible for the endothelial cell ferroptosis
mediated by LCN2 after thrombolysis, we then focused on the variation
of HMGB1. In animal studies, our results showed that HMGB1 was
highly increased in the brains of thromboembolic stroke rats 24 h after
thrombolysis compared to sham rats (Fig. 7A), and co-IF staining also
indicated a significant increase in the co-localization of HMGB1 and
CD31 in the ischemic cortex, similar to LCN2. Administration of rLCN2
further upregulated HMGB1 levels and increased the percentage of
HMGB1-positive endothelial cells, whereas ZINC00640089 inhibited
HMGB1 expressions and decreased the percentage of HMGB1-positive
endothelial cells (Fig. 7B). Consistently, in in vitro studies, we found
that with OGD/R + rt-PA stimulus, rLCN2 supplementation markedly
elevated the level of HMGB1 in Bend.3 cells, whereas exposure to LCN2
siRNA reversed the increase of HMGB1 (Fig. 7C). Furthermore, we found
that transfection of 24p3r siRNA abolished the influence of rLCN2 on
HMGB1 secretion, which suggested that LCN2 modulated HMGB1

Fig. 1. The correlation between the serum levels of LCN2 and ferritin in patients with HT.

Fig. 2. Increased LCN2 aggravated BBB disruption in PTS rats. Representative photographs of NIR-II imaging of rats and quantitative analyses of the fluorescent dye
accumulation (μg/g tissue) before and at 3 h, 6 h, 12 h, 24 h, 48 h, and 72 h after surgery. n = 5–6/group. ***p < 0.001 PTS + rLCN2 (0.2 μg/kg) vs PTS + PBS;
###p < 0.001 PTS + rLCN2 (0.4 μg/kg) vs PTS + PBS; &&&p < 0.001 PTS + rLCN2 (0.8 μg/kg) vs PTS + PBS by two-way ANOVA (F = 543.35, p < 0.001 for
different time points and F = 1221.36, p < 0.001 for different dosage of drugs).
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expression primarily through 24p3r receptor-mediated signaling
(Fig. 7D). Then, to verify whether HMGB1 was involved in
LCN2-induced endothelial cell ferroptosis after thrombolysis, we intro-
duced HMGB1 siRNA to Bend.3 cells. According to our results, HMGB1
siRNA transfection significantly reversed the increase of MDA, ROS, cell
iron, and PTGS2 levels, and the decrease of FTH1, GPX4, and GSH levels
induced by rLCN2 upon OGD/R + rt-PA stimulus (Fig. 7E–F). Therefore,
we hypothesized that the secretion of HMGB1 induced by LCN2 con-
tributes to endothelial cell ferroptosis after thrombolysis.

3.6. Nrf2/HO-1 signaling was involved in the LCN2/HMGB1-mediated
endothelial cell ferroptosis after thrombolysis

Currently, Nrf2/HO-1 signaling is considered a classical pathway for

the modulation of ferroptosis [47,48]. Some studies focusing on other
diseases have showed that the inhibition of HMGB1 aggravated ferrop-
tosis by promoting the nuclear aggregation of Nrf2 and the activation of
the HO-1 protein [49,50]. Therefore, we next verified the participation
of Nrf2/HO-1 pathway in LCN2/HMGB1-mediated ferroptosis of endo-
thelial cells after thrombolysis. In animal studies, WB analysis showed
that the nuclear-Nrf2 levels were highly increased in the brains of
thromboembolic stroke rats 24 h after thrombolysis compared to that in
the sham rats, accompanied with the upregulation of HO-1 proteins.
Additional administration of rLCN2 suppressed their expressions,
whereas ZINC00640089 further promoted their expressions (Fig. 8A).
Consistently, in in vitro studies, LCN2 or HMGB1 siRNA transfection
further facilitated the nuclear translocation of Nrf2 and the upregulation
of HO-1 in Bend.3 cells upon OGD/R + rt-PA stimulus. However, rLCN2

Fig. 3. Increased LCN2 aggravated cerebral damages and BBB disruption in the thromboembolic stroke rats after thrombolysis. (A) Expressions of LCN2 in the brain
and serum of rats at different time points after surgery according to WB and ELISA analysis. n = 5–6/group. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA
(F = 34.52, p＜ 0.001 for WB analysis of brain tissue; F = 45.22, p＜ 0.001 for ELISA analysis of brain tissue, and F = 148.78, p＜ 0.001 for ELISA analysis of serum
respectively); (B) Neurological deficits of rats 24 h after thrombolysis. n = 5–6/group. *p < 0.05 by Kruskal-Wallis H test (H = 20.28, p＜ 0.001 for measurement of
Zea Longa score; H = 20.3, p＜ 0.001 for measurement of modified Garcia score; H = 18.77, p＜ 0.001 for measurement of corner turn test; H = 20.67, p＜ 0.001 for
measurement of forelimb placing test and H = 21.3, p＜ 0.001 for measurement of horizontal ladder walking task respectively); (C) Representative coronal sections
of TTC staining and quantitative analyses of cerebral infarct volume 24 h after thrombolysis. n = 5–6/group. Scale bar: 5 mm ***p < 0.001 by one-way ANOVA (F =
179.21, p＜ 0.001); (D) Quantification of hematoma volume (μl) 24 h after thrombolysis. n = 5–6/group. **p < 0.01, ***p < 0.001 by one-way ANOVA (F = 43, p＜
0.001); (E) Representative coronal sections of EB staining and quantitative analyses of EB dye extravasation (μg/g tissue) 24 h after thrombolysis. n = 5–6/group.
Scale bar: 5 mm ***p < 0.001 by one-way ANOVA (F = 215.84, p＜ 0.001); (F) Expressions of ZO-1, occludin, and claudin-5 in the ipsilateral hemisphere of rats 24 h
after thrombolysis. n = 6/group. *p < 0.05, ***p < 0.001 by one-way ANOVA (F = 36.82, p＜ 0.001 for WB analysis of ZO-1; F = 37.06, p＜ 0.001 for WB analysis of
occludin and F = 41.32, p ＜ 0.001 for WB analysis of claudin-5 respectively).
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administration inhibited their expressions, whereas co-transfection with
HMGB1 siRNA reversed these inhibitions (Fig. 8B). Further knocking
down of Nrf2 showed that the expression of HO-1 was significantly
inhibited, accompanied by the aggravated ferroptosis damages. And
co-transfection with Nrf2 siRNA also abolished the inhibition of fer-
roptosis induced by LCN2 siRNA and HMGB1 siRNA (Fig. 8C–D). Hence,
we proposed that LCN2 induced the secretion of HMGB1 and inhibition
of Nrf2/HO-1 pathway to promote endothelial cell ferroptosis after
thrombolysis, while the lack of these events prevented endothelial cell
ferroptosis, finally resulting in BBB protection.

4. Discussion

In the present study, we observed a significant association between
higher serum levels of LCN2 and ferritin and an increased risk of HT in
patients with AIS after IVT. Further animal and cell experiments sug-
gested that, LCN2 aggravated endothelial cell ferroptosis and ultimately
contributed to BBB disruption and HT after thrombolysis, and the
regulation of the HMGB1/Nrf2/HO-1 pathway underlies these effects.
Collectively, these findings revealed a critical role of LCN2 in IVT-
induced HT and provided new insights for the prevention of IVT-
induced HT in clinical settings.
HT is a frequent complication of AIS after IVT, which seriously af-

fects patient prognosis [2,3]. BBB disruption is the pathological basis of

Fig. 4. Inhibition of LCN2 alleviated cerebral damages and BBB disruption in the thromboembolic stroke rats after thrombolysis. (A) Expressions of LCN2 in the brain
and serum of rats at different time points after surgery according to WB and ELISA analysis. n = 5–6/group. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA
(F = 73.29, p＜ 0.001 for WB analysis of brain tissue; F = 60.3, p＜ 0.001 for ELISA analysis of brain tissue and F = 87.07, p＜ 0.001 for ELISA analysis of serum
respectively); (B) Neurological deficits of rats 24 h after thrombolysis. n = 5–6/group. **p < 0.01, ***p < 0.001 by Kruskal-Wallis H test (H = 20.38, p＜ 0.001 for
measurement of Zea Longa score; H = 20.62, p ＜ 0.001 for measurement of modified Garcia score; H = 16.3, p = 0.001 for measurement of corner turn test; H =

20.62, p ＜ 0.001 for measurement of forelimb placing test and H = 21.23, p ＜ 0.001 for measurement of horizontal ladder walking task respectively); (C)
Representative coronal sections of TTC staining and quantitative analyses of cerebral infarct volume 24 h after thrombolysis. n = 5–6/group. Scale bar: 5 mm ***p <
0.001 by one-way ANOVA (F = 187.87, p＜ 0.001); (D) Quantification of hematoma volume (μl) 24 h after thrombolysis. n = 6/group. **p < 0.01, ***p < 0.001 by
one-way ANOVA (F = 65.51, p＜ 0.001); (E) Representative coronal sections of EB staining and quantitative analyses of EB dye extravasation (μg/g tissue) 24 h after
thrombolysis. n = 5–6/group. Scale bar: 5 mm ***p < 0.001 by one-way ANOVA (F = 96.39, p ＜ 0.001); (F) Expressions of ZO-1, occludin and claudin-5 in the
ipsilateral hemisphere of rats 24 h after thrombolysis. n = 6/group. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (F = 24.37, p＜ 0.001 for WB analysis of
ZO-1; F = 25.49, p ＜ 0.001 for WB analysis of occludin and F = 45.16, p ＜ 0.001 for WB analysis of claudin-5 respectively).
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Fig. 5. LCN2 promoted endothelial cell ferroptosis to aggravate BBB disruption in the thromboembolic stroke rats after thrombolysis. (A) Representative images of
NeuN, IBAl, GFAP or CD31 (green), and LCN2 (red) immunofluorescence staining in the ischemic cortex of rats 24 h after thrombolysis, with enlarged and merged
image showed for co-localization. n = 3/group. Scale bar: 40 μm (merged pictures) and 20 μm (magnified pictures); (B) Representative images of NeuN, IBAl, GFAP,
or CD31 (green) and 24p3r (red) immunofluorescence staining in the ischemic cortex of rats 24 h after thrombolysis, with enlarged and merged image showed for co-
localization. n = 3/group. Scale bar: 40 μm (merged pictures) and 20 μm (magnified pictures); (C) Expressions of FTH1, GPX4, and PTGS2 in the ipsilateral
hemisphere of rats 24 h after thrombolysis. n = 6/group. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (F = 40.02, p < 0.001 for WB analysis of FTH1; F =
38.39, p < 0.001 for WB analysis of GPX4 and F = 146.51, p < 0.001 for WB analysis of PTGS2 respectively); (D) The content of MDA (μmol/g tissue) and GSH (μg/g
tissue) in the ipsilateral hemisphere of rats 24 h after thrombolysis. n = 6/group. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (F = 57.79, p < 0.001 for
analysis of MDA content and F = 40.5, p < 0.001 for analysis of GSH content); (E) Representative immunofluorescence images of CD31 (red) and PTGS2 (green)
signals and their enlarged and merged images in the ischemic cortex of rats 24 h after thrombolysis. The percentages of PTGS2+ CD31+ cells in the total number of
CD31+ cells were also showed. n = 3/group. Scale bar: 40 μm (merged pictures) and 20 μm (magnified pictures). *p < 0.05, **p < 0.01, ***p < 0.001 by one-way
ANOVA (F = 204.54, p < 0.001); (F) Expressions of ZO-1, occludin, and claudin-5 in the ipsilateral hemisphere of rats 24 h after thrombolysis. n = 5–6/group. *p <
0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (F = 26.68, p < 0.001 for WB analysis of ZO-1; F = 34.98, p < 0.001 for WB analysis of occludin; and F = 46.97, p
< 0.001 for WB analysis of claudin-5 respectively). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 6. LCN2 aggravated ferroptosis to promote TJPs loss in Bend.3 endothelial cells after OGD/R + rt-PA stimulus. (A) Bend.3 cell viability under different OGD/R
conditions according to CCK8 assay. n = 6/group. **p < 0.01, ***p < 0.001 by one-way ANOVA (F = 55.77, p < 0.001); (B) Expressions of LCN2 in Bend.3 cells at
different time points after re-oxygenation according to WB and ELISA analysis. n = 6/group. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (F = 101.88, p
< 0.001 for WB analysis of LCN2 and F = 85.64, p < 0.001 for ELISA analysis of LCN2); (C) Expressions of ZO-1, occludin, and claudin-5 in Bend.3 cells 12 h after re-
oxygenation. n = 6/group. *p < 0.05, ***p < 0.001 by one-way ANOVA (F = 49.73, p < 0.001 for WB analysis of ZO-1; F = 30.73, p < 0.001 for WB analysis of
occludin and F = 50.87, p < 0.001 for WB analysis of claudin-5 respectively); (D) Expressions of FTH1, GPX4 and PTGS2 in Bend.3 cells 12 h after re-oxygenation. n
= 6/group. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (F = 27.12, p < 0.001 for WB analysis of FTH1; F = 36.14, p < 0.001 for WB analysis of GPX4
and F = 52.22, p < 0.001 for WB analysis of PTGS2 respectively); (E) The contents of MDA, GSH, cell iron, and ROS in Bend.3 cells 12 h after re-oxygenation. n = 6/
group. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (F = 82.09, p < 0.001 for analysis of MDA content; F = 34.59, p < 0.001 for analysis of GSH content;
F = 71.33, p < 0.001 for analysis of cell iron content and F = 115.55, p < 0.001 for analysis of ROS content respectively); (F) Expressions of ZO-1, occludin, and
claudin-5 in Bend.3 cells 12 h after re-oxygenation. n = 6/group. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (F = 42.71, p < 0.001 for WB analysis of
ZO-1; F = 29.45, p < 0.001 for WB analysis of occludin and F = 49.39, p < 0.001 for WB analysis of claudin-5 respectively).

J. Liu et al. Redox Biology 76 (2024) 103342 

10 



HT [4–7]. In this study, we demonstrated that higher baseline serum
ferritin and LCN2 levels were independently correlated with an
increased risk of HT in patients with AIS following IVT based on the
cytokine chip results. According to previous literature, under normal
circumstances, the production of LCN2 in the brain is low, whereas upon

injury, infection, or other inflammatory stimuli, it is rapidly upregu-
lated, secreted outside the cells, and enters the cell to exert different
effects through endocytosis by binding to its specific cell surface re-
ceptor, 24p3r [51,52]. Currently, in patients with AIS, studies have
found that high circulating LCN2 levels were associated with an

Fig. 7. HMGB1 is involved in LCN2-mediated endothelial cell ferroptosis. (A) Expression of HMGB1 in the ipsilateral hemisphere of rats 24 h after thrombolysis
according to WB and ELISA analysis. n = 6/group. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (F = 151.88, p < 0.001 for WB analysis of HMGB1 and F
= 103.77, p < 0.001 for ELISA analysis of HMGB1); (B) Representative images of HMGB1 (green) and CD31 (red) immunofluorescence staining and their enlarged
and merged images in the ischemic cortex of rats 24 h after thrombolysis. The percentages of HMGB1+ CD31+ cells in the total number of CD31+ cells were showed.
n = 3/group. Scale bar: 40 μm (merged pictures) and 20 μm (magnified pictures). **p < 0.01, ***p < 0.001 by one-way ANOVA (F = 120.65, p < 0.001); (C)
Expression of HMGB1 in Bend.3 cells 12 h after re-oxygenation according to WB and ELISA analysis. n = 6/group. ***p < 0.001 by one-way ANOVA (F = 133.82, p <
0.001 for WB analysis of HMGB1 and F = 182.56, p < 0.001 for ELISA analysis of HMGB1); (D) Expression of HMGB1 in Bend.3 cells 12 h after re-oxygenation
according to WB and ELISA analysis. n = 6/group. ***p < 0.001 by one-way ANOVA (F = 62.69, p < 0.001 for WB analysis of HMGB1 and F = 96.11, p <

0.001 for ELISA analysis of HMGB1); (E). Expressions of FTH1, GPX4 and PTGS2 in Bend.3 cells 12 h after re-oxygenation. n = 6/group. *p < 0.05, **p < 0.01, ***p
< 0.001 by one-way ANOVA (F = 27.74, p < 0.001 for WB analysis of FTH1; F = 28.78, p < 0.001 for WB analysis of GPX4 and F = 41.96, p < 0.001 for WB analysis
of PTGS2 respectively); (F) The contents of MDA, GSH, cell iron and ROS in Bend.3 cells 12 h after re-oxygenation. n = 6/group. *p < 0.05, **p < 0.01, ***p < 0.001
by one-way ANOVA (F = 15.04, p < 0.001 for analysis of MDA content; F = 16.33, p < 0.001 for analysis of GSH content; F = 18.63, p < 0.001 for analysis of cell iron
and F = 45.49, p < 0.001 for analysis of ROS content respectively). (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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increased risk of early clinical deterioration and adverse outcomes in
patients with AIS [53]. However, this is the first study to demonstrate an
association with HT after IVT.
Animal experiments were performed to confirm our clinical findings.

The PTS model is a newly developed stroke model that generates in-
farctions through the destruction of the cortical vascular endothelial
cells on the top surface of the brain via laser irradiation. Our previous
researches showed that, when combined with NIR-II fluorescence im-
aging and IR-808 dye injection, this model allows direct observation of
the brain vascular network and BBB leakage in living animals. Based on
this strategy, we discovered that rLCN2 administration remarkably

increased BBB permeability in rats underwent PTS surgery, especially
within 24 h after surgery. The thromboembolic stroke model has been
identified as the most suitable animal model for the preclinical investi-
gation of IVT therapy [54,55], as it mimics thrombosis in vivo through
electrical stimulation of the carotid artery [25], followed by dissolution
of the thrombus and reperfusion achieved by injecting rt-PA into the tail
vein. Therefore, we used this model to investigate the effects of LCN2 on
BBB disruption and HT after thrombolysis. Our results showed that,
compared with sham rats, LCN2 was significantly upregulated in
thromboembolic stroke rats within 24 h after thrombolysis. Addition-
ally, rLCN2 administration further increased infarction and hemorrhage

Fig. 8. Nrf2/HO-1 signaling is involved in LCN2/HMGB1-mediated endothelial cell ferroptosis. (A) Nuclear- and cytoplasmic-Nrf2 and HO-1 protein levels in the
ipsilateral hemisphere of rats 24 h after thrombolysis. n = 6/group. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (F = 85.2, p < 0.001 for WB analysis of
nuclear-Nrf2; F = 29.44, p < 0.001 for WB analysis of cytoplasmic-Nrf2 and F = 46.9, p < 0.001 for WB analysis of HO-1 respectively); (B) Nuclear- and cytoplasmic-
Nrf2 and HO-1 protein levels in Bend.3 cells 12 h after re-oxygenation. n = 6/group. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (F = 79.98, p < 0.001
for WB analysis of nuclear-Nrf2; F = 40.11, p < 0.001 for WB analysis of cytoplasmic-Nrf2 and F = 65.06, p < 0.001 for WB analysis of HO-1 respectively); (C)
Expressions of FTH1, GPX4, PTGS2 and HO-1 in Bend.3 cells 12 h after re-oxygenation. n = 6/group. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (F =

29.82, p < 0.001 for WB analysis of FTH1; F = 37.2, p < 0.001 for WB analysis of GPX4; F = 55.98, p < 0.001 for WB analysis of PTGS2 and F = 85.62, p < 0.001 for
WB analysis of HO-1 respectively); (D) The contents of MDA, GSH, cell iron and ROS in Bend.3 cells 12 h after re-oxygenation. n = 6/group. *p < 0.05, **p < 0.01,
***p < 0.001 by one-way ANOVA (F = 31.02, p < 0.001 for analysis of MDA content; F = 28.32, p < 0.001 for analysis of GSH content; F = 47.46, p < 0.001 for
analysis of cell iron and F = 89.53, p < 0.001 for analysis of ROS content respectively).
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volumes, aggravated BBB damage, and tended to exacerbate neuro-
behavioral deficits in these rats. Subsequent in vitro studies on Bend.3
endothelial cells supported the in vivo findings, which revealed that
rLCN2 administration promoted the downregulation of TJPs induced by
OGD/R + rt-PA stimulus, whereas exposure to LCN2 siRNA reversed
these changes. All these results suggested a potential therapeutic
approach to prevent HT after thrombolysis by inhibiting LCN2.
Next, we explored the possible mechanisms through which LCN2

affects BBB function after thrombolysis. According to our clinical results,
a significant positive correlation between serum LCN2 and ferritin levels
was identified in patients with HT. Ferritin is well-known as an impor-
tant reservoir for excess iron [56]. After an acute ischemic stimulus, free
iron and ferritin enter the brain parenchyma through the damaged BBB
to promote iron overload and ROS overproduction [38], which are
characteristic processes that lead to ferroptosis. Based on this, we
speculated that increased LCN2 levels may be positively correlated with
ferroptosis in IVT-induced HT. Notably, LCN2 is implicated in the
mediation of cellular iron transport and ferroptosis. In brain microvas-
cular endothelial cells, Mondal et al. demonstrated that administration
of LCN2 significantly elevated the levels of iron and ROS, whereas LCN2
knockdown prevented the iron-mediated decrease in cell viability and
inhibited the expression of ferroptosis markers [57]. In addition, in
intracerebral hemorrhage (ICH) mice, the upregulation of LCN2 pro-
moted ferroptosis by binding to SLC3A2 to regulate GSH synthesis and
GPX4 expression [58]. Therefore, we hypothesized that the increased
LCN2 may contribute to ferroptosis, and thereby promote BBB disrup-
tion and HT after thrombolysis [43,59]. Since cerebrovascular endo-
thelial cells are critical components of the BBB, we investigated the
effect of LCN2 on endothelial cell ferroptosis. The animal experiments
revealed that rLCN2 administration markedly aggravated ferroptosis
damage and increased the percentage of PTGS2-positive endothelial
cells in the ischemic cortex of thromboembolic stroke rats 24 h after
thrombolysis, whereas ZINC00640089 exerted opposite effects. Mean-
while, ferroptosis inhibition by fer-1 abolished the effects of rLCN2 on
BBB function. In vitro studies on Bend.3 cells further demonstrated these
findings. Accordingly, we suggested that the increase of LCN2 levels
could mediate BBB disruption after thrombolysis by promoting the fer-
roptosis of endothelial cells.
HMGB1, a damage-associated molecular pattern protein [45,60], has

been identified as a classic regulatory protein of ferroptosis released by
ferroptosis cells in an autophagy-dependent manner. In recent years,
several studies have reported a great influence of LCN2 on HMGB1 by
binding to its cell surface receptor, 24p3r [61–63]. For example, in the
heart tissue, one study showed that HMGB1was highly upregulated with
an increase in LCN2 [61]. In mice with non-alcoholic steatohepatitis,
high circulatory LCN2 levels induced the release of HMGB1 in the brain
by binding to 24p3r, which aggravated oxidative damage and neuro-
inflammation [57]. In primary brain endothelial cells, increased LCN2
levels caused loss of BBB integrity, accompanied by the induction of
HMGB1 [57]. Therefore, to elucidate the potential mechanism under-
lying LCN2-mediated ferroptosis of endothelial cells after thrombolysis,
we examined the expressions of HMGB1 both in vivo and in vitro
studies. Notably, our results showed significant upregulation of HMGB1
levels in the brains of thromboembolic stroke rats 24 h after thrombol-
ysis, along with an increased percentage of HMGB1-positive endothelial
cells. rLCN2 further promoted these changes, whereas ZINC00640089
prevented these events. Additionally, in Bend.3 cells, transfection with
HMGB1 siRNA alleviated ferroptosis damage induced by rLCN2 in
Bend.3 cells upon OGD/R+ rt-PA stimulus, thus suggesting that HMGB1
is critically involved in LCN2-mediated ferroptosis of endothelial cells
after thrombolysis.
The Nrf2/HO-1 axis is an important classical pathway involved in the

regulation of oxidative stress and ferroptosis [47,48]. After AIS, Nrf2
dissociates from Keap1 and enters the nucleus for activation, which
upregulates HO-1 and represses oxidative stress and ferroptosis [64,65].
Several recent studies have reported that HMGB1 promotes ferroptosis

by regulating the Nrf2/HO-1 pathway. In ICHmice, studies have showed
that inhibition of HMGB1 promoted nuclear accumulation of Nrf2 in the
area around the hematoma, accompanied by the remission of oxidative
stress, brain iron accumulation, and cell death [66]. In high
glucose-induced mesangial cells, HMGB1 knockdown suppressed the
production of ROS and the expression of ferroptosis-related proteins by
upregulating Nrf2-mediated antioxidant genes [50]. Based on these, we
clarified the involvement of Nrf2/HO-1 pathway in
LCN2/HMGB1-mediated endothelial cell ferroptosis after thrombolysis.
In both in vivo and in vitro studies, we discovered that the nuclear-Nrf2
and HO-1 protein levels decreased following rLCN2 administration, but
increased following LCN2 and HMGB1 inhibition. In Bend.3 cells,
additional transfection of HMGB1 siRNA abolished the downregulation
of nuclear-Nrf2 caused by rLCN2. And transfection of Nrf2 siRNA
inhibited the expression of HO-1 and reversed the ferroptosis inhibition
caused by LCN2 siRNA and HMGB1 siRNA. Therefore, it is feasible to
demonstrate that Nrf2/HO-1 pathway inhibition plays a critical role in
LCN2/HMGB1-mediated endothelial cell ferroptosis after thrombolysis.
Although we demonstrated the critical role of LCN2 in BBB disrup-

tion and HT after thrombolysis as well as its potential mechanism in this
study, some limitations still exist. First, several lines of evidence indicate
that LCN2 can be secreted by different cells in the brain or recruited
from circulation after AIS. The released LCN2 then acts on a variety of
cell types and participates in the regulation of a series of pathophysio-
logical processes such as neuroinflammation, oxidative stress, ferrop-
tosis, and neuronal cell death [52]. Therefore, the identification of other
intracellular mechanisms which may play a relevant role in
LCN2-mediated BBB disruption after thrombolysis deserves further
investigation. In addition, according to our study, baseline serum LCN2
levels are independently associated with HT in patients with AIS after
IVT, and the increase in LCN2 disrupts BBB integrity, mainly in the acute
phase of AIS. Therefore, we speculate that early intervention with LCN2
expression, even prior to AIS, may be protective against HT. The effects
of delayed or preventive LCN2 inhibition should be tested and compared
in future studies.

5. Conclusion

In this study, we found that higher serum ferritin and LCN2 levels
were independently associated with an increased risk of HT after IVT in
patients with AIS. Further, preclinical studies suggested that increased
LCN2 aggravated BBB disruption and HT after thrombolysis by pro-
moting ferroptosis of endothelial cells through the HMGB1/Nrf2/HO-1
pathway, whereas the inhibition of these events exerted opposite ef-
fects. To the best of our knowledge, this is the first study to report the
critical role of LCN2 in BBB disruption and HT following IVT, and tar-
geting LCN2 may provide new mechanistic insights in the search for
interventions to prevent HT.
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[62] A. Asimakopoulou, A. Fülöp, E. Borkham-Kamphorst, E.V. de Leur, N. Gassler,
T. Berger, B. Beine, H.E. Meyer, T.W. Mak, C. Hopf, C. Henkel, R. Weiskirchen,
Altered mitochondrial and peroxisomal integrity in lipocalin-2-deficient mice with
hepatic steatosis, Biochim. Biophys. Acta, Mol. Basis Dis. 1863 (2017) 2093–2110.

[63] N. Müller, M. Scheld, C. Voelz, N. Gasterich, W. Zhao, V. Behrens, R. Weiskirchen,
M. Baazm, T. Clarner, C. Beyer, N. Sanadgol, A. Zendedel, Lipocalin-2 deficiency
diminishes canonical NLRP3 inflammasome formation and IL-1β production in the
subacute phase of spinal cord injury, Int. J. Mol. Sci. 24 (2023).

[64] M. Mazhar, G. Yang, H. Xu, Y. Liu, P. Liang, L. Yang, R. Spáčil, H. Shen, D. Zhang,
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