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Abstract

Lipocalin-2 (LCN2), an acute phase protein mainly expressed in astrocytes (Ast), is closely related to the production of
inflammatory cytokines following ischemic stroke. During the pathophysiological process of ischemic stroke, the Janus
kinase 2/signal transducer and activator of transcription 3 (JAK2/STAT3) signaling pathway is activated. Despite evi-
dence suggesting some link between the two, the relationship between the JAK2/STAT3 signaling pathway and the LCN2
expression in Ast following brain ischemia is incompletely understood. Hydroxysafflower yellow A (HSYA), an active
ingredient found in Carthamus tinctorius L flowers, has been demonstrated to effectively mitigate cerebral ischemia via
its anti-inflammatory effect. However, whether HSYA mitigates the neuroinflammatory damage after ischemic stroke by
disrupting the interaction between the JAK2/STAT3 signaling pathway and LCN2 in Ast is unknown. Focusing on these
two scientific questions, we established an in vivo middle cerebral artery occlusion/reperfusion (MCAO/R) rat model and
in vitro primary astrocyte oxygen glucose deprivation/reperfusion (OGD/R) model. In vivo results showed that HSYA
treatment alleviated nerve damage and inhibited the expression of LCN2 and inflammatory factors in Ast. In vitro results
showed after OGD/R the expression of LCN2 and inflammatory cytokines increased and the JAK2/STAT3 was activated
in Ast. Meanwhile, after OGD/R the JAK2/STAT3 activation in Ast increased LCN2 expression, and the inhibition of
LCN2 expression by HSYA decreased the JAK2/STAT3 activation in Ast. These findings suggest that there is an inter-
action between the LCN2 and JAK2/STAT3 in Ast after ischemic stroke, which can enhance the inflammatory factors
and exacerbate neuroinflammatory injury. Therefore, we conclude that HSYA may inhibit the LCN2/STAT3 loop in Ast,
thereby mitigating neuroinflammation after cerebral ischemia.
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Introduction

Acute ischemic stroke is a devastating neurological disor-
der with high morbidity and severe mortality (Ajoolabady
et al. 2021). Accounting for more than 80% of all strokes,
acute ischemic strokes are largely caused by the occlusion
of arterial vessels (Paul and Candelario, 2021). Neuroin-
flammation plays a crucial role in the pathophysiological
progression and clinical outcome of ischemic stroke (Lucas
et al., 2006; Xu et al. 2020). In particular, astrocytes (Ast)-
mediated inflammation following ischemic and hypoxic
events has drawn much research interest (Suk 2016; Luo et
al. 2022). In this process, Lipocalin-2 (LCN2), a member
of the secreted lipocalin family and an acute phase protein
closely related to inflammatory cytokines, seems to play an
important role (Ranjbar et al. 2019). For example, LCN2 is
found to be involved in cerebral ischemia, activating Ast to
induce the infiltration of neutrophils and macrophages into
the brain and regulating inflammatory mediators and che-
mokines, such as nitric oxide synthase (iNOS), interleukin
(IL)—6, IL-8, and tumor necrosis factor (TNF)-o (Kido et
al. 2020; Zhong et al. 2021; Liu et al. 2022a). However,
the role of LCN2 in Ast-mediated inflammation following
ischemia and hypoxia is still unclear.

The Janus kinase 2/signal transducer and activator of
transcription 3 (JAK2/STAT3) pathway is a cytoplasmic
signaling pathway closely associated with cancer, inflam-
mation, and abnormal immunoreaction. Previous studies
have shown that the JAK2/STAT3 pathway remains dor-
mant under physiological conditions and is activated dur-
ing the pathological process of cerebral ischemia. It also
responds to various pathogenic factors, such as inflamma-
tion, oxidative stress, and cell apoptosis, and JAK2/STAT3
molecules are highly expressed in neurons and glial cells in
proximity to the infarction (Wang et al. 2021; Zhao et al.
2023). Hypoxia caused by cerebral ischemia may activate
the JAK2/STAT3 pathway, leading to an expansion of the
cerebral infarction and neurological impairment (Zhang et
al. 2023). Inhibition of JAK2/STAT3 phosphorylation was
found to reduce microglial and Ast activation, decrease
inflammatory cytokine secretion, and promote neural
repair following brain injury (Zhong et al. 2022). Similarly,
treatment with ginkgo biloba extract (GB) reduced LCN2
expression by reducing STAT3 and JAK2 phosphorylation,
thereby inhibiting Ast activation following cerebral isch-
emia (Adly et al. 2021). On the contrary, development of
an inflammatory microenvironment induces the secretion of
LCN2 from activated microglia and Ast, thereby activating
the JAK2-STAT3 and subsequently stimulating the release
of inflammatory cytokines (Adly et al. 2021; Ha et al.
2022). Despite this knowledge, the relationship between the
JAK2/STAT3 pathway and the expression of LCN2 in Ast
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following brain ischemia remains incomplete. Importantly,
it is unclear whether there is feedback interaction between
LCN2 and the JAK2/STAT3 following the development
of ischemia and hypoxia, a question that the current report
attempted to answer.

Hydroxysafflower yellow A (HSYA) is an active ingredi-
ent found in Carthamus tinctorius L flowers, a traditional
Chinese medicine used in the management of ischemic
stroke. Preclinical research found that HSYA has multifac-
eted pharmacological effects, including anti-inflammatory,
antioxidant, anti-apoptotic, blood-brain barrier protective,
angiogenesis-promoting, reparative, and synaptogenesis-
facilitating effects (Zhang et al. 2022; Sun et al. 2018). In
our previous study, it was found that HSYA exerts neu-
roprotection by suppressing neuroinflammatory damage
through inhibition of the JAK2/STAT3 in microglia follow-
ing ischemic stroke (Wei et al. 2022) and actively engag-
ing in neuronal autophagy following OGD/R (Wei et al.
2022). Further investigation is needed to determine whether
HSYA can mitigate neuroinflammatory damage after isch-
emic stroke by disrupting the interaction between the JAK2/
STAT3 and LCN2 in astrocytes.

Materials and methods
Bibliometric analysis

Bibliometric analyses were conducted utilizing the WoS
CC bibliographic database, developed by Thomson Sci-
entific for SCI extension, to ensure a comprehensive and
systematic retrieval of relevant literature. The search strat-
egy encompassed the timeframe from 2011 to 2024, with a
spotlight on the pivotal terms ‘STAT3’, ‘liposomal protein-2
(LCN2)’, and ‘astrocyte’. It employed a targeted approach
using the following search parameters: (Topic=(‘Signal
Transducer and Activator of Transcription 3’ OR ‘STAT3”))
AND Topic=(Astrocyte) AND (Topic=(‘Lipocalin-2’ OR
‘LCN2’)) AND Topic=(Astrocyte). This method is designed
to pinpoint the confluence of these fields of research through
comprehensive searches. The search was refined to include
only English-language articles and review papers, ensur-
ing linguistic consistency and interpretability of the results.
Duplicate, non-peer-reviewed, and irrelevant publications
were manually excluded to maintain the integrity and rel-
evance of the dataset. The processed data were analyzed
using CiteSpace and VOSviewer, two software tools known
for their capabilities in visualizing and analyzing scientific
knowledge networks and co-citation patterns. These tools
facilitated the identification of research trends, collaboration
networks, and structural evolution of the field over time.
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High-performance liquid chromatography (HPLC)
analysis of HSYA

HPLC analyses were performed using an Apollo C18 col-
umn (250 mmx4.6 mm, 5 pm; Grace Davison) on a LC-
10AT HPLC chromatographic system with a SPD-6AV
ultraviolet (UV) detector (Shimadzu; Kyoto, Japan). The
mobile phase consisted of acetonitrile (A) and 0.1% trifluo-
roacetic acid (B) at a flow rate of 1.0 mL/min. The gradi-
ent elution program was as follows: an initial eluent of 1%
solvent A, 99% solvent B; from 0 to 50 min, solvent A was
linearly increased from 1 to 35%, and solvent B was linearly
decreased from 99 to 65%; and from 50 to 60 min, solvent
A was linearly increased from 35 to 45%, and solvent B was
linearly decreased from 65 to 55%. The optical absorbance
was monitored at 405 nm and the column temperature was
30 °C. The purity of HSYA was quantitatively determined
by the area normalization method (Fig. 1).

Animals, MCAO/R model, and HSYA treatment

Forty-eight adult male Sprague-Dawley rats (body weight:
200-230 g) were purchased from Beijing Vital River Exper-
imental Animal Technology Co., LTD. Animal experiments
were conducted in accordance with the experimental ani-
mal ethical principles formulated by the Biomedical Ethics
Review Committee of Shanxi University of Chinese Medi-
cine (Approval No: 2020DWO081).

After anesthesia with pentobarbital sodium (50 mg/kg),
the common carotid artery, internal carotid artery, and one
external carotid artery were surgically exposed. The internal
carotid artery was clamped, and ophthalmic scissors were
used to make a small cut in the common carotid artery. The
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Fig. 1 HPLC analysis of HSYA. The absorbance was measured at 405
nm. The peak at 28 min is HSYA. The purity of HSYA was 95.9%

fishing line was inserted and pushed into the internal carotid
artery. The internal carotid artery was then unclamped, and
the fishing line was pushed into the middle cerebral artery
without further movement. After 2 h, the rats were anesthe-
tized again, the original incision was re-exposed, and the
fishing line was pulled out to establish reperfusion before
closing the wound with sutures. After the operation, the
rats were returned to the cage and given adequate food and
water. Rats were sacrificed within 24 h of removal of the
fishing line.

Rats in the sham group received similar surgical proce-
dure with the exception that only blood vessel separation
was performed without vessel ligation. In the treatment
group (MCAO/R+HSYA), the procedure was performed as
in the MCAO/R group, with an intraperitoneal injection of
HSYA (12 mg/kg) given upon removal of the fishing line.

Primary Ast, OGD/R model, and HSYA treatment

The cerebral cortex of C57BL/6 neonatal mice was har-
vested under aseptic conditions within 24 h of birth. The
meninges and blood vessels were removed from the brain
tissue in high glucose Dulbecco’s Modified Eagle Medium
(DMEM). Cell suspensions were formed by pipetting and
blowing with a straw. Centrifugation was carried out at 4 °C
and 300 X g/min for 10 min, and the supernatant was dis-
carded. This process was repeated two more times. Centrif-
ugation was performed using a 100 um cell strainer, and the
supernatant was discarded. The cell pellet was resuspended
in high glucose DMEM containing 10% fetal bovine serum
and 1% penicillin-streptomycin mixture and then inoculated
in cell culture flasks coated with poly-lysine. The flasks were
placed in a 5% CO, incubator at 37 °C for cultivation. After
48 h, non-adherent cells were removed and the medium was
changed every 3 days until the adherent cells were conflu-
ent. The flasks were then placed in a constant temperature
shaker at 37 °C and 160 r/min for 16 h to remove microglia
and oligodendrocytes. The purity of Ast was identified by
staining with anti-glial fibrillary acidic protein (GFAP) anti-
body, a marker of Ast (purity>95%).

The OGD/R model was used to simulate in vitro isch-
emia/reperfusion (I/R)-like conditions. After discarding the
complete medium and washing the cells with phosphate
buffered saline (PBS), DMEM without glucose was added
and the cells were placed in an anaerobic incubator (0.1%
0,, 5% CO,, and 94% N,) at 37 °C for 8 h. After the OGD
period, glucose was supplemented to normal levels. The
cells were then placed in an incubator with normal growth
conditions (5% CO, and 95% O,) at 37 °C and incubated
for 24 h. During OGD induction, the OGD/R+HSYA group
was treated with 25 pmol/L HSYA for 8 h. The HSYA dose
is according to our preliminary series research results. In
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the Normal group, the same volume of high-sugar complete
culture medium was added instead of HSYA.

Assessment of neurological dysfunction

Neurological dysfunction was assessed in rats 24 h after
MCAO/R according to Referencing Longa and Bederson’s
5-point scale method: 0 points indicated no symptoms of
neurological damage; 1 point indicated an inability to fully
extend contralateral forepaw; 2 points indicated circling
towards the contralateral side; 3 points indicated tilting
towards the contralateral side; and 4 points indicated an
inability to walk spontaneously, loss of consciousness. In
order to evaluate coordination function of rats, the corner
turning test was performed. Firstly, rat was left in the test
device consisting of two vertical boards at a 30°angle. When
entering the corner, the rats will turn left or right. Under nor-
mal conditions, rat turned left or right with equal frequency,
but the rat suffered from MCAO/R preferentially turned
toward the unimpaired. This test was repeated 10—15 times,
with an interval of more than 30 s. The number of turns in
each direction of the rats was observed and recorded.

2, 3, 5-Triphenyltetrazolium chloride (TTC) staining

After 24 h of reperfusion, rats were anesthetized and decapi-
tated quickly. Brains were then rapidly removed and placed
in a —20 °C freezer. The brains were cut along the coronal
axis into seven consecutive sections, each 2 mm thick, and
immersed in a 1% TTC solution at 37 °C for 15 min. Normal
brain tissue stained red, while the infarcted areas stained
white. Images of the tissues were captured using a camera,
and the area of infarction was measured using Image J 8.0
software.

Hematoxylin-Eosin (HE) staining

After anesthesia, the hearts were slowly perfused with nor-
mal saline and 4% paraformaldehyde solution. After decapi-
tation, the brain tissue was stripped, fixed, dehydrated, and
embedded in paraffin. The paraffin-embedded brain tissues
were cut into 10 um thick sections and dewaxed by suc-
cessive washes in xylene, anhydrous ethanol, and gradient
alcohol. The sections were stained with HE stain according
to the standard procedure. Briefly, the slices were washed
in 95% alcohol, anhydrous ethanol, and transparent with
xylene dehydration, slightly dried, and then sealed with
neutral gum. The slices were observed under a microscope
and images were analyzed using Image].
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Western blot (WB) analysis

Brain tissues were homogenized using radioimmunoprecip-
itation analysis (RIPA) Lysis Buffer. Following the addition
of phenylmethylsulfonyl fluoride (PMSF) and phosphatase
inhibitors, the lysate was cooled on ice for 30 min in prepa-
ration of Western blotting. The One-Step Polyacrylamide
Gel Electrophoresis (PAGE) Gel Fast Preparation Kit was
used to prepare a 6-15% gradient gel for electrophoresis,
and the protein was subsequently transferred to a polyvi-
nylidene difluoride (PVDF) membrane. The membrane was
first incubated in skim milk at room temperature (RT) for 1
h and then incubated in specific primary antibody in a 4 °C
shaker overnight. The membrane was finally incubated in a
secondary antibody at RT for 1.5 h.

Immunoblots were developed with an enhanced chemilu-
minescence system and measured using Quantity Software.

Immunofluorescence (IF) staining

To perform IF staining on brain slices, the brain tissues were
embedded in paraffin for sectioning. The sections were then
dewaxed using xylene and alcohol, followed by antigenic
repair using sodium citrate solution, before IF staining. To
perform IF staining on cells, the culture medium was dis-
carded, and the cells were rinsed with PBS. They were then
fixed in 4% paraformaldehyde for 30 min and subjected to
IF staining. Both the brain sections and cell slides were per-
meabilized and blocked with PBS containing 0.1% Triton
X-100 and 3% bovine serum albumin (BSA) at RT for 1.5
h. They were then incubated overnight with specific primary
antibodies at 4 °C. Finally, the samples were incubated with
fluorescein-conjugated secondary antibodies at RT for 1.5 h
and observed using a fluorescence microscope or confocal
microscope.

Enzyme-linked immunosorbent assay (ELISA)

The concentrations of cytokines in the brain tissue extracts
and cell culture supernatants were measured using sand-
wich ELISA kits following the manufacturer’s instruc-
tions. Determinations were performed in duplicates, and the
results were expressed as pg/ml.

Terminal deoxynucleotidyl transferase dUTP Nick
end labeling (TUNEL) staining

In accordance with the manufacturer’s instructions, apop-
tosis was assessed using a TUNEL kit. After removing the
culture medium and washing with PBS, the cells were fixed
in 4% paraformaldehyde for 30 min. Subsequently, they
were permeabilized with PBS with 0.3% Triton X-100 for
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15 min before being exposed to the TUNEL assay solution
at 37 °C for 1 h. The nuclei of TUNEL-positive cells were
examined with a fluorescence microscope and quantified
with Image-Pro Plus 5.0.

Gene knockdown by ShRNA

Primary Ast were inoculated into 12-well plates at a density
of 4x 10° cells/well, and carrier plasmids carrying shRNA-
STAT3 & OE-LCN2 (HANBIO, China) were transfected
into Ast using LipofiterTM transfection reagent (HANBIO,
China). After 24 h, the transfection medium was replaced
with DMEM, and the cells were incubated for an additional
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2448 h. To verify the effectiveness of ShRNA, the expres-
sion level of STAT3 protein was detected by fluorescence
staining and Western Blot.

Statistical analyses

Statistical analyses were performed using GraphPad Prism
8.0 software (USA). All values are expressed as mean = stan-
dard deviation. One-way ANOVA and post hoc least sig-
nificant difference multiple comparison tests were used to
compare more than two groups. p<0.05 was considered
statistically significant.
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Results

Analysis of results from papers published between
2011 and 2024

A temporal analysis of papers published between 2011
and 2024 showed a fluctuating upward trend in the num-
ber of papers, which may reflect an increasing interest in
the Ast-STAT3 and Ast-LCN2 relationships (Fig. 2A & B).
Keywords such as “inflammation,” “astrocytes,” “STAT3,”
“LCN2,” and “neuroprotection” emerged as central nodes
in the co-occurrence network, reflecting the core themes
of research in this field (Fig. 2C & D). The timeline analy-
sis revealed that certain keywords emerged as prominent
nodes at various intervals along the X-axis, with each node
encapsulating a year’s research output. The size of the node
is indicative of the intensity of research interest, and it is
notable that the research on STAT3 and LCN2 stands out as
a particularly hot topic within the field (Fig. 2E & F). These
visualizations and analyses provided guidance with which
subsequent in vitro and in vivo experiments were designed.

Treatment with HSYA alleviated neuronal damage
following ischemic stroke

The neurological scores of rats in each group was evaluated
(Fig. 3A). The results showed that HSYA intervention inhib-
ited the increase in MCAO/R-induced neurological scores
compared with the Sham group. The Corner Turning Test
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Fig. 3 (A) Neurological deficits in rats were evaluated based on the
neurological grading scale. (B) The Corner Turning Test was con-
ducted 24 h post-reperfusion. (C) Cerebral infarction volume in rats
was determined through TTC staining, with statistical analysis con-
ducted using ImagelJ. (D) HE staining was carried out in the hippocam-
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confirmed this conclusion (Fig. 3B). TTC staining revealed
a decline in cerebral infarction volume in MCAO/R model
rats treated with HSYA (Fig. 3C). HE staining of the rats
hippocampus showed irregular neuronal arrangement, cyto-
plasmic atrophy, and nuclear depth staining atrophy fol-
lowing MCAO/R, indicating that the neuronal damage was
aggravated (Fig. 3D). After HSYA treatment, the neuronal
damage was alleviated. Similarly, TUNEL staining showed
that neuronal apoptosis was significantly increased in the
MCAOJ/R group compared to those in the Sham group, and
treatment with HSYA reduced the degree of neuronal apop-
tosis induced by MCAO/R (Fig. 3E).

HSYA inhibited the expression of LCN2 and
inflammatory factors in Ast after MCAO/R

Western Blot analysis showed that the expression of LCN2
protein was increased in the MCAO/R group, while the
expression of LCN2 protein in the MCAO/R +HSYA group
was decreased by comparison (Fig. 4A). Double staining
with LCN2 and GFAP in brain slices showed that LCN2
was mainly expressed in GFAP-positive Ast (Fig. 4B). Com-
pared with the Sham group, the expression of LCN2 in the
Ast was significantly increased following MCAO/R. HSYA
treatment partially mitigated this effect, with the expression
of LCN2 in the Ast treated with HSYA lower than that in
non-treated Ast. These results indicate that LCN2 expres-
sion in Ast is induced by MCAO/R and inhibited by HSYA
treatment.

Infarct volume ratio/%

TUNEL -positive
neurons(%)
3

pal regions of rats. (E) Representative microphotographs and quantita-
tive analysis of TUNEL-positive neurons in the ischemic penumbra 24
h after MCAO/R. Results are expressed as the means+SD. ** p<0.01,
*** p<0.001
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Fig. 4 (A) Expression levels of LCN2 protein. (B) Representative IF
staining of GFAP (green) and LCN2 (red) in Ast after MCAO/R (2
h/24 h) in rats. (C) Expression level of C3 protein. (D) Expression

To investigate the effect of HSYA treatment on MCAO/
R-induced inflammatory response in brain, Western blot-
ting was used to detect the levels of inflammatory cytokines
(Fig. 4C). The results showed that the protein expression of
C3 increased following MCAO/R and treatment with HSYA
inhibited this increase, suggesting that MCAO/R induces
pro-inflammatory changes in Ast that can be mitigated by

levels of IL-1B, IL-6, and TNF-a determined by ELISA. Results are
expressed as the means£SD. *p<0.05, ** p<0.01, *** p<0.001

HSYA. ELISA detection of inflammatory cytokine levels in
rat brain homogenate revealed that, compared with Sham
group, the serum levels of IL-1B, IL-6, and TNF-a in the
MCAOJ/R group were increased. Notably, the serum levels
of these inflammatory factors decreased following HSYA
intervention, indicating that HSYA also inhibited the circu-
lating inflammatory response after MCAO/R (Fig. 4D).
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Fig.5 (A) Representative IF images of LCN2 (green) and Western blot
analysis of LCN2 protein expression levels after OGD/R (8 h/24 h) in
vitro. (B) Western blot analysis of C3. (C) Expression levels of TNF-

LCN2 and inflammatory cytokine expression levels
were elevated in Ast following OGD/R

To further verify the effect of OGD/R on Ast, cell-based
assays were used. The results show that the expression of
LCN2 protein in Ast increased after OGD/R, while HYSA
treatment inhibited its expression (Fig. 5. A). Moreover,
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a, IL-1B, and IL-6 determined by ELISA. Results are expressed as the
means+SD. *¥p<0.05, ** p<0.01, *** p<0.001

Western blotting and IF analyses showed that while the
expression of C3 protein was increased in the OGD/R group,
the expression level was decreased in the OGD/R+HSYA
group by comparison (Fig. 5B). ELISA confirmed that
the levels of the inflammatory cytokines IL-1p, IL-6, and
TNF-a were also increased following OGD/R (Fig. 5C), and
that HSYA treatment effectively inhibited their expressions.
These results suggest that OGD/R induces the expression of
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LCN2 in Ast, stimulates the increase of the inflammatory
molecules such as C3, TNF-q, IL-6, and IL-1p, and triggers
the inflammatory response of Ast after OGD/R, all of which
can be mitigated by treatment with HSYA.

JAK2/STAT3 was activated by phosphorylation in Ast
following OGD/R

JAK2/STATS3 is involved in the signal transduction of vari-
ous inflammatory responses. To examine whether JAK2/
STAT3 is activated in Ast following OGD/R, the expres-
sion levels of both total and phosphorylated (p-) JAK2 and
STAT3 were measured. As expected, both IF and Western
blot analyses showed that the expression of p-JAK2 and
p-STAT3 were upregulated, indicating that OGD/R induced
the activation of the JAK2/STAT?3 in Ast (Fig. 6).

Knockdown of the JAK2 / STAT3 pathway inhibited
LCN2 expression

As previously mentioned, LCN2 can induce the activation
of JAK2/STAT3. In a recent study, it was observed that
alcohol upregulated extrahepatic IL-6, resulting in STAT3

activation in hepatocytes and downstream LCN2 up-regu-
lation (Qiu et al. 2023). To determine whether activation of
JAK2/STAT3 affects LCN2 expression following OGD/R
and whether there exists a feedback loop between JAK?2/
STAT3 and LCN2, STAT3 expression was disrupted in Ast
using an adenovirus-based short hairpin RNA (shRNA) sys-
tem (Fig. 7A). Interestingly, the expression of LCN2 pro-
tein in STAT3 knockdown (shSTAT3) Ast was significantly
decreased following OGD/R (Fig. 7B). These findings indi-
cate that not only does LCN2 induce JAK2/STAT3 activa-
tion, but also that STAT3 can in turn regulate the expression
of LCN2, demonstrating the existence of a positive feed-
back loop between LCN2 and JAK2/STAT3.

HSYA-mediated suppression of LCN2 expression
in Ast inhibited the activation of the JAK2/STAT3
following OGD/R

The positive feedback loop between LCN2 and the JAK?2/
STAT3 was activated following ischemic stroke, resulting in
the further development of neuroinflammation. By contrast,
treatment with HSYA effectively inhibited both the expres-
sion of LCN2 protein and the activation of JAK2/STAT3
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Fig. 7 (A) Adenovirus-mediated transfection of shSTAT3 in Ast
knocked down STAT3 expression. (B) Representative IF images of
LCN2 (red) after OGD/R in vitro. Western blot analysis of STAT3

following ischemic stroke. These two findings raise an inter-
esting question: Can HSYA treatment block the activation
of JAK2/STAT3 following OGD/R by inhibiting the expres-
sion of LCN2 in Ast? To answer this question, an adenovi-
ral system was used to overexpress LCN2 in Ast. Western
blotting analysis showed that HSYA treatment reduced the
inflammatory response in Ast following OGD/R via inhibi-
tion of the LCN2/STAT3 loop (Fig. 8).

Discussion

Ischemic stroke has a high rate of disability and mortality
and can cause sequelae and complications that seriously
affect patient’s quality of life which can lead to social and
economic burden. While thrombolysis is an effective strat-
egy if operated within a critical time window following
stroke, the resulting reperfusion injury caused by thrombol-
ysis can trigger inflammatory and oxidative stress reactions,
leading to further neurological damage (Orellana-Urzua et
al. 2020; Chen et al. 2020). The neuroinflammation caused
by reperfusion develops over hours or even months, often
transforming from acute inflammatory response into sus-
tained chronic inflammation. The long-term presence of
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neuroinflammation represents a crucial underlying risk fac-
tor that needs adequate treatment attention (Shi et al. 2019).

LCN2 plays a key role in I/R injury and is closely related
to the expression of iNOS. iNOS expressed in Ast can gen-
erate nitric oxide (NO), which directly reacts with reactive
oxygen species (ROS) to form cytotoxic peroxynitrite anions
(ONNO-) that damage mitochondrial enzymes and genetic
material (Wieronska et al. 2021). Evidence suggests that
neither LCN2 mRNA nor LCN2 protein are present in the
brain under non-ischemic conditions. Instead, their expres-
sion is upregulated following ischemic-hypoxic events and
is involved in the neuroinflammatory response. Compared
to MCAO/R model mice, LCN2-silenced mice showed a
significant decrease in the expression of neuroinflammatory
cytokines following MCAO/R (Zhao et al. 2019). Similarly,
knockout or knockdown of LCN2 can inhibit or reverse the
neuroinflammatory response in mice following traumatic
brain injury, hemorrhagic stroke, and experimental autoim-
mune encephalomyelitis (Jung et al. 2023; Liu et al. 2022b;
Gasterich et al. 2022). These findings suggest that LCN2 is
a key mediator of neuroinflammation in response to various
diseases of the central nervous system (CNS).

Previous studies have indicated that LCN2 is primarily pro-
duced by Ast following ischemic stroke (Jin et al. 2014). Our
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Fig. 8 (A) The expression levels of p-JAK2, JAK2, p-STAT3, STAT3,
and LCN2 protein determined by Western blot. (B) Western blot analy-
sis of p-JAK2, p-STAT3and LCN2. (C) Levels of TNF-a, IL-1p, and

findings strongly suggest that LCN2 expression is upregu-
lated in both the in vivo MCAO/R rat model and the in vitro
Ast OGD/R model, which in turn leads to the development
of an inflammatory phenotype in Ast, involving the secretion
of several inflammatory cytokines and exacerbating inflam-
matory damage in the CNS (Deng et al. 2019). However, the
upstream molecules involved in triggering the upregulation of
LCN?2 in Ast have not been thoroughly explored, especially
under MCAO/R and OGD/R conditions. Previous studies have
shown that JAK2/STAT3 is activated in Ast after ischemic
stroke alongside an increase in the expression of pro-inflam-
matory LCN2 (Wang et al. 2020). However, the connection
between STAT3 and LCN2 has not been well described.

IL-6 release determined by ELISA. All results are from 3 samples and
expressed as the mean+SD. *p<0.05, **p<0.01, ***p<0.001

Interestingly, some studies on CNS disease provide evi-
dence for possible crosstalk between the LCN2 and JAK?2/
STAT3 (Han et al. 2024). Following spinal cord injury, Ast
and microglia were found to be activated and played a role
in the subsequent pathological process (Bretheau et al. 2022).
JAK2/STAT3 phosphorylation is inhibited by LCN2 knock-
out, and the expression of LCN2 can be downregulated by
inhibition of JAK2/STAT3. The inhibition of either LCN2
or JAK2/STAT3 in this process inhibited Ast and microg-
lia activation and reduced neurotoxicity (Wang et al. 2021;
Zhang et al. 2019). Based on this information, it is tempting
to speculate that there may be crosstalk between LCN2 and
JAK2/STAT3 in Ast. As such, it is reasonable to speculate
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that the interaction between LCN2 and JAK2/STAT3 could
synergistically activate pro-inflammatory responses, thereby
exacerbating Ast-derived neuroinflammatory injury.

Through both in vivo MCAO/R rat and in vitro primary
astrocyte OGD/R models, we demonstrated a positive corre-
lation between LCN2 and JAK2/STAT?3. Crosstalk between
the LCN2 and JAK2/STAT3 was found to influence astro-
cytic functional activation and plays a role in subsequent
inflammatory responses, while treatment with HSYA inhib-
ited LCN2 expression and JAK2/STAT3 activation fol-
lowing MCAO/R and OGD/R. We also used an adenoviral
system to overexpress LCN2 or silence STAT3 in Ast in
order to better understand the interaction between LCN2
and STAT3. These experiments demonstrated that upregula-
tion of LCN2 activated the phosphorylation of STAT3 while
silencing of STAT3 inhibited the secretion of inflamma-
tory cytokines by Ast. These findings suggest a synergistic
relationship between LCN2 and STAT3 that affects the Ast
inflammatory response following ischemic stroke.

HSYA treatment has been shown to downregulate the
expression of LCN2 and inhibit the activation of JAK2/STAT3
by disrupting the LCN2-STAT3 crosstalk following ischemic
stroke. This ultimately mitigates Ast-mediated neuroinflam-
mation induced by I/R injury. Therefore, targeting Ast to
block the synergistic relationship between LCN2 and STAT3
may serve as a potential therapy for reducing neuroinflamma-
tion and protecting neurological function in ischemic stroke.
To this end, HSYA represents a promising potential drug to
treat neuroinflammatory injury following ischemic stroke. We
speculate HSYA may directly bind to LCN2 or JAK2/STATS3,
which is also we need to further study in the future.

Conclusions

Following ischemic stroke, there is an interaction between
the LCN2 and JAK2/STAT3 in Ast that results in an increase
in the expression of inflammatory factors and exacerbates
neuroinflammatory injury. However, HSYA can inhibit this
interaction, thereby mitigating neuroinflammation post-
ischemic stroke.
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