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3-Hydroxydehydroleucodin ameliorates neuroinflammation
and ischemic brain injury by blocking the TRIM21-PRDX1

Interaction

Kui Liu', Ling Wang', Zhuo Chen', Yu-xuan Qiu?, Jia-hong Gao', Ting-ting Xie', Yue Li?, He Huang® Yang Hu?"", Li-hong Hu?"™ and
Tao Pang’

Ischemic stroke triggers profound neuroinflammation and autophagic stress, driven predominantly by microglial overactivation.
However, effective therapies targeting this pathogenesis remain elusive. Here, we report the use of 3-hydroxydehydroleucodin (3-
Hyd), the primary active component from Kudiezi injection used in China for ischemic stroke patients, as a potent neuroprotective
agent that markedly reduces the cerebral infarct area and improves neurological deficits in a mouse model of transient middle
cerebral artery occlusion (tMCAO). Integrated bulk RNA sequencing and in vitro assays revealed that 3-Hyd significantly suppressed
the microglial proinflammatory phenotype and excessive autophagic flux. Mechanistically, through chemical biology approaches,
we discovered that 3-Hyd directly binds to the V51 and R128 residues of peroxiredoxin 1 (PRDX1), which physically disrupts the
pathological binding of PRDX1 to its E3 ubiquitin ligase TRIM21, thus preventing the polyubiquitination of PRDX1 at the K109
residue and its subsequent proteasome degradation. Consequently, stabilized PRDX1 impedes TRAF6 ubiquitination, effectively
blocking the downstream NF-kB signaling cascade. Strikingly, the anti-neuroinflammatory and cerebroprotective effects of 3-Hyd
were largely abolished in microglia-specific Prdx1 conditional knockdown (Cx3cr1<®/¥%™2) mice. Together, our findings elucidate a
novel TRIM21-PRDX1-TRAF6 signaling axis that governs microglial homeostasis and highlight the pharmacological stabilization of
PRDX1 by 3-Hyd to block the binding of TRIM21 with PRDX1 as a promising therapeutic strategy for ischemic stroke.
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INTRODUCTION

Stroke is among the leading causes of high morbidity and
mortality worldwide [1, 2], with ischemic stroke accounting for
70% to 80% of all acute cerebrovascular diseases. Early restoration
of blood perfusion to the ischemic area remains the standard
clinical treatment strategy. However, limited by a narrow
therapeutic window and low recanalization rates, the process of
blood reperfusion often triggers secondary brain injury, namely,
cerebral ischemia-reperfusion injury (CIRI), thus further worsening
the neurological prognosis of patients [3]. The pathological
mechanism of CIRl is highly complex and involves oxidative
stress, calcium overload, energy metabolism disorders, and severe
immune-inflammatory responses [4]. Among these, neuroinflam-
mation driven by microglia is involved in the initiation, develop-
ment, and prognosis of CIRI [5-7]. Within minutes after the onset
of cerebral ischemia, extensive disruption of the brain tissue
structure and damaged neurons release massive amounts of
damage-associated molecular patterns (DAMPs), rapidly triggering

focal activation of the brain’s innate immune system. Although
under physiological conditions, microglia possess highly efficient
phagocytic and debris clearance capabilities, their phenotypes
become abnormal in the pathological microenvironment induced
by transient middle cerebral artery occlusion (tMCAO). They
undergo severe dysregulation of macroautophagy (herein referred
to as autophagy) and sustained pro-inflammatory activation,
which in turn exacerbates local brain injury [8-10]. Therefore,
rationally and effectively modulating the inflammatory response
of microglia to restore their homeostasis is considered a key
therapeutic strategy to ameliorate CIRI and promote neurological
recovery.

Kudiezi injection (KDZ), a classic traditional Chinese medicine
preparation extracted from the Asteraceae plant Ixeris sonchifolia,
has been extensively investigated for its therapeutic potential in
ischemic stroke. Experimental studies using in vivo models
have demonstrated that KDZ administration significantly attenu-
ates ischemic injury, primarily by exerting broad-spectrum
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neuroprotective and anti-inflammatory effects [11, 12]. Previous
research has shown that KDZ can significantly reduce cerebral
infarct volume in mice subjected to middle cerebral artery
occlusion and reperfusion (MCAO/R), ameliorate neurobehavioral
deficits, and effectively inhibit the expression of pro-inflammatory
cytokines such as IL-6, IL-1B, and TNF-a [11, 12]. However, as a
complex system composed of multiple components, the specific
active material underlying these cerebroprotective effects of KDZ
remains to be further elucidated. The main components of KDZ
include luteoloside, apigenin, chlorogenic acid, caffeic acid, lupeol,
and ursolic acid [13, 14]. Among them, sesquiterpene lactones are
key functional components, and 3-hydroxydehydroleucodin (3-
Hyd) is among the most promising representatives [15]. Natural
products serve as a vital repository of lead compounds for the
research and development of innovative drugs [16, 17]. Given the
widespread clinical application of KDZ in ischemic brain diseases,
elucidating the molecular mechanisms of 3-Hyd—an active
component whose biological functions have not been previously
reported—will not only help to systematically elucidate the
molecular mechanisms of KDZ neuroprotection but also provide
highly valuable lead scaffolds for the development of novel
targeted drugs against ischemic stroke.

Peroxiredoxin 1 (PRDX1) is a thiol-specific peroxidase that is
highly expressed in the central nervous system and plays
multidimensional roles in the oxidative stress response, inflam-
matory network regulation, and tumorigenesis [18]. The regulatory
network of PRDX1 is highly dynamic and cell/disease specific and
involves multi-level mechanisms such as post-translational mod-
ifications, protein—protein interactions, and metabolic reprogram-
ming. For example, transient phosphorylation of PRDX1 at the
Tyr194 residue leads to its inactivation and promotes local
hydrogen peroxide accumulation [19], whereas its lactylation
can inhibit ferroptosis by activating the NRF2 pathway [20]. In
recent years, multiple studies have indicated that PRDX1 is
considerably involved in the regulation of neuroinflammation in
brain diseases [21, 22]; specifically, Prdx1 knockout leads to severe
inflammatory activation in microglia and further exacerbates the
infarct volume following cerebral ischemia—reperfusion [23].
Ubiquitination, as a crucial post-translational modification process
that determines protein fate and regulates signal transduction, is
essential for maintaining cellular homeostasis. However, during
the complex pathological progression of CIRI, whether the PRDX1
protein undergoes ubiquitin-dependent degradation, along with
its related upstream and downstream regulatory networks,
remains unclear. Therefore, systematically elucidating the ubiqui-
tination fate of PRDX1 in stroke disease models and its regulatory
effects on microglial function is important.

In this study, using an in vitro neuroinflammation model, we
first demonstrated that, compared with other previously reported
active components, 3-Hyd is the most potent anti-inflammatory
constituent of KDZ. By utilizing multidimensional in vitro and
in vivo chemical biology techniques, we comprehensively
revealed the target protein of 3-Hyd and its molecular mechanism:
3-Hyd specifically targets the V51 and R128 residues of the PRDX1
protein, thus disrupting the interaction between the E3 ubiquitin
ligase TRIM21 and PRDX1, which effectively inhibits the TRIM21-
mediated K48-linked ubiquitination and degradation of PRDX1.
The stable accumulation of PRDX1 further blocked the TRAF6-
mediated activation of the NF-kB inflammatory pathway and the
excessive accumulation of autophagosomes. This study not only
provides a clear basis and scientific evidence for the clinical
application of KDZ but also reveals, for the first time, the critical
role of the TRIM21-PRDX1-TRAF6 regulatory axis in microglial
autophagy and neuroinflammation, laying a solid theoretical
foundation for targeting the TRIM21-PRDX1 interaction in the
treatment of ischemic stroke and other neuroinflammation-driven
diseases.
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MATERIALS AND METHODS

Animals and ethical approval

Cx3cr1“*¥12 transgenic mice were purchased from Shanghai
Model Organisms Center, Inc. (Shanghai, China). Neonatal mice
(postnatal day 1-2) and 8- to 12-week-old wild-type (WT) C57BL/6 J
mice were purchased from lJiangsu Huachuang Xinnuo Pharma-
ceutical Technology Co., Ltd. (Taizhou, China). All animal experi-
ments were approved by the Animal Ethics Committee of China
Pharmaceutical University (Approval No.. YSL-202508002) and
strictly complied with the National Institutes of Health (NIH)
guidelines for the care and use of laboratory animals. Mice were
housed under standard conditions (12 h light/dark cycle, 22-24 °C,
with ad libitum access to food and water).

Stereotaxic surgery

As described in previous studies [24, 25], mice were fixed on a
stereotaxic apparatus (RWD Life Science, China) in a prone
position, and anesthesia was maintained with 1% isoflurane.
Using a microinjection pump (RWD Life Science, China) with a 30-
gauge needle, 1 pL of pAAV-CMV-ZsGreen1-U6-DIO-shPrdx1 (5 X
10'? viral genomes/mL) or the control virus pAAV-CMV-ZsGreen1-
U6-DIO-shNC (5 x 10" viral genomes/mL) (both from Cores
Biotechnology, China) was injected into the target area of the right
cerebral cortex of Cx3cr1“**f2 mice (coordinates: 0.5 mm
posterior to the bregma, 2.0 mm right of the midline, and
1.0 mm subdural depth) at a rate of 0.05uL/min. The injection
lasted for 20 min, and the needle was left in place for an additional
10 min to prevent liquid reflux. Postoperatively, mice were placed
on a heating pad to recover. On day 14 post-surgery, tamoxifen
(75 mg/kg; MedChemExpress, HY-13757A) was intraperitoneally
injected for 5 consecutive days to induce Cre recombinase
expression [26].

Transient middle cerebral artery occlusion (tMCAO) model and the
administration of 3-Hyd

A mouse model of tMCAO was induced using the intraluminal
suture method, following previously described procedures
[27-29]. Briefly, mice were placed in an anesthesia chamber and
induced with 2% isoflurane, followed by maintenance with 1%
isoflurane (RWD Life Science, China). A midline neck incision was
made to expose the right common carotid artery (CCA), and the
external carotid artery (ECA) and internal carotid artery (ICA) were
carefully isolated. A silicone-coated suture (1800A; Jialing Biotech-
nology) was inserted through the ECA and advanced into the ICA
until reaching the origin of the middle cerebral artery (MCA). After
60 min of ischemia, the suture was withdrawn to restore blood
flow and achieve reperfusion. The Sham group underwent the
same surgical procedures without suture insertion. During the
surgery, the body temperature of the mice was maintained at
37 +£0.5°C using a heating blanket.

To explore the effect of 3-Hyd (purity > 98%, provided by Prof.
Li-hong Hu's laboratory, Nanjing University of Chinese Medicine)
on acute neurological deficits, mice were randomly divided into
the Sham group, tMCAO + vehicle control group, tMCAO + 3-Hyd
(1 or 25mg/kg) groups and the tMCAO + KDZ (4.8 mL/kg;
Shenyang ShuanE%ding Pharmaceutical, Shenyang, China) group.
In the Cx3cr1“® ™2 mice experiment, the mice were randomly
divided into six groups: Sham + AAV-shNC, Sham + AAV-shPrdx1,
tMCAO + AAV-shNC, tMCAO + AAV-shPrdx1, tMCAO + AAV-shNC +
3-Hyd (2.5 mg/kg), and tMCAO + AAV-shPrdx1 + 3-Hyd (2.5 mg/kg).
For short-term neurological functional assessment, the vehicle or
3-Hyd was administered immediately at the onset of reperfusion
(0 h). For the long-term neurological functional recovery experi-
ment, the administration was performed continuously at 0 h and
on 1, 2, 3, 4, 5 and 6 days post-reperfusion. Mice that died
unexpectedly during the surgical modeling procedure were
excluded from the statistical analysis.
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3-Hyd preparation: Dried Ixeris sonchifolia (Bunge) Hance herb
(200 g) was ground into a fine powder and extracted three times
with 10 volumes (mL/g) of 10% aqueous ethanol under reflux,
each for 30min, following a maceration for 1h at room
temperature. The combined extracts were cooled to ambient
temperature, centrifuged (4000 X g, 15 min), and filtered through
qualitative filter paper. The filtrate was then slowly loaded onto a
chromatographic column packed with D101 macroporous resin
(resin volume = 1.5x the volume of the filtrate) for adsorption.
After complete adsorption, the column was sequentially washed
with 2 column volumes (BV) of 10% aqueous ethanol to remove
sugars, proteins, and inorganic salts. Gradient elution was
subsequently performed using 3 BV of 20% aqueous ethanol,
followed by 3 BV of 30% aqueous ethanol and 3 BV of 40%
aqueous ethanol. Finally, the fraction eluted with 60% aqueous
ethanol was collected. This eluate was concentrated to dryness
under reduced pressure to afford a crude residue. The residue was
further purified by reversed-phase high-performance liquid
chromatography (RP-HPLC) on a preparative C18 column, eluting
isocratically with  50% aqueous methanol. Compound
3-hydroxydehydroleucodin (3-Hyd, 80 mg) was obtained with a
purity >98% (HPLC area %), corresponding to an isolated yield of
0.04% (based on dried herb).

Assessment of cerebral infarct volume and neurological function
As previously described [30], at 24 h post-tMCAO, mice were
sacrificed, and the brains were gently removed and sliced into five
1-2 mm thick coronal sections. The sections were incubated in a
2% 2,3,5-triphenyltetrazolium chloride (TTC; Tokyo Chemical
Industry, T0520) solution at 37°C for 15min in the dark. The
infarct area was quantified using ImageJ software (percentage of
infarct area = area of the white region on the ischemic
hemisphere / total area of the coronal section x 100%). Acute
neurological deficits were evaluated using the Longa scoring
method. Long-term neurological performance was systematically
assessed on 1, 3, 5, and 7 days post-tMCAO using the modified
neurological severity score (mNSS) and the rotarod test. All
behavioural tests were conducted under double-blind conditions.

Isolation and culture of primary microglia

Following previously described protocols [31, 32], brain tissues
were harvested from postnatal day 1 (P1) or P2 neonatal mice and
enzymatically dissociated using a papain dissociation system (8 U/
mL;) supplemented with 125 U/mL DNase | (TargetMol, T64750).
The mixed glial cells were resuspended in DMEM (Gibco,
11965092) supplemented with 10% fetal bovine serum (FBS;
Gibco, 10099141) and 1% penicillin-streptomycin (Beyotime
Biotechnology, C0222), and seeded at a density of 5 x 10° cells
per poly-L-lysine-coated T75 flask. After 3 days of culture, the
medium was completely replaced with complete medium
containing 10 ng/mL GM-CSF (R&D Systems, 415-ML-050). There-
after, half of the culture medium was changed every 3 to 4 days.
After 8 to 10 days of in vitro culture, primary microglia were
detached and collected by shaking on an orbital shaker (200 rpm,
2 h). Subsequently, the microglia were harvested every 3 days. The
collected cells were seeded at a density of 2 x 10° cells/well in 24-
well plates or 4 x 10* cells/well in 96-well plates, respectively, and
maintained in a humidified incubator at 37 °C with 5% CO, for
subsequent experiments.

Isolation and culture of primary bone marrow-derived
macrophages (BMDM:s)

Based on previously described methods with slight modifications
[33-35], BMDMs were isolated from 6- to 8-week-old C57BL/6)J
mice. Briefly, the femurs and tibias of the mice were harvested,
and the bone marrow cavities were flushed three times with
DMEM. The collected bone marrow cell suspension was treated
with red blood cell (RBQC) lysis buffer (Beyotime Biotechnology,
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C3702) to remove erythrocytes. Subsequently, the cells were
seeded at a density of 5 x 10° cells/mL in DMEM supplemented
with 10% FBS, 1% penicillin—streptomycin, and 20 ng/mL M-CSF
(Novoprotein, CB34). The cells were induced to differentiate for
6 days, during which the fresh culture medium was replaced every
3 days.

LPS-induced sterile inflammation model

BV2 cells, BMDMs, or primary microglia were pre-treated with the
vehicle or various concentrations of 3-Hyd for 2 h, followed by
stimulation with 10 ng/mL lipopolysaccharide (LPS; Sigma-Aldrich,
L2630) for indicated time periods. Following the treatments, cell
culture supernatants were collected for enzyme-linked immuno-
sorbent assay (ELISA), or the cells were lysed to extract proteins
and RNA for subsequent analyses.

Oxygen-glucose deprivation/reoxygenation (OGD/R) model

To simulate cerebral ischemia-reperfusion injury in vitro, we
established an oxygen-glucose deprivation/reoxygenation (OGD/
R) model in BV2 cells. The normal culture medium was replaced
with glucose-free and serum-free DMEM (Solarbio Science &
Technology, D6540), and the cells were placed in a hypoxic
chamber (Billups-Rothenberg Inc., USA) flushed with a gas mixture
of 95% N, and 5% CO, at 37 °C for 2 h. Subsequently, the cells
were returned to a standard normoxic environment with complete
culture medium and cultured for an additional 12 h of reoxygena-
tion prior to subsequent evaluations.

Bulk RNA-seq analysis

Total RNA was extracted using RNA isolator Total RNA Extraction
Reagent (Vazyme Biotech Co. Ltd., R401-01) according to the
manufacturer’s instructions. RNA purity and quantification were
determined using a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, USA), and RNA integrity was assessed using an
Agilent 2100 Bioanalyzer (Agilent Technologies, USA). Transcrip-
tome libraries were constructed using the VAHTS Universal V10
RNA-seq Library Prep Kit for lllumina (Vazyme Biotech Co., Ltd,
NR606-01) according to the manufacturer’s protocol.

Differential gene expression analysis was performed using the
DESeq2 software. Genes meeting the thresholds of a g-value <
0.05 and a fold change > 2.0 or < 0.5 were defined as differentially
expressed genes (DEGs). Hierarchical clustering analysis of the
DEGs was performed using R software (version 4.5.2) to
demonstrate gene expression patterns across different groups
and samples. A radar chart of the top 30 genes was generated
using the R package ggradar to illustrate the expression changes
of the upregulated or downregulated genes. Subsequently, Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses of the DEGs were conducted based
on the hypergeometric distribution algorithm to screen for
significantly enriched functional terms. The significantly enriched
functional terms were visualized using R software.

Proteomic sample preparation and target enrichment

To explore the intracellular target proteins of 3-Hyd, BMDMs were
lysed using an immunoprecipitation (IP) lysis buffer (Beyotime
Biotechnology, P001). The collected cell lysates were incubated
with 20 uM of the 3-Hyd-Biotin probe or NP-Biotin (used as a
negative control probe) at room temperature for 2 h. Subse-
quently, the protein complexes were enriched using streptavidin
magnetic beads (Cytiva, 28985799). The eluted soluble proteins
were precipitated with pre-cooled acetone, washed with metha-
nol, and resuspended in phosphate-buffered saline (PBS) contain-
ing 1% sodium dodecyl sulfate (SDS). Then, 2x protein loading
buffer was added, and the samples were boiled at 95°C for
10 min. The samples were separated by 10% SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) and subsequently analyzed via
silver staining (Thermo Fisher Scientific, 24600) or Western
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blotting. The differentially silver-stained bands were excised from
the gel, destained, and enzymatically digested, followed by
identification via liquid chromatography-tandem mass spectro-
metry (LC-MS/MS). The LC-MS/MS analysis and subsequent data
processing were performed by OE Biotech Co. Ltd. (Shanghai,
China).

Surface plasmon resonance (SPR)

Following previously described protocols [36-38], the binding
affinity between 3-Hyd and recombinant human PRDX1 was
evaluated in real-time at 25 °C using a Biacore S200 system (Cytiva,
USA). After the CM5 sensor chip was activated with a mixture of
EDC (75mg/mL) and NHS (10 mg/mL), recombinant PRDX1
protein (40 ug/mL; Sino Biological, 11194-HO8E), diluted in
10 mM sodium acetate buffer (pH 5.0), was covalently immobilized
onto the chip surface via standard amine coupling chemistry
(targeting an immobilization level of approximately 15,000
resonance units [RU]). A blank-activated and blocked flow cell
was used as a reference. The binding kinetics assays were
performed in 1x HBS-EP running buffer at a flow rate of 30 puL/min.
Both the association and dissociation times for the compound
were set to 90 s. The data were processed using Biacore Evaluation
Software, and the equilibrium dissociation constant (Kp) was
calculated by fitting the binding curves using GraphPad Prism
software (version 8.0).

Cellular thermal shift assay (CETSA)

Following previously described methods [39, 40], BV2 cells were
pre-incubated with 3-Hyd (10 uM) or dimethyl sulfoxide for 2 h.
After washing with phosphate-buffered saline (PBS), the cells were
harvested, aliquoted, and heated in a dry bath incubator at a pre-
set temperature gradient (43-61°C) for 3 min, followed by
equilibration at room temperature for 3 min. The samples were
thoroughly lysed by three repeated freeze-thaw cycles using liquid
nitrogen. Subsequently, the soluble supernatants (60 uL) were
collected by centrifugation at 13,800 X g for 20 min at 4 °C. Finally,
4x protein loading buffer was added, and the samples were
denatured by boiling at 95 °C for 10 min prior to Western blotting
analysis.

PRDX1 enzyme activity assay and molecular docking simulations
The intrinsic peroxidase activity of recombinant PRDX1 was
evaluated using a TRX-TrxR-NADPH coupled assay system,
following previously described methods [41]. To predict the
interaction mode between the small molecule 3-Hyd and the
target protein PRDX1, molecular docking simulations were
performed according to previously described protocols [42-44].
The crystal structure of PRDX1 (PDB ID: 4XCS) was retrieved from
the RCSB Protein Data Bank (PDB). PyMOL software (version 3.1)
was utilized to remove water molecules and original ligands, and
to clean the protein structure. Subsequently, AutoDockTools
(version 1.5.7) was employed to add polar hydrogen atoms,
calculate Gasteiger charges, and convert the protein structure into
the PDBQT format. The 3D structure of 3-Hyd was drawn using
ChemDraw software (version 20.0) and converted to the appro-
priate 3D format. The rotatable bonds of the ligand were then
defined using AutoDockTools, and the molecule was saved in
PDBQT format. A three-dimensional grid box encompassing the
predicted binding pocket was generated for the docking
calculations. The docking conformation with the lowest binding
free energy was selected as the optimal binding pose. Finally, the
non-covalent interactions between 3-Hyd and the amino acid
residues of PRDX1 were visualized and analyzed using PyMOL
software.

Protein—protein docking

In addition to the small molecule-protein docking performed via
AutoDock, to predict the three-dimensional interaction mode
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between the E3 ubiquitin ligase TRIM21 and its substrate PRDX1,
we employed the information-driven HADDOCK (High Ambiguity
Driven protein-protein DOCKing) web server (version 2.4; https://
rascar.science.uu.nl/haddock2.4/). First, the crystal structures of the
TRIM21 RING domain (PDB ID: 6FGA) and PRDX1 (PDB ID: 4XCS)
were retrieved from the RCSB Protein Data Bank (PDB). Water
molecules and original ligands were subsequently removed to
clean the structures. Following the completion of the online
docking calculations, the binding interface and key interacting
residues between TRIM21 and PRDX1 were measured and
visualized in three dimensions using PyMOL software (version 3.1).

Plasmid construction and siRNA transfection

Human PRDX1, TRIM21, and ubiquitin genes were amplified from a
HEK293T cell cDNA library using a high-fidelity PCR kit (Vazyme
Biotech Co., Ltd., P526). The amplified fragments were cloned into
the pLVX-IRES-Puro vector via homologous recombination using a
cloning kit (Vazyme Biotech Co., Ltd., C112). Plasmids encoding
truncated mutants and site-directed amino acid mutants were also
generated using this homologous recombination kit (Vazyme
Biotech Co., Ltd., C216). All constructed plasmids were verified as
correct via Sanger sequencing. The tandem fluorescent mCherry-
GFP-LC3B plasmid was purchased from Beyotime Biotechnology
(Shanghai, China; Cat. No. D2816). Plasmid transfection was
performed using plasmid transfection kit (Polyplus-transfection,
101000006).

For transient transfection and specific gene knockdown, small
interfering RNAs (siRNAs) targeting mouse Prdx1 or Traf6 (20 nM),
or a negative control siRNA (siNC), were transfected into BV2 cells
using a transfection reagent (ABclonal Technology, BRK9017-A)
according to the manufacturer’s instructions. The cells were
cultured for 24 to 48 h post-transfection prior to subsequent
experiments. The siRNA sequences for Prdx1 and Traf6 are listed in
Table S1.

Co-immunoprecipitation (Co-IP)

Cells were lysed using a non-denaturing lysis buffer (Beyotime
Biotechnology, P001) to extract total proteins. The protein
concentration of the whole-cell lysates was adjusted to 1 mg/
mL. The whole-cell lysates were incubated with specific primary
antibodies, including anti-PRDX1 (Proteintech, 15816-1-AP), anti-
FLAG (ABclonal Technology, AE092), anti-HA (Proteintech, 51064-
2-AP), or a control IgG (Proteintech, 30000-0-AP) at 4 °C overnight
with gentle rotation. The following day, 30 uL of Protein A/G
magnetic beads (Selleck Chemicals, B23202) was added to the
mixture, which was then incubated for an additional 2h. The
bead-protein complexes were washed five times with pre-cooled
lysis buffer, resuspended in 2x protein loading buffer, and boiled
at 95°C for 10min. The eluted proteins were subsequently
analyzed by Western blotting.

Western blotting analysis

Total proteins were extracted from cell or tissue samples using RIPA
lysis buffer (Beyotime Biotechnology, P0013C), and protein con-
centrations were determined using a BCA protein assay kit. Equal
amounts of protein samples were separated by 10% SDS-PAGE and
electrotransferred onto polyvinylidene fluoride (PVDF) membranes
(Millipore, ISEQ00010). The membranes were blocked with 5% non-
fat milk at room temperature for 2 h. Subsequently, the membranes
were incubated overnight at 4 °C with the following specific primary
antibodies: anti-PRDX1 (HUABIO, ET1702-08; 1:1000), anti-TRIM21
(HUABIO, HA721832; 1:1000), anti-TRAF6 (HUABIO, HA722857;
1:1000), anti-GAPDH (HUABIO, ET1601-4; 1:1000), anti-B-actin
(HUABIO, HA722023; 1:1000), anti-B-tubulin (HUABIO, ET1602-4;
1:1000), anti-LC3B (HUABIO, ET1701-65; 1:1000), anti-SQSTM1/p62
(HUABIO, HA721171; 1:1000), anti-p65 (ABclonal Technology;
1:10000), anti-phosphorylated (p)-p65 (ABclonal Technology,
AP1294; 1:5000), anti-pro-IL-13 (R&D Systems, AF-401-NA; 1:1000),
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anti-ubiquitin  (HUABIO, ET1609-21; 1:1000), anti-Myc (HUABIO,
HA723950; 1:10000), anti-HA (HUABIO, ET1611-49; 1:10000), and
anti-FLAG (HUABIO, HA724169; 1:10000). On the following day, the
membranes were incubated with the corresponding horseradish
peroxidase (HRP)-conjugated secondary antibodies at room tem-
perature for 1.5 h. The protein bands were visualized using a high-
sensitivity enhanced chemiluminescence (ECL) kit (Abbkine,
BMU102-CN) and captured on a Tanon 5200 Chemiluminescent
Imaging System. The densitometric values of the target bands were
quantified using Image) software (National Institutes of
Health, USA).

Quantitative real-time PCR

Total RNA was extracted from the cells using RNA isolator Total
RNA Extraction Reagent (Vazyme Biotech Co., Ltd., R401-01). The
extracted RNA was subsequently reverse-transcribed into com-
plementary DNA (cDNA) using a First-Strand cDNA Synthesis Kit
(Vazyme Biotech Co., Ltd., R021-01). Quantitative real-time PCR
(gPCR) amplification was performed using a SYBR Green gPCR
Master Mix (Vazyme Biotech Co., Ltd., Q321-02) on a StepOnePlus
Real-Time PCR System (Applied Biosystems, USA). The relative
MRNA expression levels of the target genes were calculated using
the 2722 method, with B-actin serving as the internal reference
gene for normalization. The specific primer sequences used in this
study are detailed in Table S2.

Tissue preparation and immunofluorescence staining

Isolated mouse brain samples were initially fixed in 4%
paraformaldehyde (PFA) for 24 h, and subsequently dehydrated
in 15% and 30% sucrose solutions at 4 °C for 2 to 3 days until fully
equilibrated. Next, the frozen mouse brain tissues were cut into
12-um-thick coronal sections using a cryostat (Leica, Germany).
For immunofluorescence staining, the frozen coronal sections and
cell coverslips were post-fixed with 4% PFA and then washed
three times with phosphate-buffered saline (PBS, pH 7.4) for 5 min
each. Subsequently, the sections or cell coverslips were blocked
with PBS containing 10% normal goat serum or alpaca serum at
room temperature for 1h to prevent non-specific binding. The
samples were then incubated with specific primary antibodies
overnight at 4 °C, followed by incubation with the corresponding
secondary antibodies at room temperature for 1h. Cell nuclei
were counterstained with DAPI. Finally, immunofluorescence
images were acquired and visualized using an FV3000 confocal
laser scanning microscope (Olympus, Japan).

Statistical analysis

Statistical analyses and data visualization were performed using
GraphPad Prism software (version 8.0; GraphPad Software, San
Diego, CA, USA) and R software (version 4.5.2). All quantitative
continuous data are presented as the mean + standard deviation
(SD). For ordinal non-parametric data, such as neurological deficit
scores, results are expressed as the median with interquartile
range. Prior to conducting parametric tests, data were assessed for
normal distribution and homogeneity of variance.

For comparisons between two independent groups, a two-
tailed unpaired Student’s t-test was utilized. For experiments
comparing three or more groups with a single independent
variable, a one-way analysis of variance (ANOVA) followed by
Dunnett’s post hoc test was performed. For experiments involving
two independent variables (e.g., treatment and transfection, or
treatment across specific conditions), a two-way ANOVA followed
by Sidak’s multiple comparisons test was applied. To evaluate
continuous data with repeated measures over multiple time
points (e.g., long-term behavioral assessments and rotarod tests),
a mixed-effects model (REML) was employed, followed by Sidak’s
or Bonferroni’s multiple comparisons test for the main effect of
treatment.
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Non-parametric tests were strictly employed for ordinal
variables; specifically, the Mann-Whitney U test was used for
two-group comparisons of acute neurological scores, and the
Kruskal-Wallis test followed by Dunn’s multiple comparisons test
was utilized for multiple groups. Survival rates were analyzed
using the Kaplan-Meier method, and statistical differences were
determined by the Log-rank (Mantel-Cox) test.

For specific kinetic and biophysical calculations, the ICsq values
were calculated using non-linear regression analysis; differences in
thermal degradation curves in the CETSA were analyzed using an
extra sum-of-squares F test based on non-linear regression; and
the equilibrium dissociation constant (Kp) in SPR was calculated
utilizing a steady-state affinity model. Additionally, for single-cell
RNA sequencing data, differential gene expression and relevant
statistical comparisons were evaluated using the Wilcoxon rank-
sum test with Bonferroni correction (adjusted P values are shown).

In all biological experiments, “n” represents the number of
independent biological replicates. A P-value of less than 0.05
(P<0.05) was considered to indicate a statistically significant
difference.

RESULTS

3-Hydroxydehydroleucodin is the primary component of KDZ that
exerts anti-neuroinflammatory effects

To compare the anti-neuroinflammatory effects of KDZ constitu-
ents, we employed a two-phase “screening-to-validation” in vitro
strategy. In phase 1, a canonical lipopolysaccharide (LPS)-induced
inflammation model was used. In terms of an optimal signal-to-
noise ratio, the LPS model served as a robust, high-throughput
system for initial compound screening and sensitive target fishing.
Following the successful identification of the potent efficacy of
3-Hyd and its direct binding targets, phase 2 transitioned
exclusively to an oxygen—glucose deprivation/reoxygenation
(OGD/R) model. This disease-specific paradigm definitively vali-
dated 3-Hyd’'s core protective mechanisms within an authentic
ischemic microenvironment [45]. First, we established a neuroin-
flammation screening model in a mouse microglial BV2 cell line
using LPS stimulation and detected the release levels of the pro-
inflammatory cytokine tumor necrosis factor-a (TNF-a) via ELISA.
We systematically evaluated the anti-inflammatory activities of the
main components of KDZ [14, 15], including luteoloside, apigenin,
chlorogenic acid, caffeic acid, lupeol, ursolic acid, 3-Hyd, and
11,130-dihydroixerin Z. The results revealed that at an equimolar
concentration (5uM), compared with that of caffeic acid and
luteoloside, 3-Hyd had the best anti-inflammatory effect (Fig. 1a).
Consequently, we selected 3-Hyd, which possessed the most anti-
inflammatory activity, as the main subject for subsequent
mechanistic studies.

We further verified its anti-inflammatory efficacy in primary
mouse microglia and found that 3-Hyd (1, 5, and 10 uM) dose-
dependently inhibited LPS-induced TNF-a release (Fig. 1b); this
potent anti-inflammatory effect was also stable in bone marrow-
derived macrophages (BMDMs) (Fig. 1c). Cytotoxicity assays
indicated that 3-Hyd at the indicated concentrations did not
affect cell viability (Fig. S1a). Furthermore, in BV2 cells, 3-Hyd at
10 uM not only significantly downregulated the mRNA levels of
LPS-induced pro-inflammatory cytokines, including /18, Il-6, and
Tnf-a (Fig. STb-d) but also upregulated the expression of the anti-
inflammatory cytokine /I-10 (Fig. S1e). Moreover, the half-maximal
inhibitory concentration (ICso) for suppressing TNF-a release was
calculated to be approximately 5uM (Fig. 1d). To mimic the
pathological environment of ischemic stroke, we established an
OGD/R model in BV2 cells in vitro, and the results confirmed that
3-Hyd could also significantly inhibit the high OGD/R-induced
mRNA expression of [/l-18 (Fig. 1e). Similarly, in the human
microglial cell line HMC3, 3-Hyd effectively inhibited the LPS-
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induced mRNA expression of various pro-inflammatory cytokines,
including IL-18, IL-6, and TNF-a (Fig. S1f-h), and promoted the
transcription of IL-10 (Fig. S1i).

To evaluate the in vivo cerebroprotective effects of 3-Hyd, we
simultaneously administered vehicle or 3-Hyd during the
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reperfusion phase in a mouse tMCAO model. TTC staining and
behavioral evaluation revealed that, compared with the tMCAO +
Sol group, 3-Hyd treatment significantly reduced the cerebral
infarct area (Fig. 1f, g) and effectively improved the acute-phase
neurological deficit score (Fig. Th), with the protective effect being
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Fig. 1 3-Hyd exhibits significant anti-neuroinflammatory effects in vitro and in vivo. a ELISA quantification of TNF-a release in LPS-induced
BV2 cells treated with representative monomeric compounds from KDZ (n = 3). Dose-dependent inhibition of LPS-induced TNF-a release by 3-Hyd
in primary microglia (b n = 3) and BMDMs (c n = 3). d ICsq curve of 3-Hyd inhibiting LPS-induced TNF-a release in BV2 cells, determined via non-
linear regression analysis. e Inhibitory effect of 3-Hyd on OGD/R-induced /I-18 mRNA expression in BV2 cells (n = 3). Representative TTC staining
images (f) and quantitative analysis of cerebral infarct area (g) in WT C57BL/6 J male mice 24 h post-tMCAO (60 min). Mice were intravenously
injected with saline or 3-Hyd (1, 2.5 mg/kg) or KDZ (4.8 mL/kg) at reperfusion onset (n = 6-9/group). h Acute-phase neurological deficit scores at
24 h post-reperfusion (n = 6-9/group). i Modified neurological severity scores were evaluated at 1, 3, 5, and 7 days post-reperfusion (n =7-10/
group). Representative morphological images of microglia 24 h post-reperfusion (j) with quantitative analysis of microglial branch length (k) and
soma size (I) (n = 6/group). Data are presented as mean + SD. Statistical analyses were performed using one-way ANOVA followed by Dunnett's
test (a—c, e, g, k, I), Kruskal-Wallis test followed by Dunn’s multiple comparisons test (h) or mixed-effects model (REML) followed by Sidak’s
multiple comparisons test (i). *P < 0.05, ***P < 0.001 vs. CN or tMCAO + Sol group; 4P < 0.05, ¥4P < 0.01, ¥*4p < 0.001 vs. DMSO, LPS/OGD + 3-Hyd

(0 pM), or tMCAO + Sol group.
<

particularly pronounced in the 2.5mg/kg high-dose group.
Concurrently, KDZ also exhibited substantial neuroprotective
effects, which are consistent with previous experimental findings
[11, 12]. During the 7-day long-term monitoring of neurological
functional recovery, 2.5mg/kg of 3-Hyd not only significantly
increased the postoperative survival rate of tMCAQO mice (Fig. S1j)
but also resulted in a sustained improvement in multiple motor
and sensory function tests. Compared with that in the vehicle
group, the performance of mice in the 3-Hyd treatment group was
significantly reversed in terms of both the modified neurological
severity score (mNSS) (Fig. 1i) and the results of the rotarod test
(Fig. S1k) at 1, 3, 5, and 7 days post-reperfusion. We also observed
alterations in cell morphology after tMCAO through a series of
literature-defined methods for assessing microglial morphological
changes [46]. Using these methods, we found that compared with
those in the Sham group, microglia in the post-tMCAO group
exhibited shortened branch lengths, enlarged soma sizes, and a
decreased number of branches (Figs. 1j-I and S1l). These results
indicated the differentiation of microglia toward a highly pro-
inflammatory state.

Collectively, these in vitro and in vivo data confirmed that 3-Hyd
derived from KDZ could potently inhibit neuroinflammatory
responses in both mouse and human microglia, significantly
alleviate ischemia/reperfusion-induced cerebral infarction in
animal models, and promote long-term neurological recovery.

3-Hyd significantly inhibits the activation of the NF-kB signaling
pathway and excessive macroautophagy during
neuroinflammation

To explore the potential molecular mechanisms underlying the
anti-inflammatory effects of 3-Hyd in depth, we established an
in vitro inflammation model by stimulating primary bone marrow-
derived macrophages (BMDMs) with LPS and performed tran-
scriptome sequencing (RNA-seq) analysis. Compared with immor-
talized cell lines, primary BMDMs are more physiologically relevant
and readily accessible [47], enabling a more authentic reflection of
an organism’s immune response status. The results of principal
component analysis (PCA) revealed that the spatial distribution of
the samples from the LPS+ 3-Hyd intervention group and the
LPS + DMSO model group significantly clustered and separated
between groups (Fig. 2a). Analysis of the differentially expressed
genes (DEGs) revealed 2847 significant DEGs, including 1375
upregulated genes and 1472 downregulated genes (Fig. 2b, c).
The results of the KEGG pathway enrichment analysis of the top 30
pathways revealed that in the Cellular Processes (CellP) category,
DEGs were enriched primarily in macroautophagy-related path-
ways; in the Genetic Information Processing (GenlP) category, they
were enriched mainly in protein processing and ubiquitination
processes; and in the Environmental Information Processing
(EvnIP) and Organismal Systems (OrgaS) categories, they were
highly enriched in inflammation-related signaling pathways
(Fig. 2d). Furthermore, the enrichment results of the Gene
Ontology Biological Process (GO-BP) further confirmed that the
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downregulated DEGs were significantly enriched in the NF-kB
signaling pathway (Fig. S2a), whereas the upregulated DEGs were
significantly enriched in ubiquitination signaling pathways
(Fig. 2e). These transcriptomic profiles strongly suggested that
3-Hyd might play key regulatory roles in inflammation by
intervening in the NF-kB signaling pathway, the macroautophagy
network, and protein ubiquitination processes.

To verify the results of the RNA-seq analysis in vitro, we
constructed a neuroinflammation model in BV2 microglia using
both LPS and OGD/R models. Western blot assays confirmed that
in the LPS-induced inflammation model, 3-Hyd significantly
inhibited the LPS-induced phosphorylation and activation of
p65, the key protein of the NF-xB pathway (Fig. 2f, g), and
simultaneously downregulated the expression level of the down-
stream pro-inflammatory signaling molecule pro-IL-13 (Fig. 2h).
Concurrently, 3-Hyd effectively restrained the excessive activation
of macroautophagy in BV2 cells under neuroinflammatory stress,
which was specifically manifested by the significant inhibition of
the aberrantly high expression of the macroautophagy marker
LC3B-II (Fig. 2i) and the reversal of the degradation of the protein
expression of the macroautophagy substrate SQSTM1/p62 (Fig. 2j).
These results were consistently verified in the neuroinflammation
model constructed by OGD/R (Fig. 2k-0). Furthermore, to explicitly
quantify the impact of 3-Hyd on autophagic flux, we introduced a
tandem fluorescent mRFP-GFP-LC3B reporter into BV2 cells.
Quantitative puncta analysis revealed that OGD/R exposure
induced the massive formation of both autophagosomes (yellow
puncta, GFP*/mCherry®) and autolysosomes (red puncta, GFP7/
mCherry™). However, 3-Hyd treatment significantly reduced the
absolute numbers of both puncta populations (Fig. S2b, c). These
morphological findings, which are consistent with our protein
expression data, definitively demonstrate that 3-Hyd effectively
suppresses the excessive initiation of microglial autophagy during
ischemic injury rather than impairing downstream lysosomal
degradation. These findings strongly demonstrated that 3-Hyd
effectively suppressed the excessive activation of microglial
autophagy during the inflammatory response.

Collectively, the results of the aforementioned multiomics and
molecular biology verification demonstrated that the NF-«B
cascade and the macroautophagy process co-participate in the
pathological progression of neuroinflammation and that 3-Hyd can
systematically reverse the neuroinflammatory response through
multidimensional targeted regulation of the NF-kB pathway,
macroautophagic flux, and potential ubiquitination pathways.

3-Hyd specifically targets the V51 and R128 residues of PRDX1 to
exert its anti-neuroinflammatory effects

Small-molecule affinity probe-based pull-down coupled with
liquid chromatography—tandem mass spectrometry (pull-down/
LC-MS/MS) is a classic chemical biology strategy for identifying
the direct intracellular targets of compounds [36, 48]. To identify
the direct molecular target through which 3-Hyd (Fig. 3a) exerts
anti-neuroinflammatory activity, we synthesized a biotin-labeled
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Fig. 2 3-Hyd inhibits NF-kB signaling and excessive autophagy during neuroinflammation. a Principal component analysis (PCA) plot of
RNA-seq data from primary BMDMs in the LPS + DMSO and LPS + 3-Hyd groups. Volcano plot (b) and bar chart (c) of differentially expressed genes
(DEGs) in primary BMDMs, displaying 2847 significant DEGs (1375 upregulated, 1472 downregulated). Top 30 enriched KEGG pathways of the
DEGs (d) and Gene Ontology-Biological Process (GO-BP) enrichment analysis of the upregulated DEGs (e). Western blotting evaluation of LPS-
induced NF-kB and autophagy pathways in BV2 cells. Representative images (f) and quantitative analysis of p-p65°°3°:p65 (g) pro-IL-13:GAPDH (h)
LC3B-II:GAPDH (i) and SQSTM1/p62:GAPDH (j) protein expression (n = 4/group). Western blotting evaluation of OGD/R-induced NF-«kB and
autophagy pathways in BV2 cells. Representative images (k) and quantitative analysis of p-p65°>¢:p65 (I) and pro-IL-13:GAPDH (m) and SQSTM1/
p62:GAPDH (n) and LC3B-I:GAPDH (o) protein expression (n = 3/group). Data are presented as mean + SD. Statistical analyses were performed
using one-way ANOVA followed by Dunnett’s test. *P < 0.05, **P < 0.01 vs. CN group; P < 0.05, 4P < 0.01 vs. LPS or OGD/R + 3-Hyd (0 uM) group.
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Fig. 3 3-Hyd exerts anti-neuroinflammatory effects by targeting PRDX1 residues V51 and R128. a Chemical structure of 3-Hyd and its
biotinylated probe (3-Hyd-Biotin). b Schematic workflow of the streptavidin magnetic bead pull-down assay. ¢ Silver staining of SDS-PAGE gels
showing eluted products from BMDM lysates incubated with NP-Biotin or 3-Hyd-Biotin. d Competitive pull-down and Western blotting results
showing that free 3-Hyd competitively inhibits 3-Hyd-Biotin binding to PRDX1. Cellular thermal shift assay (CETSA) evaluating the effect of 3-Hyd
on PRDX1 thermal stability. Representative Western blotting images across a temperature gradient (e) and relative quantification curve of PRDX1
thermal degradation (f). g Surface plasmon resonance (SPR) measurement of binding kinetics between 3-Hyd and recombinant human PRDX1
(Kp = 10.12 uM, calculated via steady-state affinity model). h Molecular docking model of 3-Hyd in the PRDX1 binding pocket (PDB ID: 4XCS),
displaying the hydrogen bond network with V51 and R128. i Pull-down and Western blotting verification of 3-Hyd-Biotin binding capacity with
wild-type (WT), single mutant (PRDX1">'*, PRDX17"28%), and double mutant (PRDX1Y>'A&R128% nroteins, Reversal experiment verifying the efficacy
of 3-Hyd following siRNA-mediated knockdown of Prdx1 in BV2 cells. Western blotting (j) and statistical analysis (k) of Prdx1 knockdown efficiency.
I Inhibitory effect of 3-Hyd on LPS-induced TNF-a release after Prdx1 knockdown. Data are presented as mean +SD (n = 3/group). Statistical
analyses were performed using extra sum-of-squares F test based on non-linear regression (f) unpaired Student’s t-test (k) or two-way ANOVA
followed by Sidak’s multiple comparisons test (). **P < 0.01 vs. overall Veh. group; ***P < 0.001 vs. siNC group; n.s. (not significant), ***P < 0.001 vs.
LPS group within the same transfection group.

Acta Pharmacologica Sinica (2026) 0:1-20 SPRINGER NATURE



3-Hydroxydehydroleucodin attenuates neuroinflammation
K Liu et al.

10

probe of 3-Hyd, designated 3-Hyd-Biotin (Fig. S3a). We collected
BMDM whole-cell lysates and incubated them with either a
negative control probe (NP-Biotin) or 3-Hyd-Biotin and subse-
quently enriched potential binding proteins using streptavidin
magnetic beads (Fig. 3b). Gel electrophoresis and silver staining
analysis of the eluted products revealed that compared with the
NP-Biotin control group, the 3-Hyd-Biotin group exhibited
specifically enriched protein bands at molecular weights of
approximately 23 and 42 kDa (Fig. 3c). These differential bands
were excised and subjected to mass spectrometry for protein
identification. By cross-referencing these results with the pathway
enrichment profiles revealed by our preceding RNA-seq analysis,
we identified peroxiredoxin 1 (PRDX1) as a candidate target
protein that is concurrently involved in the regulation of both the
NF-kB and macroautophagy pathways [49]. Subsequent compe-
titive pull-down and immunoblotting assays in BMDMs revealed
that 3-Hyd-Biotin specifically enriched the PRDX1 protein, and this
binding was significantly inhibited by the addition of free 3-Hyd
(Fig. 3d). Conversely, B-actin, which was abundant at the 42 kDa
position, could not be competitively inhibited by free 3-Hyd
(Fig. 3d). This directly targeted interaction was robustly repro-
duced in primary microglia (Fig. S3b) and in the mouse microglial
BV2 cell line (Fig. S3c). Therefore, in subsequent mechanistic
investigations, we consistently utilized BV2 cells in the in vitro
model.

Furthermore, the cellular thermal shift assay (CETSA) provided
additional physiological evidence for this target engagement [50].
The binding of 3-Hyd significantly increased the conformational
thermal stability of the PRDX1 protein; particularly under high-
temperature challenge at 55 °C, 3-Hyd effectively delayed the
heat-induced denaturation and degradation of PRDX1 (Fig. 3e, f).
Surface plasmon resonance (SPR) is the gold standard for real-
time, label-free evaluation of the binding affinity and kinetics
between small molecules and target proteins [51]. SPR analysis
revealed that the binding between 3-Hyd and recombinant
human PRDX1 exhibited “fast-on, fast-off” kinetics, with an
equilibrium dissociation constant (Kp) of approximately 10.12 uM
(Fig. 3g), suggesting that their interaction was primarily reversible
and noncovalent.

Given that the chemical structure of 3-Hyd contains an a,3-
unsaturated carbonyl moiety, which potentially reacts to form
covalent bonds with surface cysteine (Cys) residues on proteins
[52, 53], we constructed four key cysteine-mutant plasmids of
Prdx1: PRDX1<°%#, PRDX1<"%, PRDX1°®**, and PRDX1<'7*A. How-
ever, pull-down validation indicated that even when these
potential covalent binding sites were mutated, 3-Hyd-Biotin could
still effectively bind to the aforementioned mutant PRDX1
proteins (Fig. S3d). Combined with the SPR data, these findings
strongly confirmed that the binding between 3-Hyd and PRDX1
was noncovalent. The cross-validation results from these multi-
dimensional techniques conclusively established that PRDX1 is the
direct target protein of 3-Hyd.

To precisely map the noncovalent binding pocket of 3-Hyd on
PRDX1, we performed molecular docking simulations using
AutoDock [42]. The docking model predicted that 3-Hyd could
form a stable hydrogen bond network with the V51 and R128
residues of PRDX1 (PDB ID: 4XCS). Specifically, it formed a
hydrogen bond with the V51 residue (at a distance of 2.1 A) and
another hydrogen bond with the R128 residue (at a distance of
1.8 A), contributing to a binding free energy of -7.06 kcal/mol
(Fig. 3h). To experimentally verify this structural biology predic-
tion, we constructed expression vectors for wild-type (WT) PRDX1,
single-point mutants (PRDX1Y>'* and PRDX1%2%%), and a double-
point mutant (PRDX1V>'AR128%4) and  transfected them into
HEK293T cells for interaction assessment. Compared with WT
PRDX1, the single mutation of either V51 or R128 only partially
attenuated the target enrichment capability of 3-Hyd-Biotin.
Strikingly, when both V51 and R128 were simultaneously mutated,
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the binding of 3-Hyd to PRDX1-FLAG was almost entirely
abolished (Fig. 3i). These results confirmed that V51 and R128
were the critical amino acid sites mediating the binding of 3-Hyd
to PRDX1.

Finally, to verify whether the anti-neuroinflammatory effects of
3-Hyd depended specifically on its targeted binding to PRDX1, we
knocked down the endogenous expression of PRDX1 in BV2 cells
using siRNA. Pharmacological reversal experiments demonstrated
that, compared with the siNC control, knockdown of
PRDX1 significantly abolished the inhibitory effect of 3-Hyd on
LPS-induced TNF-a release (Fig. 3j-l). Furthermore, in a PRDX1
knockdown background, the suppressive effects of 3-Hyd on NF-
KB signaling activation and excessive macroautophagic flux were
markedly blunted (Fig. S3e-h). To evaluate the target selectivity of
3-Hyd, we analyzed the sequence of PRDX2, the closest homolog
that shares 77.8% sequence identity with that of PRDX1 (Fig. S3i).
Structural comparisons revealed that despite having conserved
interacting residues, the 3D pocket of PRDX2 exhibits geometric
distortion and conformational incompatibility, preventing stable
3-Hyd accommodation (Fig. S3j). This prediction was empirically
confirmed by a pull-down assay, in which 3-Hyd-Bio completely
failed to interact with overexpressed PRDX2-FLAG (Fig. S3k).
Although we have previously demonstrated that 3-Hyd does not
covalently bind to PRDX1, whether noncovalent interactions
might still compromise its intrinsic peroxidase activity remains
unclear. To address this, we performed an in vitro enzymatic
activity assay. The results revealed that at concentrations of up to
10uM, 3-Hyd had a negligible inhibitory effect on PRDX1
peroxidase activity (Fig. S3l). Collectively, these results demon-
strated that 3-Hyd specifically exerted its anti-neuroinflammatory
activity by noncovalently binding to the V51 and R128 dual amino
acid sites of PRDX1.

3-Hyd targets PRDX1 in microglia to improve cerebral infarction

and neurological functional recovery in mice

On the basis of the results of the aforementioned in vitro
experiments confirming that 3-Hyd could potently inhibit
neuroinflammation by targeting PRDX1, we further investigated
whether the cerebroprotective effects of 3-Hyd specifically
depended on PRDX1 in microglia at the whole animal level. To
this end, we established a microcqlia—s ecific conditional inducible
knockdown model using Cx3cr1<"/ER"2 transgenic mice (Fig. S4a).
Specific adeno-associated viruses carrying short hairpin RNA
(pAAV-CMV-ZsGreen1-U6-DIO-shPrdx1 or the control virus pAAV-
CMV-ZsGreen1-U6-DIO-shNC) were microinjected into the right
cerebral cortex of the mice via stereotaxic technology. Fourteen
days later, tamoxifen was intraperitoneally injected for 5
consecutive days to induce Cre recombinase expression and
achieve gene-specific knockdown in microglia. Seven days after
the final administration, tMCAO surgery was performed to
construct the ischemia-reperfusion model (Fig. 4a).

Evaluation of viral transduction efficiency revealed that the
ZsGreen1 fluorescent signal carried by the AAV precisely co-
localized with microglia in the brain (Fig. 4b). Immunofluorescence
(IF) staining further confirmed that compared with that in the
control group injected with the shNC virus, the protein expression
level of PRDX1 in microglia was significantly and specifically
downregulated in mice injected with the shPrdx! virus in the
cerebral cortex (Fig. S4b, c).

With respect to functional phenotype assessment, 2,3,5-
triphenyltetrazolium chloride (TTC) staining revealed that, com-
pared with shNC Cx3cr1“*¥f™? mice, microglia-specific knock-
down of Prdx1 (the shPrdx1 group) exacerbated the cerebral
infarct volume to some extent, although the difference did not
reach statistical significance (Fig. 4c, d). This trend is consistent
with effects previously observed in Prdx1 global knockout mice
[23]. Crucially, in shNC control mice, 3-Hyd treatment significantly
reduced cerebral infarction and improved Longa scores; however,
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following microglia-specific knockdown of PRDX1 (the shPrdx1
group), these cerebroprotective effects of 3-Hyd were completely
abolished (Fig. 4c-e).

Furthermore, monitoring of long-term neurological functional
recovery (up to 7 days) revealed that in the shNC background,
3-Hyd significantly increased the postoperative survival rate of
tMCAO mice (Fig. 4f) and significantly promoted recovery, as
indicated by both the modified neurological severity score (mNSS)
(Fig. 4g) and the results of the rotarod test (Fig. 4h). Similarly,
when PRDX1 was specifically knocked down in microglia, the
beneficial effects of 3-Hyd on these long-term prognostic
indicators were significantly attenuated (Fig. 4f-h), indicating that
the cerebroprotective effects of 3-Hyd in vivo were mediated
mainly by its targeting protein, namely, PRDX1, in microglia.

3-Hyd stabilizes the PRDX1 protein pool by preventing its
ubiquitin-proteasome degradation

Building upon the discovery that 3-Hyd targets PRDX1 to exert
anti-neuroinflammatory effects, we further investigated the
specific molecular mechanisms underlying its regulation of PRDX1.
First, we comprehensively evaluated the effects of 3-Hyd on
PRDX1 at both the transcriptional (mRNA) and translational
(protein) levels. RT-qPCR results revealed that LPS stimulation of
BV2 cells for 6 h did not cause significant changes in the Prdx1
mRNA level and that 3-Hyd treatment similarly did not affect the
transcription of Prdx1 (Fig. 5a). However, Western blot analysis
revealed that the protein expression level of PRDX1 was
significantly decreased after 6h of LPS stimulation, whereas
10 uM 3-Hyd effectively suppressed the LPS-induced degradation
of the PRDX1 protein (Fig. 5b, c).

Therefore, we established a concentration gradient of 3-Hyd (1, 5,
and 10 uM, with a fixed 6 h of LPS stimulation) and a time course of
LPS stimulation (1, 3, 6, and 9 h, with a fixed 3-Hyd concentration) to
thoroughly evaluate the protective effect of 3-Hyd on PRDX1
protein stability. Concentration gradient experiments confirmed
that the ability of 3-Hyd to inhibit PRDX1 degradation was
significantly dose-dependent (Fig. 5d, e). The results of time-
course experiments revealed that the degradation program of the
PRDX1 protein began after 3 h of LPS stimulation and progressively
decreased over time; 3-Hyd treatment significantly prevented this
dynamic degradation process, with the protective effect being
particularly prominent at the 6 and 9h time points of LPS
stimulation (Fig. 5f, g). Immunofluorescence staining experiments
also confirmed this conclusion; 3-Hyd significantly reversed the
attenuation of the mean fluorescence intensity of the PRDX1
protein caused by LPS stimulation (Fig. 5h, i).

Intracellular protein degradation is a highly orchestrated
process that primarily relies on the ubiquitin-proteasome system
(UPS) and the macroautophagy-lysosome pathway [54]. To clarify
the specific degradation pathway of the PRDX1 protein, we used
the protein synthesis inhibitor cycloheximide (CHX), the
proteasome-specific inhibitor MG132, and the lysosomal inhibitor
hydroxychloroquine (HCQ) in combination with 3-Hyd in an LPS-
induced inflammation model. The results revealed that the
administration of MG132 alone significantly blocked the LPS-
induced degradation of the PRDX1 protein, and its rescue effect
was highly similar to that of 3-Hyd (Fig. 5j, k). These findings
strongly suggest that the degradation of PRDX1 is dependent
mainly on the proteasome pathway and that 3-Hyd most likely
maintains the stability of PRDX1 by intervening in this pathway.

To confirm this hypothesis, we directly evaluated the regulatory
effect of 3-Hyd on the global ubiquitination level of PRDX1 in BV2
cells. Immunoprecipitation and ubiquitination assays confirmed
that 3-Hyd significantly decreased the degree of ubiquitination of
the PRDX1 protein under LPS stress conditions (Fig. 5I). Collec-
tively, these results demonstrated that during the pathological
progression of neuroinflammation, the degradation of the PRDX1
protein accelerated via the ubiquitin-proteasome system, whereas
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3-Hyd successfully stabilized and protected the PRDX1 protein
pool by inhibiting this ubiquitination-degradation cascade, thus
exerting neuroprotective effects.

3-Hyd suppresses neuroinflammation by inhibiting the TRIM21-
mediated ubiquitination of PRDX1 at the K109 residue

The ubiquitin-proteasome system is a highly specific protein
degradation network in eukaryotic cells that guides target
proteins to the proteasome for degradation by covalently
attaching ubiquitin tags [55]. During this process, E3 ubiquitin
ligases are responsible for specifically recognizing substrates and
catalyzing the covalent attachment of ubiquitin molecules to
specific lysine (K) residues on the target protein, which is the core
rate-limiting step determining ubiquitination specificity [56].
Therefore, identifying the specific ubiquitination site of PRDX1 is
crucial for elucidating the targeted anti-inflammatory mechanism
of 3-Hyd. There are 19 lysine residues in the sequence of the
human PRDX1 protein. Using site-directed mutagenesis, we
individually mutated these 19 lysine residues to arginine (R) and
co-transfected them with a ubiquitin-MYC expression plasmid into
HEK293T cells. Co-immunoprecipitation (Co-IP) revealed that when
the 109" lysine residue was mutated (K109R), the global
ubiquitination level of PRDX1 significantly decreased (Fig. 6a),
indicating that K109 was the key receptor site for the ubiquitina-
tion of PRDX1. Multiple sequence alignment of the amino acid
sequence of PRDX1 was performed for six representative species
(Homo sapiens, Mus musculus, Rattus norvegicus, Macaca mulatta,
Gallus gallus, and Canis lupus familiaris). The alignment demon-
strates that the lysine 109 (K109) residue, indicated by the black
arrowhead and highlighted in red, is strictly conserved among
these species, underscoring its fundamental role as a critical
ubiquitination site (Fig. 6b). To further verify the biological
function of K109 ubiquitination in neuroinflammation, we
transfected the PRDX1X'°*F mutant plasmid into BV2 microglia.
The results demonstrated that this mutant also significantly
enhanced the inhibitory effect on the activation of core indicators
of the NF-kB and macroautophagy pathways (p-p65, pro-IL-1(3,
SQSTM1/p62, and LC3B-Il) (Figs. 6c and S5a-d). Moreover, in the
overexpression system, the ubiquitination level of the PRDX1%%%R
mutant itself was significantly lower than that of WT PRDX1
(Fig. S5e).

As an exquisite post-translational modification, the molecular
fate mediated by protein ubiquitination largely depends on the
number of ubiquitin molecules polymerizing and the linkage
topology of the ubiquitin chain, which act like different instruction
tags attached to proteins [57]. Polyubiquitination has the most
diverse functions, primarily including linkage types such as K11,
K48, and K63 [58]. To determine the specific ubiquitination type of
PRDX1, we constructed K11, K48, and K63 single-site mutants of
ubiquitin. Co-IP assays confirmed that when the K48 site of
ubiquitin was mutated, the polyubiquitination level of PRDX1
decreased (Fig. 6d), confirming that PRDX1 predominantly under-
went K48-linked ubiquitin-dependent degradation.

As specific determinants in the UPS [59], E3 ubiquitin ligases are
responsible for precisely recognizing target proteins and catalyz-
ing ubiquitin transfer. To identify the upstream E3 ligase that
catalyzes PRDX1 ubiquitination, we enriched protein complexes
that interact with PRDX1 via Co-IP and subjected them to liquid
chromatography-tandem mass spectrometry (LC-MS/MS) identi-
fication. Statistical analysis of the mass spectrometry data
(retaining only candidate proteins with >1 identified peptide)
revealed that TRIM21 (identified with 16 specific peptides) and
TRIM33 (8 peptides) were the top two candidate E3 ligases,
whereas MKRN1 was identified with only 4 peptides (Fig. S5f). All
proteins identified by the 3-Hyd-Biotin pull-down/LC-MS/MS assay
are detailed in Supplementary Table 1. Subsequent Co-IP
validation experiments confirmed that PRDX1 strongly and
specifically physically interacted with TRIM21, whereas TRIM33
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Fig. 4 3-Hyd targets microglial PRDX1 to reduce infarct area and improve neurological function. a Experimental timeline for microglia-
specific Prdx1 knockdown (using Cx3cr1<*¥F12 mice), tMCAO surgery, and 3-Hyd administration. b Representative immunofluorescence images
confirming the colocalization of AAV-carried ZsGreen1 with microglial markers in the cerebral cortex 14 days post-injection. Representative TTC
staining images (c) and quantitative analysis of cerebral infarct area (d) at 24 h post-reperfusion. e Longa neurological deficit scores evaluated at
24 h post-reperfusion. Long-term evaluation of specific microglial Prdx1 knockdown on the neuroprotective role of 3-Hyd over 7 days via survival
curves (f) modified neurological severity scores (mNSS) (g) and rotarod test (h). Data are presented as mean + SD (n = 7-10/group), except for (e)
which is presented as median with interquartile range (n = 7/group). Statistical analyses were performed using two-way ANOVA (d), Kruskal-Wallis
test (e), Log-rank (Mantel-Cox) test (f), or mixed-effects model (REML) (g, h) followed by Sidak’s or Dunn’s multiple comparisons test. *P < 0.05,
**Pp < 0.01, ***P < 0.001 vs. shNC + tMCAO + Sol group; n.s. (not significant) vs. shPrdx1 + tMCAO + Sol group.
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Fig. 5 3-Hyd inhibits PRDX1 degradation via the ubiquitin-proteasome pathway. a RT-qPCR analysis of Prdx7 mRNA levels in BV2 cells after
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and quantification (c) after 6 h of LPS induction (n = 3). Representative images (d) and quantification (e) showing the concentration-dependent (1,
5, 10 uM) protective effect of 3-Hyd against LPS-induced degradation (n = 3). Time-course evaluation (1, 3, 6, 9 h) of 3-Hyd on PRDX1 protein
stability under LPS stimulation. Representative images (f) and quantification (g) (n = 4). Immunofluorescence staining of PRDX1 expression and
distribution in BV2 cells. Representative images (h scale bar = 20 pm) and quantitative mean fluorescence intensity (MFI) (i n = 4). Western
blotting evaluating the effects of a protein synthesis inhibitor (CHX), proteasome inhibitor (MG132), and lysosome inhibitor (HCQ) on PRDX1
degradation 3 h post-LPS induction. Representative images (j) and quantification (k n = 3). | Representative immunoprecipitation (IP) and Western
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was not enriched (Fig. 6e). In vitro overexpression assays further
demonstrated that TRIM21 could significantly upregulate the
global ubiquitination level of PRDX1 (Fig. S5g). Importantly, in the
overexpression system, 3-Hyd treatment significantly disrupted
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the interaction between PRDX1 and TRIM21 (Fig. 6f). Next, we
evaluated the interaction between PRDX1 and TRIM21 under LPS
conditions in BV2 cells. The results indicated that LPS significantly
increased the interaction between TRIM21 and PRDX1, whereas

Acta Pharmacologica Sinica (2026) 0:1-20



3-Hydroxydehydroleucodin attenuates neuroinflammation
K Liu et al.

Fig. 6 3-Hyd inhibits neuroinflammation by preventing TRIM21-mediated ubiquitination of PRDX1 at the K109 residue. a Representative
Western blotting images of PRDX1 ubiquitination following co-transfection of WT PRDX1 or specific lysine mutants with Ubiquitin plasmids in
HEK293T cells. b Evolutionary conservation of the Lys109 (K109) residue in PRDX1 across diverse species. Representative Western blotting images
showing the effects of WT PRDX1 or PRDX1¥'%°R mutant transfection on NF-kB and autophagy pathway proteins in LPS-induced BV2 cells (c) and
determining the PRDX1 polyubiquitination linkage type after co-transfection with distinct Ubiquitin linkage mutants (K11R, K48R, K63R) in
HEK293T cells (d). Representative Co-IP and Western blotting images verifying the specific interactions between PRDX1 and candidate E3
ubiquitin ligases (TRIM21 and TRIM33) (e) evaluating the disruptive effect of 3-Hyd on the PRDX1-TRIM21 interaction in an overexpression system
(f) and analyzing their pathological interaction in microglia sorted from ischemic brain tissues of tMCAO mice following 3-Hyd administration (g).
h 3D protein-protein interaction (PPI) docking model of the TRIM21 RING domain (PDB: 6FGA) and PRDX1 (PDB: 4XCS), demonstrating extreme
spatial proximity between the TRIM21 catalytic site (Cys19) and the PRDX1 ubiquitination receptor site (K109). i Co-IP assays mapping the TRIM21-
interaction region using full-length PRDX1 (WT, AA 1-199) and its truncations (DL1: AA 106-199; DL2: AA 1-105).
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3-Hyd decreased this interaction (Fig. S5h). We subsequently
validated these findings in BV2 cells subjected to OGD/R. The
results revealed that OGD/R injury robustly enhanced the
endogenous interaction between PRDX1 and TRIM21 while
concurrently increasing the polyubiquitination level of PRDX1;
strikingly, these pathological alterations were significantly abro-
gated by 3-Hyd treatment (Fig. S5i). We subsequently reproduced
this mechanism in a mouse tMCAO in vivo model. Compared with
that in the Sham group, the binding between PRDX1 and TRIM21
in microglia from brain tissues was significantly greater in the
ischemia—reperfusion group; however, 3-Hyd administration
effectively reversed these pathological interactions (Fig. 6g).
Concurrently, we investigated the inflammatory status and
macroautophagy activation in microglia during ischemia-reperfu-
sion. The results suggested that at 24 h post-reperfusion, the
phosphorylation levels of pro-IL-13 and p65 were significantly
increased. Moreover, the expression of the macroautophagy
marker SQSTM1/p62 was significantly downregulated, and that
of LC3B-Il was significantly upregulated, which was accompanied
by a marked decrease in the level of the PRDX1 protein;
conversely, 3-Hyd treatment significantly reversed these protein
alterations (Fig. S5j-0). These data demonstrated that 3-Hyd
inhibited the ubiquitination and degradation of PRDX1 by
blocking its binding with TRIM21.

The RING domain within the TRIM21 structure is the core region
where it performs its E3 ubiquitin ligase catalytic activity [60]. We
performed protein—protein docking (PPI) simulation calculations
between the RING domain of TRIM21 (PDB: 6FGA) and that of
PRDX1 (PDB: 4XCS) using the HADDOCK v2.4 platform. A structural
docking model revealed that the cysteine residue (Cys19) [61] in
the catalytic active center of TRIM21 was extremely adjacent to
the ubiquitination target site (K109) of PRDX1 in three-
dimensional space, with a distance of only 2.7 A, indicating
excellent catalytic accessibility (Fig. 6h). To map the specific
interaction interface, we constructed expression plasmids for full-
length PRDX1 (WT, AA 1-199) and two truncated mutants: DL1 (AA
106-199) and DL2 (AA 1-105). Co-transfection assays confirmed
that when the N-terminal AA 1-105 sequence of PRDX1 was
deleted (i.e, overexpressing DL1, retaining AA 106-199), its
binding capacity to TRIM21 was maintained; however, when the
AA 106-199 region was deleted, the interaction was significantly
weakened (Fig. 6i). These findings suggested that TRIM21 is
primarily anchored to the AA 106-199 region of PRDX1, where the
critical ubiquitination receptor K109 is precisely located.

Collectively, these results confirmed that 3-Hyd could specifi-
cally intervene in the interaction between the E3 ubiquitin ligase
TRIM21 and PRDX1, thus blocking the K48-linked polyubiquitina-
tion and degradation of PRDX1 at the K109 residue, which may be
responsible for its anti-neuroinflammatory activity.

3-Hyd attenuates neuroinflammation through the PRDX1-

TRAF6 axis

PRDX1 can interact with the RING finger domain of TRAF6 to inhibit
its ubiquitination and ligase activity, thus negatively regulating the
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inflammatory cascade induced by TLR4 stimulation [49]. This classic
crosstalk between ubiquitination and the NF-kB signaling pathway
was highly consistent with our previous observations from the RNA-
seq enrichment analysis (Fig. 2d). Therefore, to further explore the
specific downstream molecular mechanisms through which 3-Hyd
blocks neuroinflammation after targeting PRDX1, we evaluated the
effect of 3-Hyd on the ubiquitination status of TRAF6 using co-
immunoprecipitation (Co-IP) assays in a BV2 microglial model. The
results clearly demonstrated that 3-Hyd treatment significantly
inhibited the global ubiquitination level of TRAF6 (Fig. 7a).

To functionally verify whether the anti-neuroinflammatory
effect of 3-Hyd specifically depended on downstream TRAF6, we
knocked down endogenous TRAF6 in BV2 cells using siRNA
technology and detected the release level of the pro-inflammatory
cytokine TNF-a via ELISA. Compared with that in the siNC + 3-Hyd
control group, the original potent anti-inflammatory effect of
3-Hyd was significantly abolished in the TRAF6 knockdown group
(Figs. 7b, c and S6a). Furthermore, knocking down TRAF6 alone
effectively inhibited LPS-induced TNF-a release (Fig. 7c), which
was consistent with the findings of previous studies reporting that
overexpressing TRAF6 promotes the occurrence of neuroinflam-
mation [62].

To further confirm that 3-Hyd inhibits TRAF6 ubiquitination by
binding to PRDX1, we overexpressed plasmids for wild-type (WT)
PRDX1 and a double mutant lacking 3-Hyd binding capacity
(PRDX1V>1A/R1284) i BV cells. Co-IP assays revealed that under WT
PRDX1 overexpression conditions, 3-Hyd potently inhibited the
ubiquitination of TRAF6; however, when the 51st and 128th amino
acids of PRDX1 were mutated to alanine, the inhibitory effect of
3-Hyd on TRAF6 ubiquitination was significantly abolished (Fig. 7d).
In parallel with the results of the cellular phenotype experiments,
compared with the empty vector group, the group in which WT
PRDX1 was overexpressed exhibited significantly inhibition of LPS-
induced TNF-a release, and combined 3-Hyd treatment resulted in
a stronger synergistic inhibitory effect. Similarly, in the PRDX1
double-mutant background, this pharmacological inhibitory effect
was completely abolished (Figs. 7e, f and S6b).

Finally, to explore how the ubiquitination and degradation of
PRDX1 reversely affect the ubiquitination status of TRAF6, we
overexpressed WT PRDX1 or its ubiquitination-resistant mutant
(PRDX1¥1%%) in BV2 cells. Co-IP revealed that in WT-
overexpressing cells, LPS stimulation significantly promoted the
ubiquitination of TRAF6; however, when the PRDX1¥'%°® mutation
was introduced—which blocked the degradation of PRDX1 itself
—LPS-induced TRAF6 ubiquitination was strongly inhibited
(Fig. 7g). At the inflammatory phenotype level, overexpressing
WT PRDX1 significantly inhibited TNF-a release under LPS
conditions, and combined treatment with 3-Hyd further amplified
this inhibitory effect; the anti-inflammatory effect of the
PRDX1¥1%°R mutation further increased, while combined treatment
with 3-Hyd had no additive effects (Figs. 7h, i and S6c).
Collectively, by specifically targeting and stabiliziing PRDX1,
3-Hyd effectively inhibited the neuroinflammatory cascade
mediated by TRAF6 ubiquitination.
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Fig. 7 3-Hyd attenuates neuroinflammation through the PRDX1-TRAF6 axis. a Representative Co-IP and Western blotting images evaluating
the effect of 3-Hyd on overall TRAF6 ubiquitination levels in BV2 cells. Knockdown of endogenous Traf6 in BV2 cells using siRNA. Representative
Western blotting images of knockdown efficiency (b) and ELISA quantification of 3-Hyd’s inhibitory effect on LPS-induced TNF-a release (c).
d Representative Co-IP and Western blotting images detecting 3-Hyd's inhibitory effect on TRAF6 ubiquitination in BV2 cells overexpressing WT
PRDX1 or the PRDX1Y>"A&R128A gy ble mutant (lacking 3-Hyd binding capacity). Overexpression of WT PRDX1 or PRDX1Y>'A&R128A in BV cells.
Representative Western blotting images of transfection efficiency (e) and ELISA quantification of 3-Hyd's effect on LPS-induced TNF-a release (f).
g Representative Co-IP and Western blotting images detecting TRAF6 ubiquitination levels in BV2 cells overexpressing WT PRDX1 or its
ubiquitination-resistant mutant (PRDX1%'°%%), Overexpression of WT PRDX1 or PRDX1X'%F in BV2 cells to evaluate whether 3-Hyd exerts anti-
inflammatory effects via the PRDX1 K109 residue. Representative Western blotting images of overexpression efficiency (h) and ELISA
quantification of 3-Hyd's effect on LPS-induced TNF-a release (i). Data are presented as mean+SD (n=3/group). Statistical analyses were
performed using two-way ANOVA followed by Sidak’s multiple comparisons test (¢, f, i). ***P <0.001 vs. LPS group within the same transfection
group; #¥4P < 0.001 vs. siNC group within the LPS treatment group; n.s. (not significant).

DISCUSSION

In this study, we reveal for the first time that
3-hydroxydehydroleucodin (3-Hyd), a sesquiterpene constituent
of Kudiezi injection (KDZ), serves as the key component
responsible for its anti-neuroinflammatory effects. Through
in vitro and in vivo models combined with comprehensive
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chemical biology techniques, we elucidated the pharmacological
mechanism through which 3-Hyd:3-Hyd non-covalently targets
and binds to the PRDX1 protein, specifically blocking the E3
ubiquitin ligase TRIM21-mediated K48-linked ubiquitination and
degradation of PRDX1. The subsequently stabilized and accu-
mulated PRDX1 inhibits the TRAF6-mediated NF-kB cascade,
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Fig. 8 Proposed scheme for 3-Hyd exhibiting anti-neuroinflammatory effects by targeting PRDX1 to block the TRIM21-PRDX1
interaction. During ischemia-induced microglial hyperactivation, TRAF6 activates the NF-kB signaling cascade and autophagic pathways, driving
robust pro-inflammatory cytokine expression and excessive autophagic flux. Concurrently, PRDX1 undergoes accelerated proteasome degradation
mediated by the E3 ubiquitin ligase TRIM21. 3-Hyd specifically binds to the V51 and R128 residues of PRDX1, physically disrupting the TRIM21-
PRDX1 interaction and preventing the ubiquitin-dependent degradation of PRDX1. The stabilized PRDX1 subsequently suppresses TRAF6
ubiquitination, effectively restraining the microglial inflammatory response and excessive autophagy to ameliorate ischemic brain injury.

thus attenuating the inflammatory cascade and excessive
autophagic activation in microglia (Fig. 8). This discovery not
only clarifies the substance basis for the anti-ischemic effect of
KDZ but also highlights the critical pathological significance of
the TRIM21-PRDX1-TRAF6 regulatory axis in neuroinflammation
for the first time and suggests that targeting the TRIM21-PRDX1
interaction is a promising strategy for the treatment of ischemic
stroke.

Following ischemic stroke, damage-associated molecular pat-
terns (DAMPs) released by necrotic cells rapidly trigger the innate
immune system in the brain [63]. As the “first responders” of the
central nervous system, the microglia and their excessive
activation toward a pro-inflammatory phenotype (especially the
expansion of the Sppi-high subpopulation) are the main driving
forces that amplify the neuroinflammatory network and exacer-
bate secondary brain tissue injury [64]. Although traditional
Chinese medicine (TCM) formulas, such as KDZ, have demon-
strated synergistic protective advantages through multi-compo-
nent, multi-target, and multi-pathway mechanisms in clinical
practice—such as in previous reports indicating their ability to
downregulate pro-inflammatory cytokines by modulating PDCD4/
MAPK/NF-kB pathways [11]—the lack of a clear key substance
basis has severely limited their translation into modernized
targeted medicine. In parallel, our results confirm that the anti-
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inflammatory activity of the sesquiterpene lactone compound
3-Hyd is significantly superior to that of the other major
components within KDZ. This provides highly persuasive cellular
and molecular evidence for identifying the true active compo-
nents of complex TCM systems and enabling precision-targeted
interventions.

Discovering and validating the direct molecular targets of active
compounds is the rate-limiting step in innovative drug develop-
ment and represents the major breakthrough of this study.
Previous studies have developed various PRDX1 inhibitors, such as
celastrol [65] and glaucocalyxin A [66], which exert anti-tumor
effects primarily by forming irreversible covalent bonds with the
Cys-173 residue of PRDX1. However, such covalent binding often
severely disrupts the overall redox homeostasis of normal cells,
resulting in strongly toxic side effects. In stark contrast, our SPR
and amino acid point mutation experiments verify that 3-Hyd
does not target the key cysteine sites of PRDX1 (C52, C71, C83, and
C173). Instead, it forms reversible noncovalent interactions with
the V51 and R128 residues via hydrogen bonding. This unique
binding mode ingeniously hinders steric hindrance, blocking the
protein—-protein interaction (PPI) between PRDX1 and TRIM21,
thus specifically intervening in its ubiquitination. These findings
clarify whether noncysteine-targeted binding influences the
enzymatic function of PRDX1, providing a robust theoretical basis
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for the development of other PRDX1-targeted small-molecule
inhibitors. Additionally, conducting structure—activity relationship
(SAR) analyses to design superior 3-Hyd derivatives with higher
efficacy, enhanced targeting specificity, and lower toxicity is
among our future objectives.

Autophagy acts as a “double-edged sword” in the progression of
neuroinflammation [67, 68]. Moderate autophagy acts as an adaptive
protective mechanism for cells, assisting in the clearance of
damaged organelles and abnormal proteins. Conversely, under the
intense stress of severe ischemia-reperfusion, the excessive activa-
tion of autophagy exacerbates cellular injury and the inflammatory
storm. Our data corroborate this finding: tMCAO led to an abnormal
increase in the expression of autophagy markers in microglia,
whereas 3-Hyd intervention significantly reversed this trend. Tight
dynamic crosstalk between autophagy and inflammation occurs in a
pathological model of ischemic stroke. The remarkable neuropro-
tective efficacy of 3-Hyd both in vitro and in vivo is precisely
attributed to its targeting of PRDX1, a “hub protein,” which enables a
“dual brake” and systemic correction of both the NF-kB inflammatory
pathway and excessive autophagic flux.

Although this study elucidated in depth the molecular targeting
mechanism of 3-Hyd, an extensive scope for exploration remains.
First, to comprehensively evaluate the absolute contribution of
3-Hyd to the overall efficacy of KDZ, quantitative analysis
technologies are needed in the future to determine its precise
concentration in the original injection solution. Second, ischemic
brain injury involves a complex communication network of multiple
cell populations, including neurons, endothelial cells, and astro-
cytes. In the present study, only the mechanisms underlying
microglia-mediated neuroinflammation were investigated. Given
that microglial activation is a universal pathological hallmark across
various neurological disorders, future investigations will expand the
pharmacological validation of 3-Hyd into multiple microglia
activation-involved disease models and diverse therapeutic time
windows to explore its broader therapeutic spectrum. Future
utilization of technologies, such as spatial transcriptomics, to
delineate the multidimensional regulatory functions of PRDX1 in
other cell subpopulations will further elucidate its biological
landscape within the entire neural network. Finally, the identifica-
tion of TRIM21 as the E3 ligase that mediates PRDX1 ubiquitination
and the identification and characterization of the specific deubi-
quitinating enzymes (DUBs) responsible for PRDX1 modification
during neuroinflammation constitute crucial final steps in mapping
the dynamic equilibrium network of PRDX1 post-translational
modifications, which is another important focus of our future work.

In this study, we revealed that 3-Hyd specifically targets
pathologically activated microglia by acting on the PRDX1 protein.
Mechanistically, 3-Hyd binds noncovalently to PRDX1, thus
blocking its TRIM21-mediated K48-linked ubiquitination and
subsequent proteasome degradation. The stabilization of PRDX1
effectively suppresses the TRAF6/NF-kB-driven inflammatory
cascades and excessive autophagic activation in microglia.
However, the phenotypic outcomes observed in our microglia-
specific PRDX1 knockdown tMCAO model differ significantly from
those reported in a previous global PRDX1 knockout (KO) study
[23]. This apparent discrepancy is based on the distinct genetic
strategies employed: global KO intrinsically deprives highly
vulnerable neurons of their baseline antioxidant protection
(inevitably exacerbating acute cell death), whereas our targeted
knockdown approach strictly preserves the endogenous PRDX1
pool within the neuronal compartment. This biological distinction
not only elucidates the differences in baseline infarct volumes but
also highlights the critical importance of cell type-specific
targeting in the development of precise therapeutic interventions
for ischemic stroke. Ultimately, our findings reveal the TRIM21-
PRDX1-TRAF6 signaling axis as a pivotal regulatory network in
microglia-mediated neuroinflammation, suggesting that targeted
disruption of the TRIM21-PRDX1 interaction is a viable

SPRINGERNATURE

translational strategy and that 3-Hyd is a highly promising
compound for the treatment of cerebral ischemic stroke.
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