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Abstract

Background/Objectives: Eupalinolide B (EB), a natural compound derived from Eupato-
rium lindleyanum DC, has demonstrated multiple pharmacological activities. However,
its role in modulating oxidative stress remains incompletely understood. Methods: In
this study, we investigated the antioxidant effect and underlying mechanism of EB in
lipopolysaccharide (LPS)-induced RAW264.7 macrophages. Results: EB significantly at-
tenuated LPS-induced oxidative stress as evidenced by reduced levels of intracellular
reactive oxygen species (ROS), nitric oxide (NO), and malondialdehyde (MDA) along-
side enhanced superoxide dismutase (SOD) activity and an increased reduced/oxidized
glutathione (GSH/GSSG) ratio. Using activity-based protein profiling, we identified per-
oxiredoxin 4 (PRDX4) as a key binding target of EB. Direct interaction was confirmed
through labeling and competitive binding assays with purified PRDX4 protein. High-
resolution mass spectrometry revealed that EB covalently binds to Cys54 and Cys248
residues of PRDX4. Furthermore, EB treatment upregulated PRDX4 protein expression
in LPS-stimulated RAW264.7 cells. siRNA-mediated knockdown of PRDX4 significantly
blunted the antioxidant effects of EB, confirming the functional relevance of this target.
Conclusions: Our findings demonstrate that EB alleviates LPS-induced oxidative stress in
macrophages by covalently binding to and stabilizing PRDX4, thereby enhancing cellular
antioxidant capacity. This study unveils a novel mechanism whereby a natural product
enhances cellular antioxidant capacity by covalently stabilizing a key peroxidase, high-
lighting the potential of EB as a therapeutic agent and PRDX4 as a promising target for
oxidative stress-related diseases.

Keywords: Eupalinolide B; oxidative stress; chemical proteomics; target identification; PRDX4

1. Introduction
The mutual amplification between oxidative stress and inflammation represents a

core pathological mechanism underlying numerous chronic diseases [1,2]. Consequently,
therapeutic strategies aimed at enhancing antioxidant capacity have emerged as a pivotal
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direction for future disease treatment [3,4]. As key cells of the innate immune system,
macrophages are the central regulators of inflammatory responses and oxidative stress [5].
Under pathological conditions such as infection and tissue injury, macrophages are overac-
tivated and secrete large amounts of reactive oxygen species (ROS) and nitric oxide (NO), a
major reactive nitrogen species (RNS)—along with inflammatory cytokines (e.g., TNF-α,
IL-6, and IL-1β)—which constitute a common pathological driver of inflammation-related
diseases [6–10]. Notably, while NO functions as a physiological signaling molecule (e.g.,
mediating vascular relaxation) at basal concentrations, its pathological overproduction
such as when induced by lipopolysaccharide (LPS) synergizes with excess ROS to form
peroxynitrite, a highly oxidizing RNS derivative that exacerbates oxidative damage (e.g.,
elevated malondialdehyde (MDA) a marker of lipid peroxidation) [11]. The resulting ox-
idative damage extends to the impairment of the multilayered antioxidant defense system,
characterized by diminished activity of enzymatic antioxidants such as superoxide dismu-
tase (SOD) and a disturbed equilibrium of the non-enzymatic glutathione (GSH/GSSG)
redox buffer [12,13].

The antioxidant defense system relies on coordinated interactions between enzy-
matic and non-enzymatic components to maintain redox homeostasis, which represents
a dynamic state, not a static binary equilibrium [14]. For example, SOD acts as a front-
line enzyme converting superoxide anions, a major ROS to H2O2, which is further scav-
enged by downstream enzymatic systems (e.g., glutathione peroxidase, GPx) or directly
decomposed—processes that often depend on GSH as a key reducing cofactor [15,16].
Notably, this multi-layered defense network also relies on an essential yet often underem-
phasized family of peroxidases—peroxiredoxins (PRDXs) [17]. Peroxiredoxin 4 (PRDX4),
an endogenous intracellular antioxidant enzyme belonging to the peroxiredoxin family,
functions as a typical 2-cysteine (2-Cys) peroxiredoxin [18,19]. PRDx4 not only efficiently
removes peroxides such as H2O2 and lipid peroxides by using glutathione and thioredoxin
as electron donors, but also maintains the homeostasis of disulfide bonds in the endo-
plasmic reticulum [20]. PRDX4 can work in synergy with classical antioxidant enzymes
to enhance the stability of the entire antioxidant network [18]. Accumulating evidence
indicates that PRDX4 dysfunction induces oxidative damage and endoplasmic reticulum
stress, contributing to the pathogenesis of various diseases, including diabetes, arthritis
and cancer [21–23]. These findings collectively highlight PRDX4 as a promising therapeutic
target for modulating oxidative stress.

Traditional Chinese medicinal herbs have garnered considerable attention as a valu-
able source of natural antioxidants [24]. In recent years, natural products have become a
focal point in antioxidant drug discovery, owing to their advantages such as fewer side
effects and lower propensity for drug resistance compared to conventional synthetic com-
pounds [25]. However, the pharmacological actions of many natural products, including
those derived from Chinese medicine, often exhibit multi-target and multi-pathway char-
acteristics, which complicate the precise elucidation of their mechanisms of action [26,27].
Therefore, identifying the specific protein targets through which natural products exert
their distinct pharmacological effects remains a critical and challenging task. Activity-based
protein profiling (ABPP) has effectively overcome the limitations of traditional transcrip-
tomic and genomic approaches, such as their narrow applicability and susceptibility to
interference [28–30]. Eupalinolide B is a principal bioactive constituent isolated from Eupa-
torium lindleyanum DC and displayed a spectrum of pharmacological activities associated
with inflammatory conditions such as bronchitis, cough, and asthma due to the α-β unsat-
urated aldehyde-ketone structure, which can covalently bind to the active sites of various
proteins [31,32]. Despite significant progress in elucidating the multifaceted bioactivities of
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EB, the specific protein targets and molecular pathways underlying its antioxidant effects
remain unclear.

In this study, we employed an activity-based protein profiling (ABPP) strategy to
identify the direct cellular targets of EB in lipopolysaccharide (LPS)-stimulated RAW264.7
macrophages—a well-established model of inflammation-associated oxidative stress [33,34].
This study discovered for the first time that EB forms a covalent bond at the cysteine
54/248 site with PRDX4, enhancing the post-translational stability of PRDX4 without
altering its activity/transcription to improve total antioxidant capacity in cells. This reveals
a new natural product action mode (covalent peroxide reductase stabilization) and provides
guidance for the development of future redox regulators targeting PRDX4.

2. Materials and Methods
2.1. Agents and Chemicals

The supplier of cycloheximide (CHX) (98% pure) was commercially acquired from
Herb Purify Co., Ltd. (Chengdu, China).

2.2. Cell Line Selection and Culture

RAW264.7 cells were cultured in high-glucose DMEM medium (Corning, NY, USA,
Catalog No.: C11995500BT, Gibco) supplemented with 10% fetal bovine serum (FBS, Catalog
No.: 10099141C, Gibco, Corning, NY, USA). The cells were maintained at 37 ◦C in a
humidified atmosphere containing 5% CO2. To induce oxidative stress, RAW264.7 cells
were stimulated with 1 µg/mL LPS (Sigma-Aldrich, St. Louis, MO, USA, 297-473-0) and
exposed to EB or the EB fluorescent probe (EB-P) (Shanghai Standard BioResearch Co., Ltd.,
Shanghai, China, ST04620120) for durations ranging from 0 to 24 h.

2.3. Detection of Intracellular Reactive Oxygen Species Content

The cell culture medium was removed and an appropriate volume of diluted 2′,7′-
dichlorofluorescin (DCFH-DA) (Beyotime, Nantong, China, S0033S) was added to achieve
a final concentration of 10 µmol/L. The volume of diluted DCFH-DA was adjusted to
ensure complete coverage of the cells with a minimum addition of 1 mL per well in six-well
plates. Cells were incubated in a 37 ◦C cell incubator for 20 min. Subsequently, the cells
were washed three times with Opti-MEM (Thermo Fisher Scientific, Waltham, MA, USA)
to completely remove the uninternalized DCFH-DA. After trypsin digestion, fluorescence
intensity was quantified using a BD FACSCanto II flow cytometer (BD Biosciences, Faucett,
NJ, USA) or imaged via an Olympus IX73 fluorescence microscope (Olympus Corpora-
tion, Tokyo, Japan). The average fluorescence intensity of cells was calculated from three
independent fields using the Image J software (v1.53, NIH, Bethesda, MD, USA).

2.4. Detection of Intracellular Antioxidant Index

After treatment, cells were rinsed once with PBS (Thermo Fisher Scientific) harvested
by centrifugation, and the supernatant was completely aspirated. A volume of protein
removal reagent was added, and the mixture was thoroughly vortexed and measured using
the GSH and GSSG assay kit (Beyotime, S0053) according to the manufacturer’s instructions.
The cells were collected and lysed for protein extraction, and protein concentrations were
measured using the bicinchoninic acid assay (BCA) (Thermo Fisher Scientific). For the
MDA (Solarbio, BC0025) and SOD (Solarbio, Beijing, China, BC017S) activity assays, cells
were gently resuspended by pipetting and collected into a transferred to centrifuge tubes.
After centrifugation at 1000× g for 5 min, at 4 ◦C, the supernatant was discarded. Radio-
immunoprecipitation assay (RIPA) lysis buffer (Solarbio, BC0025) (1 mL per 5 × 106 cells)
was added to the cell pellet, followed by ultrasonication (3 × 10 s pulses at 20% amplitude)
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or mechanical disruption. The lysate was centrifuged at 8000× g for 10 min at 4 ◦C and the
supernatant was aliquoted and stored on ice for immediate analysis. The NanoDrop 2000c
spectrophotometer (Thermo Fisher Scientific) was preheated for >30 min and calibrated to
zero using distilled water. Assays were performed according to the manufacturer’s protocol
(Solarbio, BC0025 for MDA; BC017S for SOD), with absorbance values normalized to cell
counts. MDA content (nmol/104 cells) and SOD enzyme activity (U/104 cells) were calcu-
lated based on the protein concentration determined by BCA (Thermo Fisher Scientific).

2.5. Detection of Intracellular NO Level

Cells were collected and lysed with homogenization buffer. After centrifugation at
4 ◦C for 10 min at 12,000× g, the supernatant was stored separately to avoid interference
from hemolysis or impurities. The nitrate reductase working solution (Solarbio, BC1475)
and chromogenic agent were prepared according to the kit (Solarbio, BC1475) protocol.
Sample supernatants, gradient standards, and working solution were added sequentially
to a 96-well plate. After gentle mixing, the plate was incubated at 37 ◦C for 30 min. The
reaction was terminated with stop solution and absorbance at 550 nm was measured using
a Multiskan GO enzyme-linked immunosorbent detector (Thermo Fisher Scientific). NO
content (expressed as µ mol/mL) was calculated from the standard curve plotted with
optical density (OD) values.

2.6. Western Blotting

Following cell homogenization using a sonic dismembrator Gedong XF (Model 200,
Gedong XF Biotechnology Company, Wuhan, Hubei, China), the supernatant was col-
lected via high-speed centrifugation. Protein concentration was determined using the
BCA (Thermo Fisher Scientific). Subsequently, 50 µg of protein samples were separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
onto nitrocellulose membranes (MilliporeSigma, Burlington, MA, USA). The membranes
were blocked with non-fat milk and then incubated overnight at 4 ◦C with anti-PRDX4 (Ab-
clonal, Wuhan, Hubei, China, A1486), anti-PRDX1 (Cell Signaling Technology (CST), #8499),
anti-PRDX2 (CST, #46855), and anti-β-actin (Proteintech, Chicago, IL, USA, 81115-1-RR) pri-
mary antibodies. Target protein bands were detected using enhanced chemiluminescence
(ECL) (Thermo Fisher Scientific).

2.7. qPCR Detection of Prdx4 Transcriptional Levels in Cells

To detect the transcriptional level of the Prdx4 gene in cells, total cellular RNA
was extracted with a commercial RNA isolation kit (Takara Bio Inc., Shiga, Japan) and
verified for purity and integrity, followed by reverse transcription of total RNA into
complementary DNA (cDNA) using the PerfectStart Green quantitative real-time PCR
(qPCR) SuperMix (TransGen Biotech, Beijing, China, AQ601) according to the manufac-
turer’s protocol. qPCR was performed with the same kit using β-actin (forward primer:
5′-GCTGTGCTATGTTGCTCTAG-3′, reverse primer: 5′-CGCTCGTTGCCAATAGTG-3′)
as the internal reference gene and each sample was analyzed in triplicate with relative
Prdx4 transcriptional levels (forward primer: TCCTGTTGCG-177 GACCGAATC, reverse
primer: CCACCAGCGTAGAAGTGGC) calculated via the 2−∆∆Ct method and statistical
analysis conducted using GraphPad Prism 8.0 software (GraphPad Software, San Diego,
CA, USA) [35].

2.8. PRDX4 Enzyme Activity Assay

In order to evaluate the effect of EB on PRDX4 enzyme activity, pure PRDX4 protein
(R&D Systems, Minneapolis, MN, USA) was divided into the control group (DMSO, Sigma-
Aldrich) and EB (0, 5, 10, 20, and 50 µM)-treated group. After initial addition of equal

https://doi.org/10.3390/biomedicines14030629

https://doi.org/10.3390/biomedicines14030629


Biomedicines 2026, 14, 629 5 of 19

amount of the H2O2 substrate, EB was added to the protein and incubated at 37 ◦C
for 30 min. H2O2 (Sigma-Aldrich) content was detected at the starting point and the
end point, respectively, and the H2O2 clearance rate was calculated to characterize the
enzymatic activity.

2.9. Cycloheximide Chase Assay

RAW264.7 cells were stimulated with 1 µg/mL LPS and pretreated with EB (8 µM) or
DMSO for 12 h, followed by CHX treatment (40 µg/mL) for 0 to 24 h to inhibit de novo
protein synthesis. Protein samples were collected at 0, 6, 12, and 24 h after the treatment of
CHX and the effect of EB on PRDX4 levels was verified using Western blotting. The relative
density of the protein bands was quantified.

2.10. Synthesis and Bioactivity Study of the EB Fluorescent Probe

The EB-P was synthesized by introducing an alkyne handle at the C-terminus of
EB [25]. A total of 111 mg of EB (0.240 mmol) was dissolved in 4 mL of DMF (Sigma-
Aldrich). Subsequently, 171 mg of 2-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HATU) (Sigma-Aldrich, St. Louis, MO, USA) (0.450 mmol) and
0.166 mL of triethylamine (TEA) (Sigma-Aldrich) (1.19 mmol) were added to the solution.
The reaction mixture was stirred under dark conditions at room temperature for 12 h.
Reaction progress was monitored by TLC using a CH2Cl2:CH3OH (25:1) (Sigma-Aldrich)
solvent system until complete consumption of starting material was observed. The reaction
mixture was then diluted with approximately 10 mL of saturated ammonium chloride
solution (Sigma-Aldrich), resulting in precipitation of a solid product. The crude product
was collected by vacuum filtration. Purification was performed via silica gel column
chromatography (Haiyang, Qingdao, China) using petroleum ether:ethyl acetate (3:1)
(Sigma-Aldrich) as the eluent, yielding compound 3 (94.1 mg, 79.7% yield). The purified
compound was stored at 4 ◦C in the dark for subsequent use.

2.11. Labeling and Competition Assay

For the in vitro fluorescent labeling and competition assay, activated Raw264.7 cell
pellets were collected and lysed using 0.1% triton/PBS (Thermo Fisher Scientific) buffer
containing 1× protease inhibitor cocktail (Sigma-Aldrich, cOmplete™ Mini, EDTA-free,
04693159001) (1 tablet/10 mL). The experiment comprised the blank control group, EB-P
probe labeling group, and EB pre-treatment competition group. Cells in the competition
group were pre-treated with 400 µM EB for 2 h prior to probe addition. Subsequently,
each group received different probe concentrations, blank group, 0 µM; labeling group,
50 µM EB-P; and competition group, 50 µM EB-P for another 2 h. The labeling reaction
was performed at 37 ◦C for the designated period. Then the click chemistry reaction
mixture (0.1 mM tris (benzyltriazolylmethyl) amine (TBTA) (Sigma-Aldrich), 1 mM CuSO4

(Sigma-Aldrich, St. Louis, MO, USA), 50 µM tetramethylrhodamine (TAMRA)-N3 (Sigma-
Aldrich), and 1 mM tris(2-carboxyethyl)phosphine (TCEP) (Sigma-Aldrich) was added and
incubated at 29 ◦C for 1 h following by SDS-PAGE and visualization analysis.

2.12. Protein Target Identification

To identify the target proteins of EB, we employed a pull-down assay coupled with
liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis as previous
reported [36,37]. RAW264.7 cells were pre-incubated with EB for 2 h, followed by co-
incubation with EB-P for 2 h to establish the EB group and probe labeling group (without
EB). Subsequently, a click chemistry reaction mixture (0.1 mM TBTA, 1 mM CuSO4, 50 µM
biotin-N3 and 1 mM TCEP) was added to the protein solution. After 1 h incubation at 29 ◦C,
proteins were precipitated and resuspended in 0.1% SDS (Bio-Rad, Hercules, CA, USA).
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Following high-speed centrifugation, the supernatant was incubated overnight at 4 ◦C with
streptavidin magnetic beads (Thermo Fisher Scientific). The bead-bound protein complexes
were digested into peptides and subjected to dimethyl labeling. Protein identification was
ultimately performed using an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher
Scientific) as previously reported [38].

2.13. Plasmid Construction and Protein Purification

The mouse-derived Prdx4 gene (GenBank Accession No. NM_001252626) and its
mutant cDNA variants were synthesized by Sangon Biotech (Shanghai, China). Protein
expression was induced by adding 0.4 mM isopropyl-β-d-thiogalactoside (IPTG) (Sigma-
Aldrich). After bacterial cell lysis via ultrasonication, the PRDX4 protein was purified using
Ni-iminodiacetic acid (Ni-IDA) affinity chromatography (HisTrap™ FF column, Cytiva,
Marlborough, MA, USA). The target protein was eluted with imidazole-containing buffer
(50 mM imidazole, 150 mM NaCl, pH 7.4) (Sigma-Aldrich) and collected for SDS-PAGE
analysis. Following dialysis, the purified protein was filtered through a 0.22 µm membrane
(Millipore, Burlington, MA, USA). The purity of the recombinant protein was confirmed to
be greater than 90% by Coomassie brilliant blue (Bio-Rad) staining.

2.14. Fluorescence Co-Localization Assay

To visualize the binding of the EB-P probe to the target protein PRDX4, we performed
immunofluorescence imaging to investigate the co-localization and interaction between EB
and PRDX4. The probe labeling and click chemistry steps were carried out as previously
described [38]. Cells were incubated with primary anti-PRDX4 antibody (1:500 dilution)
overnight at 4 ◦C. The next day, samples were washed three times with 1 × TBST (5 min per
wash) (Bio-Rad Laboratories, Hercules, CA, USA). Then fluorescent secondary antibody
(goat anti-rabbit IgG) (Thermo Fisher Scientific, Catalog No.: 31460) (1:1000 dilution) was
applied. Incubation in dark at room temperature for 2 h followed by three additional TBST
washes (5 min each). Hoechst 33342 (Thermo Fisher Scientific) (1:1000 dilution) was added
for nuclear staining. Finally, samples were mounted using 90% glycerol (Sigma-Aldrich)
and imaged with a confocal microscope (Olympus FV3000, Olympus Corporation).

2.15. Cellular Thermal Shift Assay (CETSA)

Following established protocols, we performed cellular thermal shift assay (CETSA)-
Western blot (CETSA-WB) experiments. RAW264.7 cells were lyzed using cell lysis buffer
to extract protein and then each group was aliquoted into many PCR tubes and divided
into the control and EB-treated group (400 µM). After incubating the cell lysate with EB
for 4 h at 37 ◦C, samples underwent temperature gradient heating from 37 ◦C to 82 ◦C (37,
42, 47, 52, 57, 62, 67, 72, 77, and 82 ◦C) for 1 h in the PCR thermocycler (Veriti™ Thermal
Cycler, Thermo Fisher Scientific). Following heating, lysates were centrifuged at 20,000× g
for 10 min at 4 ◦C. Supernatants were collected for Western blot analysis using anti-PRDX4
as the primary detection antibody.

2.16. PRDX4-EB Binding Affinity Test by Microscale Thermophoresis

To quantify PRDX4-EB binding affinity via microscale thermophoresis (MST) (Nan-
oTemper Monolith NT.115, NanoTemper Technologies, Munich, Germany). His-tagged
PRDX4 was nitrilotriacetic acid labeled with nitrilotriacetic acid (NTA) (Sigma-Aldrich)
and diluted to 50 nM. EB was 10-fold serially diluted (0.01–1000 µM, ≤5% DMSO) to span
~2 orders of magnitude around the predicted dissociation constant (Kd). 10 µL EB dilutions
were mixed with 10 µL 50 nM labeled PRDX4 (25 ◦C, 5 min equilibrium), centrifuged
(17,000× g, 5 min), and supernatants loaded into MST capillaries (no air bubbles). Using
an MST instrument, the laser power and MST intensity were optimized and a pre-scan
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was performed to confirm uniform fluorescence before initiating the measurement. Upon
exposure to the IR laser, the instrument automatically records the time-dependent changes
in fluorescence signal during the localized heating and subsequent cooling phases. For data
analysis, the acquired signals were normalized Fnorm = Fhot

Fcold
and subjected to nonlinear

fitting (e.g., using the Hill model or Kd model) to calculate key parameters such as the Kd,
Hill coefficient, and stoichiometry, thereby quantitatively characterizing the affinity and
specificity of the molecular interaction.

2.17. RNA Interference Experiment

PrdX4 siRNA (sense strand, GAAAGCAGAUAG) was synthesized by Sangon Biotech.
siRNA and the corresponding control were diluted in serum-free DMEM medium (Thermo
Fisher Scientific, 10829023) and transfected into RAW264.7 cells using Lipofectamine
2000 (Thermo Fisher Scientific) according to the manufacturer’s instructions. After 48 h of
incubation, cells were treated with 1 µg/mL LPS and EB as required by the experimental
design. Finally, cells were harvested for Western blot analysis and culture supernatants
were collected for measurement of inflammatory cytokine levels.

2.18. Binding Site Identification

To determine the direct interaction sites between EB and the PRDX4 protein (Abcam,
Cambridge, UK), 100 µg of purified PRDX4 protein was incubated with 2 mM EB for
2 h. Subsequently, 5 mM DTT (Sigma-Aldrich) was added to reduce disulfide bonds,
followed by the addition of 20 mM iodoacetamide (IAA) (Sigma-Aldrich) after 30 min to
perform alkylation reactions. To remove drug and reagent interference, a mixture of 300 µL
methanol (Sigma-Aldrich), 100 µL chloroform (Sigma-Aldrich), and 300 µL double-distilled
water (ddH2O) was added. The solution was left undisturbed to precipitate the PRDX4
protein. Finally, the precipitated protein was digested with 1 µg of trypsin (Thermo Fisher
Scientific, V511A) into peptide fragments. The peptides were desalted using a C18 column
(Waters, Milford, MA, USA) and subsequently analyzed by MS.

2.19. Molecular Docking

Crystal structure of PRDX4 Protein Data Bank (PDB ID, 3VWU) was obtained
from the Research Collaboratory for Structural Bioinformatics (RCSB) Protein Data
Bank. Schrödinger Glide was employed to simulate the binding modes between EB and
PRDX4 [39]. Subsequently, the Epik and OPLS4 force field modules were employed to
predict protonation states [40], preprocess the protein under pH 7.4, optimize hydrogen
bond networks, and perform energy minimization. The three-dimensional structures were
constructed using Pymol and the Maestro LigPrep module with the OPLS4 force field
at pH 7.4.

2.20. Statistical Analysis

Statistical analysis of data was performed by Student’s t test and one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test. All experiments were performed
for at least three independent biological replicates. Statistical analyses was conducted
using GraphPad Prism 9.0. Data are represented as the means ± standard deviation (SD).
* p < 0.05; ** p < 0.01; *** p < 0.001; or **** p < 0.0001 was significant. ns, not significant.

3. Results
3.1. EB Effectively Alleviates Oxidative Stress in LPS-Stimulated RAW264.7 Cells

To evaluate the antioxidant efficacy of EB, we established an LPS-induced oxidative
stress model in RAW264.7 macrophages and measured key oxidative stress parameters
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including intracellular oxidants (ROS, NO, and RNS), oxidative damage markers MDA and
core antioxidants (enzymatic SOD and non-enzymatic GSH, together with its oxidized form
GSSG). As illustrated in Figure 1a, LPS stimulation markedly increased the population
of DCF fluorescent-positive cells, indicating substantial ROS accumulation. This effect
was substantially reversed upon treatment with 8 µM EB. Quantitative analysis of the
DCF fluorescence signal by flow cytometry confirmed that EB significantly attenuated the
LPS-induced ROS elevation (Figure 1b,c). Consistently, LPS stimulation also triggered a
dramatic increase in NO production (Figure 1d), a key pro-oxidant that synergizes with
ROS to exacerbate oxidative damage [41]. Notably, EB treatment significantly reduced NO
levels. Furthermore, EB treatment resulted in a distinct reduction in MDA content, a marker
of lipid peroxidation, compared to the LPS-treated model group (Figure 1e). Conversely,
the activity of SOD, a pivotal antioxidant enzyme, was markedly elevated in EB-treated
cells (Figure 1f) [42]. In addition to SOD activity, we further detected GSH (Figure 1g)
and GSSG (Figure 1h) levels to comprehensively evaluate the antioxidant network. EB
treatment significantly increased the GSH/GSSG ratio (Figure 1i) compared to the LPS
group, indicating that EB enhances the cellular antioxidant defense system.

3.2. Identification of EB Target Proteins Using Activity-Based Protein Profiling

To elucidate the molecular targets underlying the antioxidant activity of EB, we em-
ployed ABPP to identify its direct binding partners in RAW264.7 cells. An active EB probe
(EB-P) was synthesized by incorporating a clickable alkyne handle, preserving the core
structure for target engagement (Figure 2a). This design enabled subsequent conjugation to
TAMRA-N3 via click chemistry for in-gel fluorescence detection as well as to biotin-azide
for affinity enrichment and identification of bound proteins by LC-MS/MS (Figure 2a).
Initial optimization of labeling conditions in RAW264.7 cell lysates revealed efficient tar-
get engagement at an EB-P concentration of 50 µM (Figure 2b). Competitive profiling
experiments demonstrated that pre-incubation with increasing concentrations of native EB
dose-dependently reduced the fluorescence intensity of EB-P-labeled proteins, confirming
specific binding (Figure 2c). Based on these results, 50 µM EB-P and 400 µM EB were
selected as optimal concentrations for subsequent labeling and competition experiments,
respectively. Following affinity enrichment and LC-MS/MS analysis, candidate target pro-
teins were filtered based on a significant reduction in the competition group (fold change
< 0.8, p value < 0.05). Among the enriched proteins, three isoforms of the peroxiredoxin
(PRDX) family PRDX1, 2, and 4 were notably identified as redox-related targets (Figure 2d).
Importantly, PRDX4 exhibited the highest probe-to-competition ratio among all identi-
fied proteins, highlighting it as the most prominently engaged target by EB under our
experimental conditions (Figure 2e).
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Figure 1. Effect of EB on the antioxidant capacity of LPS-induced RAW264.7 cells. (a) LPS induces ROS
accumulation in RAW264.7 cells, which is reversed by EB treatment for 24 h. (b,c) DCF fluorescence
intensities of ROS in LPS-induced RAW264.7 cells quantified by flow cytometry. (d,e) The effect
of EB intervention on LPS-induced levels of NO (d) and MDA (e) in RAW264.7 cells. (f) Effect of
EB intervention on SOD activity in LPS-induced RAW264.7 cells. (g) GSH and (h) GSSG content.
(i) GSH/GSSG ratios. All error bars, mean values ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001; ns, no significance.
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Figure 2. Identification of EB target proteins in RAW264.7 cells. (a) Schematic workflow for identifying
EB target proteins. (b) Target proteins labeling efficiency with EB-P at different concentrations.
(c) Target proteins labeled with 50 µM EB-P and competitively inhibited by ten times of concentrations
of EB. (d) Proteins identified in LPS-induced RAW264.7 cells. (e) Relative abundance ratios of PRDX
family proteins as determined by ABPP. All error bars, mean values ± SD.

3.3. EB Directly Binds to PRDX4

To biochemically validate the interaction between EB and PRDX4, we performed a
pull-down assay combined with Western blot analysis. The results demonstrated that
PRDX4 was efficiently enriched by the EB-P probe and this enrichment was substantially
diminished in the presence of excess native EB, confirming the specificity of the EB-PRDX4
interaction (Figure 3a). Furthermore, CETSA revealed that EB treatment significantly
increased the thermal stability of PRDX4 (Figure 3b,c), providing independent evidence of
direct binding within the cellular milieu. We next sought to recapitulate this interaction
in a purified system. Incubation of recombinant PRDX4 protein with EB-P resulted in a
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concentration-dependent labeling with robust signal observed at 5 µM EB-P (Figure 3d).
This labeling was effectively competed away by pre-incubation with an excess of native EB
(Figure 3e). Notably, pre-treatment with the cysteine-alkylating agent IAA also abolished
EB-P labeling (Figure 3f), strongly suggesting that EB binds covalently to cysteine residues
on PRDX4. Finally, to visualize this interaction in intact cells, we performed fluorescence co-
localization studies. Confocal microscopy revealed a significant overlap between the signal
from EB-P (red) and immunofluorescently labeled PRDX4 (green) (Figure 3g). This spatial
co-localization provides further corroborating evidence for the direct interaction between
EB and PRDX4 in a physiological cellular context. Further more, MST was performed to
determine the direct binding affinity between EB and PRDX4. The results showed a Kd of
4.74 µM (Figure 3h), demonstrating that EB and PRDX4 bind directly with high affinity.

 

Figure 3. Direct interaction between EB and PRDX4. (a) Pull-down-WB assay showing enrichment of
PRDX1, 2, and 4 by EB-P in Raw264.7 cells with or without competition by EB. (b) The CETSA-WB
assay. (c) Thermal shift curves of PRDX4 with increased thermal stability by immunoblotting in cell
lysates. Blue curve represents EB treatment and the red curve represents the DMSO treatment control.
(d) In vitro labeling of PRDX4 by EB-P. (e) Competitive inhibition of EB-P labeling to PRDX4 in the
presence or absence of EB. (f) Competition assay demonstrating EB-P labeling of PRDX4 with or
without IAA. (g) Co-localization of EB-P (Red) and PRDX4 (green) by immunofluorescence staining
using the PRDX4 antibody. (h) MST measurement of the binding affinity between EB and PRDX4.
All error bars, mean values ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001; ns, no significance.
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3.4. EB Covalently Modifies Cys54 and Cys248 Residues of PRDX4

To precisely map the binding sites of EB on PRDX4, recombinant PRDX4 protein was
incubated with EB and subjected to tryptic digestion followed by LC-MS/MS analysis.
This approach identified two specific peptides with molecular weights of 2576.1 and
2808.3 Da, which exhibited covalent modification by EB (Figure 4a,b). These peptides were
unambiguously assigned to sequences containing the catalytic cysteine residues Cys248,
Cys54, and Cys151, respectively. Notably, no other cysteine-containing peptides showed
EB modification, indicating a spatially selective targeting of these key residues. To further
validate the functional importance of these cysteines, we generated a series of PRDX4 point
mutants (C54S, C151S, and C248S) and performed labeling experiments with the EB-P
probe. The results demonstrated a substantial loss of EB-P binding to both the PRDX4-C54S
and PRDX4-C248S mutants, while binding to the C151S mutant remained comparable to
the wild-type protein (Figure 4c). This confirms that Cys54 and Cys248 are the primary sites
of covalent EB modification. Subsequently, molecular docking simulations were performed
to elucidate the binding mode of EB within the catalytic pockets of PRDX4 (PDB: 3VWU).
As shown in Figure 4d,e, EB was favorably accommodated in both the Cys54 and Cys248
binding sites. The α,β-unsaturated carbonyl moiety of EB formed a covalent bond with
the thiol group of each cysteine via a Michael addition reaction. The binding pose was
further stabilized by specific non-covalent interactions, including hydrogen bonding with
ARG215 and aromatic interactions with PHE238 and PHE5. Collectively, these integrated
structural and biochemical analyses establish that EB forms specific covalent adducts with
the catalytic cysteines Cys54 (Glide score-1.914) and Cys248 (Glide score-2.516) of PRDX4,
thereby providing a molecular basis for its antioxidant mechanism [43].

3.5. EB Exerts Antioxidant Effects by Binding and Stabilizing PRDX4

To elucidate the functional role of PRDX4 in EB-mediated antioxidant activity, we first
examined the effect of EB on PRDX4 protein expression. Western blot analysis demonstrated
that EB treatment at 4 and 8 µM significantly upregulated PRDX4 protein levels in LPS-
stimulated RAW264.7 cells (Figure 5a). To verify whether EB affects the transcriptional level
of PRDX4, we performed qPCR experiments. The results showed that EB had no impact on
PRDX4 transcription (Figure 5b). We also conducted in vitro enzyme activity assays using
the purified PRDX4 protein and the results revealed no significant difference in the enzyme
activity rate between the PRDX4 plus EB group and the PRDX4-only group (Figure 5c).
These results confirm that EB does not directly alter the intrinsic enzymatic activity of
PRDX4 (Figure 5c) or its transcriptional level (Figure 5b). To further verify whether EB
enhances PRDX4 post-translational stability, we performed a CHX-chase assay. Western
blot analysis showed that EB treatment significantly slowed the degradation rate of PRDX4
(Figure 5d,e). These results confirm that the enhanced total antioxidant activity of PRDX4 is
attributed to EB-mediated improvement of PRDX4 post-translational stability. To determine
whether PRDX4 is functionally required for the antioxidant effect of EB, we employed
siRNA-mediated knockdown. Transfection with specific siRNA effectively reduced PRDX4
protein expression compared to the negative control (si-NC) (Figure 5f). Under these
conditions of PRDX4 depletion, we re-evaluated key oxidative stress parameters. As
shown in Figure 5g,h, PRDX4 knockdown significantly attenuated the capacity of EB to
suppress LPS-induced ROS production. Furthermore, the suppressive effects of EB on
LPS-induced NO and MDA production were also significantly reversed upon PRDX4
knockdown (Figure 5i,j). The attenuation of the antioxidant efficacy of EB across multiple
independent readouts following PRDX4 depletion underscores the essential role of this
protein in mediating the cellular response to EB. In summary, these results demonstrate
that EB binds to PRDX4, enhances its protein stability and expression, and subsequently
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augments the cellular antioxidant capacity. The loss of the protective effects of EB upon
PRDX4 knockdown provides direct genetic evidence that PRDX4 is a critical functional
target through which EB alleviates oxidative stress.

Figure 4. Covalent binding of EB to Cys54 and Cys248 residues of PRDX4. (a,b) MS/MS spectra
of precursor ions used for precise sequencing and localization of EB binding sites. (c) Labeling of
PRDX4 and its mutants (PRDX4-C54S, PRDX4-C151S, and PRDX4-C248S) using the EB-P probe. (d,e)
Binding site interactions in the PRDX4/EB complex generated by molecular docking.
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Figure 5. PRDX4 knockdown attenuates the antioxidant effects of EB. (a) PRDX4 protein levels in
RAW264.7 cells detected by Western blotting after LPS stimulation for 24 h with EB treatment. (b) Prdx4
mRNA levels in cells. (c) Peroxidase activity of PRDX4 (150 µg/mL) with EB (0–50 µM) in H2O2

reduction assay. (d) Representative Western blot images showing the dynamic degradation of PRDX4
protein in LPS-stimulated Raw264.7 cells after treatment with CHX (40 µg/mL) for the indicated time
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points (0, 6, 12, and 24 h) without or with EB pre-treatment. (e) Quantitative analysis of PRDX4
protein levels. (f) Western blot analysis of PRDX4 protein levels in RAW264.7 cells transfected with
si-NC or si-PRDX4. (g) ROS levels in LPS-induced RAW264.7 cells detected by immunofluorescence
staining after EB treatment. (h) Quantification of DCF fluorescence intensity in RAW264.7 cells treated
with EB and LPS. (i,j) Levels of NO in cell culture supernatants (i) and intracellular MDA (j). All
error bars, mean values ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001; ns, no significance.

4. Discussion
EB, a principal bioactive sesquiterpene lactone contains an α, β-unsaturated ketone

structure and exerts biological functions by covalently binding to the active sites of various
proteins to exert diverse pharmacological properties [44–47]. Our study demonstrates that
EB significantly mitigates oxidative stress in LPS-stimulated RAW264.7 macrophages. We
observed reduced levels of the oxidative damage markers ROS, NO, and MDA coupled
with enhanced enzymatic antioxidant SOD activity and restored GSH/GSSG balance
representing the core non-enzymatic redox buffering system.

We identified PRDX4 as a primary target of EB in macrophages. PRDX4, a key member
of the peroxiredoxin family, functions as a critical intracellular antioxidant enzyme by
scavenging peroxides (e.g., H2O2 and lipid peroxides) and maintaining cellular redox
homeostasis [48]. The dynamic equilibrium between ROS production and antioxidant
capacity is crucial for cellular function and its disruption is a hallmark of numerous chronic
diseases [49,50]. Research has shown that PRDX4 plays important roles in various diseases
by inhibiting oxidative stress and reducing levels of inflammatory cytokines such as TNF-α
and IL-1β, thereby suppressing disease progression [51–55].

Our mechanistic investigation further delineated the molecular basis of EB-PRDX4
interaction. Through a combination of MS analysis and site-directed mutagenesis, we iden-
tified Cys54 and Cys248 as the specific cysteine residues covalently modified by EB. This
modification pattern is generally considered to potentially affect protein function [56,57];
however, we observed enhanced antioxidant and anti-inflammatory activities of PRDX4 in
the present study. To directly validate the effect of EB on PRDX4 stability, we performed a
CHX-chase assay. These experiments confirmed that EB treatment significantly prolonged
the half-life of PRDX4 protein. Our further results confirmed that EB treatment exerted
no significant effects on PRDX4 activity and transcription level but concurrently increased
PRDX4 protein levels. Covalent binding, a common interaction mode between natural
products and target proteins, not only inhibits enzyme activity but also alters the spatial
conformation of PRDX4 [38]. This conformational change modulates PRDX4 interactions
with intracellular molecules involved in protein degradation, thereby reducing degrada-
tion and ultimately leading to the accumulation of PRDX4 protein levels and enhanced
antioxidant capacity.

Sesquiterpene lactones, as a highly active family of natural products, exert their redox-
regulating functions mainly through targeting sulfhydryl (SH) groups and modulating
ROS homeostasis [58–60]. However, they only indirectly affect redox balance and no
direct targeted post-translational modification regulation of the peroxidase family has
been identified. Among the reported specific modulators of PRDX4, the mechanisms of
action mainly fall into regulating protein stability and degradation [61] and modulating
post-translational modifications to inhibit PRDX4 oligomerization, thereby blocking its
interaction with downstream targets [62]. This study is the first to report that sesquiterpene
lactones directly target and bind to PRDX4 to regulate its protein stability and enhance
antioxidant capacity.

Although our work provides comprehensive evidence that PRDX4 is a direct func-
tional target of EB, it still has certain limitations. While our CHX assays confirm
EB prolongs PRDX4 half-life, the specific molecular mechanisms such as whether the
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ubiquitin-proteasome pathway is involved remain to be further verified for example via
co-immunoprecipitation of PRDX4 with ubiquitin or proteasomal subunits. In addition,
the physiological relevance of the identified binding sites as well as the therapeutic efficacy
of EB need to be validated in more complex physiological contexts, particularly using
PRDX4 knockout animal models. Furthermore, future work should complement these data
with subtype-specific ROS detection (e.g., MitoSOX for mitochondrial superoxide) and
additional lipid peroxidation markers (e.g., 4-hydroxynonenal (4-HNE)) to strengthen the
specificity of our oxidative damage conclusions. Future studies should also explore the
potential off-target effects of EB and its broader impacts on the cellular redox network.

In conclusion, we identified PRDX4 as a direct target protein of EB in macrophages
for the first time. EB binds covalently to the cysteine 54 and cysteine 248 sites of PRDX4,
prolonging PRDX4 protein half-life and enhancing both enzymatic and non-enzymatic
antioxidant capacity—expanding the scope of covalent targets for natural product-based
redox modulators and laying a new molecular foundation for PRDX4-targeted drug de-
velopment. Based on this study, in the future, we can verify the efficacy of EB targeting
PRDX4 in models of ischemia-reperfusion injury, neurodegenerative and inflammatory
diseases, and study the synergistic effects between drugs targeting PRDX4 and existing
redox drugs to promote the development of combined therapies.
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