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Mechanism of Neutrophil p90RSK-Nrf2 Signaling Pathway in 
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Background: MRP8/14, a calcium-binding protein of the S100 family, is 
predominantly expressed in myeloid cells and exhibits proinflammatory 
and prothrombotic properties. Platelet-neutrophil interactions can 
trigger MRP8/14 release, but their role in atherosclerosis (AS) remains 
unclear.

Aims: To investigate the effect of MRP8/14 on AS progression and the 
underlying mechanisms involved, focusing on neutrophil activation and 
the toll-like receptor 4 (TLR4)-ERK1/2-p90RSK and NRF2-ARE pathways.

Study Design: Ex vivo and animal study.

Methods: Neutrophils isolated from mouse bone marrow were stimulated 
with P-selectin to induce MRP8/14 release, which was subsequently 
quantified using ELISA. Neutrophil extracellular traps (NET) formation was 
induced by phobolol 12-myristate 13-acetate, and Mrp8/14 expression 
was examined via fluorescence labeling. Cytokine release and CD11b 

expression were assessed using flow cytometry. An AS mouse model was 
established by administering a high-fat diet. Atherosclerotic plaque size 
was analyzed using Oil Red O staining. Proteins from the TLR4-ERK1/2-
p90RSK and NRF2-ARE pathways were analyzed by Western blotting.

Results: P-selectin induced MRP8/14 release, which was inhibited by 
P-selectin antagonists. NET formation also contributed to MRP8/14 
secretion. hMRP8/14 treatment enhanced CD11b expression, neutrophil 
adhesion, and proinflammatory cytokine secretion. In AS mice, MRP8/14 
secretion was linked to TLR4 upregulation, ERK1/2-p90RSK signaling 
activation, and NRF2-ARE pathway inhibition. Paquinimod, an MRP8/14 
antagonist, mitigated neutrophil activation, inflammation, and arterial 
plaque formation.

Conclusion: MRP8/14 secreted from neutrophils activates the ERK1/2-
p90RSK pathway via TLR4 and suppresses the NRF2-ARE pathway, driving 
inflammation and promoting AS progression.

 Jiawen Li1,  Lei Wang1,  Xiao Liang2,  Xiaoxia Li3

INTRODUCTION

Atherosclerosis (AS) is a systemic vascular disease characterized by 
increased arterial intima-media thickness, atherosclerotic plaque 
formation, and sustained arterial stiffness. Its development is driven 
by risk factors such as diabetes mellitus, hypertension, and cigarette 
smoking, as well as genetic and environmental influences.1,2 Most 
cardiovascular diseases, including myocardial infarction, stroke, and 
sudden death, are attributable to AS plaque rupture.3,4 According 
to statistics, the global incidence of AS-related peripheral arterial 
disease steadily increased from 1990 to 2019, with approximately 
113 million patients aged 40 and above affected in 2019. The 

incidence rate also showed a positive correlation with advancing 
age.5 Currently, China has over 200 million individuals aged 65 and 
older, representing approximately 14.2% of the entire population. 
This demographic shift has resulted in a significant increase in 
the prevalence of AS-related diseases (including ischemic stroke, 
peripheral arterial disease, and ischemic heart disease).6,7 Therefore, 
AS has emerged as a global health concern, underscoring the 
importance of investigating its pathophysiological mechanisms and 
identifying potential therapeutic targets for intervention.

The pathogenesis of AS is a prominent focus of contemporary medical 
research. AS lesions initiate with endothelial dysfunction, which 
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promotes monocyte recruitment and triggers an inflammatory 
response, resulting in smooth muscle proliferation, foam cell 
formation, and the development of fatty streaks.8,9 Chronic immune 
mechanisms in the vascular wall significantly contribute to AS 
development.10,11 Studies have shown that inflammatory markers 
in the peripheral blood of AS patients are elevated compared to 
the general population. This process is linked to platelet-neutrophil 
interactions, with aberrant neutrophil recruitment playing a key 
role in sustaining chronic inflammation.12,13 MRP8/14, also known 
as S100A8/A9, belongs to the calcium-binding S100 family of 
proteins, which are expressed primarily in myeloid cells and have 
proinflammatory and prothrombotic properties.14,15 MRP8/14 
comprises 40% of the cytoplasmic protein content of neutrophils 
and is secreted during the inflammatory response. MRP8/14 binds 
to toll-like receptor 4 (TLR4) in platelets and further promotes 
neutrophil recruitment and the inflammatory response.16 However, 
the impact of MRP8/14 on AS progression and its underlying 
mechanisms remains poorly understood.

The activation of inflammation-related signaling pathways is 
crucial in AS progression. Interleukin (IL)-8-induced neutrophil 
extracellular traps (NETs) exacerbate AS pathology progression by 
activating the NF-kB pathway in macrophages.17 As a member of 
the transmembrane signaling receptor family that mediates innate 
immunity, TLR4 initiates the synthesis of various proinflammatory 
factors and chemokines upon binding to ligands such as 
lipopolysaccharides (LPS) and teichoic acid, which are involved 
in various aspects of AS initiation, progression, and plaque 
rupture.18,19 Singh et al.20 revealed that oxidative stress induces 
p90RSK phosphorylation, mediates ERK5 S496 phosphorylation, 
and inhibits the Nrf2-ARE signaling pathway, thereby inducing an 
inflammatory response and promoting AS progression. In addition, 
the extracellular signal-regulated kinase (ERK) pathway is a key 
regulator of AS inflammation. Upon activation, phosphorylated 
ERK1/2 translocates from the cytoplasm to the nucleus and 
triggers transcription by phosphorylating p90RSK.21 Notably, TLR4 
activates the ERK1/2 signaling pathway in vascular endothelial cells, 
contributing to abnormal angiogenesis.22

Given that MRP8/14 primarily functions by binding to TLR4, and 
based on previous studies along with recent advances in domestic 
and international research, we hypothesized that MRP8/14 
activates the ERK1/2-p90RSK signaling pathway by binding to TLR4, 
thereby inhibiting the NRF2-ARE signaling pathway and amplifying 
inflammatory responses. Therefore, in this study, we isolated 
neutrophils from mouse bone marrow to examine the relationship 
between MRP8/14 secretion, neutrophil activation, and NET 
formation and to investigate the regulatory effects of MRP8/14 on 
the ERK1/2-p90RSK pathway and the NRF2-ARE pathway. In addition, 
an AS mouse model was established using a high-fat diet (HFD) 
to explore the in vivo effects of MRP8/14 on AS progression. The 
objective of this research was to explore the effect and mechanism 
of action of MRP8/14 on the progression of AS and to identify novel 
therapeutic targets for AS treatment.

MATERIALS AND METHODS

Neutrophil isolation and processing

Male C57BL/6 mice (16-19 g, 6 weeks old) were procured from 
Vitalriver (Beijing, China). In accordance with the method outlined 
in a previous study12, the mice were anesthetized and subsequently 
euthanized. Then, the tibia and femur were separated, and the 
surrounding residual muscle tissue was excised. The bone ends 
were severed using sterile surgical scissors, and the bone marrow 
was thoroughly rinsed with precooled phosphate-buffered saline 
(PBS) until the marrow cavity appeared white. The collected bone 
marrow cell suspension was centrifuged for 5 minutes (min), and 
the precipitated cell mass was resuspended in 1 mL of PBS after 
discarding the supernatant. Percoll solution [P4937, Sigma-Aldrich, 
St. Louis, MO, United States of America (USA)] at concentrations of 
72%, 64%, and 54% was added to the centrifuge tube, and 1 mL 
of the bone marrow monocyte suspension was added to the top 
layer. Following centrifugation, the dense cell layer at the interface 
between the 64% and 72% Percoll isolate layers was carefully 
collected and rinsed three times with PBS to remove any residual 
Percoll solution. The isolated neutrophils were transferred to RPMI 
1640 culture medium (12633020, Gibco, Grand Island, NY, USA) 
supplemented with 1% penicillin and streptomycin (15140122, 
Gibco) and incubated at 37 °C with 5% CO

2
.

The isolated neutrophils were treated with PBS or 100 ng/mL of 
P-selectin (ADP3-050, R&D Systems, Minneapolis, MN) for 10 or 30 
min. The neutrophils in the P-selectin + pneumonia severity index 
(PSI)-697 group were exposed to P-selectin (100 ng/mL) and PSI-697 
(200 μM, HY-15526, MedChemExpress, Monmouth Junction, NJ, 
USA) for 10 min.23 As described in a previous study12, neutrophils 
were treated with LPS (1 μg/mL, L861706, Macklin, Shanghai, 
China) or human MRP8/14 protein [human recombinant MRP8/14 
(hMRP8/14), 1.5 mg/mL, HY-P71076, MedChemExpress] for 30 min 
to induce neutrophil activation. The hMRP8/14 + paquinimod 
group was treated with paquinimod (100 μmol/L, HY-100442, 
MedChemExpress) for 4 h after the hMRP8/14 treatment for 30 
min. In the LPS + paquinimod group, neutrophils were treated 
with LPS for 30 min, followed by paquinimod treatment for 4 h. 
In signaling pathway probing, neutrophils were initially treated 
with hMRP8/14 for 30 min, followed by a 4-hour exposure to one of 
the following: the p90RSK inhibitor FMK-MEA (10 μM, HY-52101C, 
MedChemExpress)24, the p90RSK agonist Ceramide C6 (10 μM, HY-
19542, MedChemExpress)25, the ERK5-specific inhibitor AX15836 (5 
μM, HY-101846, MedChemExpress)26, the ERK5 agonist epidermal 
growth factor (EGF, 50 ng/mL, HY-P70590, MedChemExpress)27, the 
NRF2 inhibitor ML385 (1 μM, HY-100523, MedChemExpress)28, or the 
NRF2 agonist CDDO-ME (1 μM, HY-14909, MedChemExpress).29

MRP8/14 level measurement

The MRP8/14 levels in neutrophil supernatants were evaluated 
utilizing the Mouse MRP8/14 (S100A8/S100A9) ELISA Kit (ab267630, 
Abcam, Cambridge, MA, USA). Neutrophils subjected to different 
treatments were centrifuged, and the resultant supernatant was 
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added to ELISA plates pre-coated with an MRP8/14-specific antibody 
and incubated for 2.5 h. After three washes with PBS, 100 μL of biotin-
labeled antibody was introduced into each well and incubated at 37 
°C for one hour. After discarding the liquid in the wells and washing 
three times with washing buffer, 100 μL of horseradish peroxidase-
labeled streptavidin was added to each well, gently shaken, mixed, 
and incubated for 45 min. After washing with PBS, TMB substrate was 
applied according to the manufacturer’s instructions and incubated 
for 30 min, avoiding light exposure. Following incubation, 50 μL of 
termination solution was added and mixed immediately. Then, the 
OD

450
 value was measured, and the concentration was calculated. 

Furthermore, following the method outlined by Schenten et al.30, 
neutrophils were exposed to diphenyleneiodonium (DPI, 10 μM, 
D2926, Sigma-Aldrich) for 30 min to inhibit reactive oxygen species 
(ROS) generation. The cells were subsequently exposed to phorbol 
12-myristate 13-acetate (PMA, 100 nM, HY-18739, MedChemExpress) 
for 6 h. The concentration of MRP8/14 in the cell supernatant was 
then determined according to the procedure described above.

NET formation assay

As outlined by Sprenkeler et al.31, neutrophils were inoculated into 
12-well plates and exposed to PMA at 37 °C for 4 h to induce NET 
formation. The cells were then treated with 4% paraformaldehyde 
(441244, Sigma-Aldrich) for 20 min at room temperature and blocked 
with 5% bovine serum albumin (BSA, V900933, Sigma-Aldrich) for 
30 min. We added MRP8/14 primary antibody (ab288715, 1:500, 
Abcam) or elastase primary antibody (ELA, ab21590, 1:100, Abcam) 
dropwise to the cell surface and left it to incubate for 1 h at 37 °C 
protected from light exposure. Next, the secondary goat anti-rabbit 
IgG antibody (ab7171, 1:1000, Abcam) was applied and incubated for 
1 h at 37 °C in the dark. Additionally, DNA was stained with Hoechst 
33342 staining solution (C1028, Beyotime, Shanghai, China).30 The 
samples were observed using a fluorescence microscope (EVOS, 
Thermo Fisher Scientific, Waltham, MA, USA), and the fluorescence 
levels were quantified using ImageJ software (version 1.54h, Wavne 
Resband, National Institute of Mental Health, USA).

Neutrophil activation marker assay

Following the respective treatments, the neutrophils were rinsed 
once with sterile PBS and resuspended to prepare a single-cell 
suspension (1.0 × 107/mL). The cell suspension was mixed well with 
FITC-labeled CD11b antibody (11-0112-82, Invitrogen, Carlsbad, 
CA, USA) and incubated for 30 min in the dark. Cell activation was 
observed via flow cytometry (BD FACSCaliburTM, BD Biosciences, San 
Jose, CA, USA), and the experimental findings were analyzed using 
FlowJo software (v10.8, BD Biosciences).

Calcein AM staining

Neutrophil activation was assessed using a Calcein AM fluorescent 
probe (C2012, Beyotime), following the method described by 
Sprenkeler et al.31 Neutrophils were inoculated into 96-well plates 
and following respective treatments, the supernatant was discarded. 
Calcein AM Staining Workup (1 µM) was added to achieve a cell 
density of 1 × 106/mL. After incubation at 37 °C for 30 min, the 
cells were rinsed three times with PBS. Subsequently, the cells were 

lysed using 0.5% Triton X-100 (T6328, Macklin), and the fluorescence 
level was quantified through a microplate reader (Infinite F200 PRO, 
Tecan, Männedorf, Switzerland). The percentage of adherent cells 
was calculated as follows: adherent cells % = number of Calcein AM-
labeled cells/total cells × 100%.

Neutrophils trigger assay

The release of H
2
O

2
 was measured using the Amplex Red hydrogen 

peroxide (H
2
O

2
) kit (A22188, Invitrogen) following the protocol 

described by Sprenkeler et al.31 Neutrophils were inoculated into 
96-well plates and exposed to PBS, LPS, or hMRP8/14 for 30 min 
before stimulation with fMLF (1 μM, F3506, Sigma-Aldrich) to trigger 
ROS production. Following the guidelines of the kit, the release of 
H

2
O

2
 was quantified, and fluorescence levels were measured using 

a microplate reader.

In vivo experiments

Male apolipoprotein E knockout (ApoE-/-) mice (20 ± 22 g, 6 weeks 
old) were acquired from Vitalriver (Beijing, China). The mice were 
placed in an SPF-grade animal holding room for one week of 
acclimatization. The rearing temperature was 22~24 °C, with a 
relative humidity of 55% to 60%, a 12-hour light-dark cycle, and the 
room was well ventilated. All mice were provided ad libitum access 
to food and water throughout the study period.

Based on the method outlined in a previous study12, the mice 
were randomly assigned to four different groups: control (normal 
diet), HFD, paquinimod, and HFD + paquinimod (n = 6). The mice 
in the HFD group were fed with a HFD (TP23301, Trophic Animal 
Feed High-tech Co. Ltd., Nantong, Jiangsu, China) to establish an 
AS model. Mice in the Paquinimod group were orally administered 
drinking water containing paquinimod (25 mg/kg/d) daily. In the 
HFD + paquinimod group, paquinimod was administered orally 
daily, followed by HFD feeding. After 12 weeks, plasma samples 
were collected, and the mice were euthanized using sodium 
pentobarbital (100 mg/kg). Intact aortas were then dissected and 
isolated for further experiments. Approval for the animal research 
was obtained from the Animal Ethics and Welfare Committee.

Oil Red O staining

Mouse aortic tissues were fixed in 4% paraformaldehyde at 4 °C 
overnight. On the subsequent day, aortic tissues were incubated 
with Oil Red O stain (O0625, Sigma-Aldrich) for half an hour 
and rinsed with PBS solution. The sample was immersed in 60% 
isopropanol solution (563935, Sigma-Aldrich) for 1 min, followed by 
a two-minute rinse with distilled water. The samples were examined 
and photographed using a microscope (XK-DZ004, SINICO Optical 
Instrument Co., LTD, Shenzhen, China), and the area of the AS 
plaques was quantified using ImageJ software.

Immunofluorescence

Neutrophils were seeded at a density of 50%-60% in 12-well plates 
and fixed with 4% paraformaldehyde for 20 min. Mouse aortic tissues 
were exposed to 4% paraformaldehyde for 24 h, dehydrated through 
a graded ethanol series, embedded in paraffin, and sectioned 
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into 4-5 μm slices. The sections were deparaffinized using xylene 
(X821391, Macklin), rehydrated through gradient ethanol exposure, 
followed by antigen repair. The cell surface and tissue sections 
were permeabilized with 0.3% Triton X-100 for 10 min, followed by 
blocking with 5% BSA for 30 min. Next, cells were incubated with 
citrullinated histone h3 (CitH3) primary antibody (97272S, 1:300, 
Cell Signaling Technology, Danvers, MA, USA), MRP8/14 primary 
antibody (1:100, 6279-RBM5-P1, Invitrogen, Inc. Carlsbad, CA, USA), 
or myeloperoxidase (MPO) primary antibody (1:100, ab208670, 
Abcam) at 4 °C overnight. On the second day, cells were incubated 
with FITC-labeled goat anti-rabbit IgG (1:100, F-2765, Invitrogen) 
for 1 h at 37 °C in the dark. Subsequently, DAPI staining solution 
(C1005, Beyotime) was added and incubated for 10 min in the dark. 
Fluorescence signals were observed using a fluorescence microscope 
and analyzed with ImageJ software.

ELISA

IL-17 (ml037866), IL-22 (ml063138), tumor necrosis factor alpha 
[Tumor necrosis factor alpha (TNF-α), ml002095], IL-6 (ml098430), 
interferon-gamma (IFN-γ, ml002277), IL-8 (ml058632), and IL-
10 (ml037873) ELISA Kits were procured from Enzyme-linked 
Biotechnology (Shanghai, China). As previously mentioned, ELISA 
kits were used to measure the cytokine content in neutrophil 
supernatants.

Mouse plasma was collected, and plasma levels of total cholesterol 
(TC, ml037202, Enzyme-linked Biotechnology), triglycerides (TG, 
CB10296, COIBO Bio, Shanghai, China), low-density lipoprotein 
cholesterol [low density lipoprotein cholesterin (LDL-C) CB10260, 
COIBO Bio], and high-density lipoprotein cholesterol (HDL-C, 
CB10316, COIBO Bio) were measured using ELISA kits. In addition, 
MRP8/14, IL-1β (ml106733), TNF-α, IL-17, IL-6, and IL-22 levels in 
mouse serum were quantified using ELISA kits.

Western blot analysis

RIPA lysis buffer (P0013B, Beyotime) was added to neutrophil 
or mouse aortic tissue, and the resulting lysates were collected 
for protein extraction. The protein content was assayed using a 
BCA protein concentration assay kit (P0012, Beyotime). Following 
protein separation using SDS-PAGE (12%, WBT41220BOX, 
Invitrogen), the samples were moved to a PVDF membrane (88585, 
Invitrogen), which was sealed for three hours with 5% BSA. After 
membrane washing, the cells were incubated overnight at 4 °C 
with the following primary antibodies: TLR4 primary antibody 
(1:200, 48-2300, Invitrogen), ERK1/2 primary antibody (1:1000, 
MA5-15134, Invitrogen), p-ERK1/2 primary antibody (1:1000, MA5-
38228, Invitrogen), p90RSK primary antibody (1:5000, PA5-29215, 
Invitrogen), p-p90RSK primary antibody (1:1000, AR865, Beyotime), 
ERK5 S496 primary antibody (1:1000, PA5-17689, Invitrogen), 
Nrf2 primary antibody (1:500, PA5-27882, Invitrogen), p-ERK5 
S496 primary antibody (1:1000, 44-612G, Abcam), HO-1 primary 
antibody (1:1000, PA5-77833, Invitrogen), or NAD(P)H: quinone 
oxidoreductase 1 (NQO1) primary antibody (1:1000, PA5-82294, 
Invitrogen). The following day, after three washes, the membrane 
was incubated with goat anti-rabbit secondary IgG (1:10000, 31460, 
Invitrogen) for 2 h at room temperature. Gel imaging equipment 

(iBright CL1500, Thermo Fisher Scientific) was used to scan the 
membrane after the chemiluminescent agent ECL (HY-K1005, 
MedChemExpress) was evenly dripped onto it. Gray value analysis 
was conducted using ImageJ software, and the relative expression 
of protein was calculated as the ratio of its gray value to GAPDH 
(1:1000, PA1-987, Invitrogen).

Statistical analysis

At least three repetitions of each set of experiments were conducted. 
Statistical analysis was performed using the SPSS 26.0 software (IBM 
SPSS Statistics 26). The data of this experiment conformed to normal 
distribution and are expressed as mean ± standard deviation. 
The Shapiro-Wilk test was performed to confirm the normality of 
the data, and Levene’s test was employed to examine variance 
alignment. If the data were normal and homogeneous in variance, 
a one-way analysis of variance was employed to test for overall 
differences across the multiple groups, followed by Dunnett’s test 
for pairwise comparisons. If the data do not meet the assumptions 
of normality or homogeneity of variance, the Kruskal-Wallis test 
was used, followed by pairwise comparisons using Dunn’s test with 
Bonferroni correction. Statistical significance was established for 
group differences when p < 0.05. For plotting, the Prism software 
(Graphpad 9.0) was used.

RESULTS

The engagement of neutrophils with P-selectin induces 
MRP8/14 secretion

P-selectin, a key adhesion molecule expressed on the platelet surface, 
facilitates neutrophil recruitment and triggers an inflammatory 
response in the vessel wall, thereby accelerating AS progression.32,33 
MRP8/14 levels in the supernatant of neutrophil culture were 
markedly elevated after 10 or 30 min of P-selectin treatment, 
indicating that the interaction of neutrophils with P-selectin causes 
MRP8/14 secretion (Figures 1a, b). PMA is frequently employed 
to induce NET formation.31 MRP8/14 levels in the supernatant 
significantly increased following PMA stimulation, with P-selectin 
treatment for 10 minutes inducing a comparable elevation. We 
discovered that treatment with the P-selectin antagonist PSI-697 
for 10 min decreased MRP8/14 secretion from neutrophils, further 
confirming that P-selectin interacts with neutrophils to induce 
MRP8/14 release (Figure 1c).

MRP8/14 release is accompanied by NET formation and 
neutrophil activation

Next, we stimulated neutrophils with PMA to induce NET formation. 
Significant MRP8/14 fluorescence was observed by Hoechst, ELA, 
and MRP8/14 staining, suggesting a potential association between 
MRP8/14 release and NET formation (Figure 2a). ROS production 
is a key indicator of PMA-induced NET formation.30 To investigate 
the relationship between NET formation and MRP8/14 release, we 
inhibited ROS production by treating neutrophils with DPI to inhibit 
NADPH oxidase activation. The findings indicated a significant 
increase in MRP8/14 secretion following 6 h of PMA treatment 
alone (Figure 2b). However, the release of MRP8/14 was significantly 
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decreased when neutrophils were treated with DPI for 30 minutes 
and PMA for 6 hours. This further confirmed that MRP8/14 release 
is associated with NET formation. Flow cytometry revealed that the 
levels of CD11b, an indicator of neutrophil activation, were markedly 
elevated after LPS treatment, whereas hMRP8/14 treatment also 
induced an elevation in CD11b levels, suggesting that MRP8/14 
release induces neutrophil activation (Figures 2c, d). Adhesion is a 
crucial neutrophil function. Calcein AM staining revealed that both 
LPS and hMRP8/14 treatment significantly increased the percentage 
of neutrophil-adherent cells (Figure 2e. Neutrophils transition from a 
basal to an activated state in response to cytokines or chemokines-a 
process known as triggering.34 H

2
O

2
 release is frequently employed 

to assess neutrophil triggering. We observed that both LPS and 
hMRP8/14 treatment resulted in a significant increase in neutrophil 
H

2
O

2
 release, suggesting that MRP8/14 can mediate neutrophil 

triggering (Figure 2f). Furthermore, LPS or hMRP8/14 treatment 
significantly increased proinflammatory cytokines (IL-17, IL-22, IL-8, 
IFN-γ, TNF-α, IL-6) and reduced the anti-inflammatory cytokine IL-
10 in neutrophil supernatants, confirming that MRP8/14 secretion 
promotes neutrophil activation and inflammatory responses 
(Figures 2g, m, Supplementary Table 1).

FIG. 1. The engagement of neutrophils with P-selectin causes Mrp8/14 
secretion.
(a-b) ELISA kit assay showed that P-selectin treatment for 10 min or 30 min increased 

the level of  Mrp8/14 in the supernatant of  neutrophil culture, and PMA also increased 

the level of  Mrp8/14. (c) ELISA kit assay confirmed that treatment with the P-selectin 

antagonist PSI-697 reduced the impact of  P-selectin and decreased Mrp8/14 release. n = 

3. (*p < 0.05, **p < 0.01 vs. PBS; ##p < 0.01 vs. P-selectin). PBS, phosphate buffer saline; 

PMA, phobolol 12-myristate 13-acetate; PSI, pneumonia severity index; Min., Minutes.

FIG. 2. Mrp8/14 release is accompanied by NETs formation and neutrophil activation.
(a) Hoechst, ELA and Mrp8/14 staining showed that PMA stimulation of  neutrophils resulted in Mrp8/14 release (40 ×, bar = 50 μm). (b) ELISA kit assay results confirmed that PMA 

treatment elevated Mrp8/14 release, whereas DPI + PMA stimulation decreased Mrp8/14 release. (c-d) Flow cytometry assays showed that both LPS and hMrp8/14 treatments increased 

the levels of  the neutrophil activation marker CD11b. (e) Calcein AM staining results showed that both LPS and hMrp8/14 increased the percentage of  adherent cells. ( f ) Amplex Red 

kit assay showed that both LPS and hMrp8/14 treatments promoted H2O2 release from neutrophils. (g-m) ELISA kit assay results confirmed that both LPS and hMrp8/14 treatments 

increased the release of  IL-17, IL-22, IL-8, IFN-γ, TNF-α, and IL-6, and decreased IL-10 level. n= 3. (*p < 0.05, **p < 0.01 vs. PBS; #p < 0.05 vs. DPI). PMA, phobolol 12-myristate 

13-acetate; NETs, neutrophil extracellular traps; DPI, diphenyleneiodonium; LPS, lipopolysaccharide; IL, interleukin; TNF-α, tumor necrosis factor alpha, PBS, phosphate buffer saline.
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MRP8/14 activates ERK1/2-p90RSK pathway by TLR4

Numerous studies have demonstrated that MRP8/14 can interact 
with TLR4 to trigger neutrophil recruitment, thereby promoting 
various inflammatory responses.16,35 Our previous research revealed 
that MRP8/14 triggers the TLR4/NF-κB pathway in neutrophils.12 In 
addition, research has shown that TLR4 mediates ERK1/2 pathway 
activation.36 Considering the significance of the ERK1/2-p90RSK 
pathway in AS development37, we investigated the impact of 
MRP8/14 on this pathway. Western blotting results demonstrated 
that hMRP8/14 significantly upregulated TLR4 expression and 
increased phosphorylation of ERK1/2 and p90RSK in neutrophils. 
Conversely, treatment with paquinimod, an antagonist of MRP8/14, 
reduced these effects, inhibiting TLR4 expression and ERK1/2-
p90RSK signaling pathway activation (Figures 3a, b, Supplementary 
Table 2). The above results imply that MRP8/14 activates TLR4 and 
ERK1/2-p90RSK signaling pathways in neutrophils.

Phosphorylation of p90RSK mediates ERK5 S496 
phosphorylation and inhibits the NRF2-ARE signaling pathway

Studies have shown that p90RSK phosphorylation mediates ERK5 
S496 phosphorylation and blocks the Nrf2-ARE signaling pathway.20 
Notably, activation of the Nrf2-ARE pathway inhibits AS progression.38 
Therefore, we investigated how MRP8/14-mediated phosphorylation 
of p90RSK affects the NRF2-ARE signaling pathway. Neutrophils 
were first incubated with hMRP8/14 for 30 min, followed by 4 h of 
treatment with the p90RSK inhibitor FMK-MEA, the p90RSK agonist 
Ceramide C6, the ERK5-specific inhibitor AX15836, or the ERK5 agonist 
EGF. FMK-MEA and AX15836 treatments significantly decreased the 
phosphorylation level of ERK5 S496 compared to incubation with 
hMRP8/14 alone, while ceramide C6 and EGF significantly increased 
the phosphorylation level of ERK5 S496 (Figures 4a, b). This suggests 
that the MRP8/14-mediated phosphorylation of p90RSK facilitated 
the phosphorylation of ERK5 S496. In addition, FMK-MEA and 
AX15836 treatment caused a significant increase in Nrf2, HO-1, and 
NQO1 levels, while ceramide C6 and EGF treatment notably lowered 
these protein levels (Figures 4c, d, Supplementary Table 3). These 

results verified that p90RSK phosphorylation promotes ERK5 S496 
phosphorylation, thereby blocking the Nrf2-ARE signaling pathway, 
which may be a key mechanism by which MRP8/14 promotes AS 
progression.

Suppressing the NRF2-ARE signaling pathway activates 
neutrophils and promotes NET formation

To determine whether MRP8/14 induces neutrophil activation and 
NETs formation by suppressing the NRF2-ARE pathway, we studied 
the effects of the NRF2 inhibitor ML385 and the NRF2 agonist CDDO-
Me on MRP8/14 action. Nrf2, HO-1, and NQO1 levels were markedly 
decreased in neutrophils after incubation with hMRP8/14 + ML385, 
whereas hMRP8/14 + CDDO-Me treatment markedly upregulated 
these proteins (Figures 5a, b). The localization of the NETs formation 
marker CitH3 and the neutrophil marker MPO was assessed 
using immunofluorescence staining. The findings indicated that 
hMRP8/14 + ML385 treatment notably increased the CitH3 levels in 
neutrophils, whereas hMRP8/14 + CDDO-Me treatment significantly 
reduced the fluorescence intensity of CitH3, suggesting that NRF2-
ARE pathway inhibition induces NET formation (Figures 5c, d). The 

FIG. 3. Mrp8/14 activates the ERK1/2-p90RSK pathway through TLR4.
(a-b) Western blot measured that both LPS and hMrp8/14 treatments increased TLR4, 

p-ERK1/2/ERK1/2 and p-p90RSK/p90RSK levels, while paquinimod attenuated the effect 

of  hMrp8/14. n =3. (**p < 0.01 vs. PBS; #p < 0.05, ##p < 0.01 vs. hMrp8/14; &&p < 0.01 

vs. hMrp8/14 + paquinimod). TLR4, toll-like receptor 4; PBS, phosphate buffer saline; 

LPS, lipopolysaccharide; hMRP8/14, human recombinant MRP8/14.

FIG. 4. Phosphorylation of p90RSK mediates ERK5 S496 phosphorylation and inhibits the NRF2-ARE signaling pathway.
(a-b) Western blot measured that both the p90RSK inhibitor FMK-MEA and the ERK5-specific inhibitor AX15836 decreased the phosphorylation level of  ERK5 S496, whereas the p90RSK 

agonist Ceramide C6 and the ERK5 agonist EGF promoted the phosphorylation of  ERK5 S496. (c-d) Western blot measured that both FMK-MEA and ERK5 increased Nrf2, HO-1, and NQO1 

levels, while Ceramide C6 and EGF decreased the expression of  these proteins. n=3. (*p < 0.05, **p < 0.01 vs. PBS). PBS, phosphate buffer saline.
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hMRP8/14 + ML385 treatment notably increased CD11b-positive 
cell numbers in neutrophils, whereas the hMRP8/14 + CDDO-Me 
treatment decreased CD11b-positive cell numbers, suggesting that 
inhibition of the NRF2-ARE signaling pathway enhances neutrophil 
activation (Figures 5e, f). The hMRP8/14 + ML385 treatment 
augmented neutrophil adhesion and induced H

2
O

2
 release, while 

the hMRP8/14 + CDDO-Me treatment demonstrated the opposite 
effect, further confirming that inhibition of the NRF2-ARE signaling 
pathway induced neutrophil activation (Figures 5g, h). In addition, 
hMRP8/14 + ML385 treatment markedly increased IL-17, IL-22, 
TNF-α, IL-8, IL-6, and IFN-γ levels, while markedly decreasing IL-
10 levels in the neutrophil supernatant. Conversely, hMRP8/14 
+ CDDO-Me treatment produced the opposite effects (Figures 5 
i-o, Supplementary Table 4). These results demonstrated that the 
NRF2 inhibitor ML385 potentiated the effect of hMRP8/14, further 
promoting NET formation and neutrophil activation, whereas the 
NRF2 agonist CDDO-Me attenuated the effect of hMRP8/14. This 

suggests that MRP8/14 induces neutrophil activation and NET 
formation by inhibiting the NRF2-ARE pathway.

Neutrophil MRP8/14 release promotes arterial plaque 
formation in ApoE-/- mice in vivo

Finally, an AS mouse model was established to explore the in vivo 
effects of MRP8/14 secretion on AS progression. Oil red O staining 
revealed that after 12 weeks of HFD feeding, mouse aortic tissues 
formed distinct plaques, confirming the successful establishment 
of the AS mouse model; however, paquinimod treatment inhibited 
plaque formation (Figure 6a). Furthermore, plasma levels of TC, 
TG, LDL-C, and HDL-C were significantly elevated in the HFD group 
of mice, whereas paquinimod treatment markedly reduced these 
indices (Figures 6b-e). CitH3 expression levels were notably elevated 
in the HFD group, indicating NET formation in the aortic tissues of AS 
mice, whereas paquinimod treatment inhibited the NET formation 
(Figures 6f, g). The HFD group exhibited a significant increase in 

FIG. 5. Inhibition of the NRF2-ARE signaling pathway induces neutrophil activation and enhances NETs formation.
(a-b) Western blot measured that the NRF2 inhibitor ML385 decreased the NRF2-ARE pathway-related protein levels, and the NRF2 agonist CDDO-Me increased the expression of  these 

proteins. (c-d) Immunofluorescence results confirmed that ML385 increased CitH3 expression and promoted NETs formation, while CDDO-Me did the opposite (40 ×, bar = 50 μm). (e-f ) 

Flow cytometry results confirmed that ML385 increased CD11b-labeled cell numbers and induced neutrophil activation, but CDDO-Me treatment caused a decline in CD11b-labeled 

cell numbers. (g-h) ML385 caused a rise in the number of  neutrophil-adherent cells and the release of  H
2
O

2
, while CDDO-Me led to the opposite result. (i-o) Levels of  IL-17, IL-22, TNF-α, 

IL-6, IFN-γ, IL-8, and IL-10 in neutrophil supernatants were measured by ELISA kits. n = 3. (**p < 0.01 vs. PBS). PBS, phosphate buffer saline; NETs, neutrophil extracellular traps; IL, 

interleukin; TNF-α, tumor necrosis factor alpha.
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FIG. 6. Neutrophil Mrp8/14 release promotes arterial plaque formation in ApoE-/- mice in vivo.
(a) Oil red O staining determined the formation of  AS plaques in mice (20 ×, bar = 100 μm). (b-e) TC, TG, LDL-C and HDL-C levels in plasma were assessed by different ELISA kits. ( f-g) 
Immunofluorescence detection of  CitH3 expression confirmed that HFD increased CitH3 levels and paquinimod decreased them (20 ×, bar = 100 μm). (h-i) Double immunofluorescence 
assay for the localization of  Mrp8/14 and MPO confirmed that HDF promoted the release of  Mrp8/14 from neutrophils in mouse aortic tissues, and paquinimod inhibited the release of  
Mrp8/14 (20 ×, bar = 100 μm). ( j-o) The levels of  Mrp8/14, IL-17, IL-22, IL-1β, TNF-α and IL-6 in mouse serum were examined by different ELISA kits. (p-s) Western blot measured that 
HDF increased TLR4, p-ERK1/2/ERK1/2, p-p90RSK/p90RSK, and p-ERK5 S496/ERK5 S496 levels in mouse aortic tissues, and decreased Nrf2, HO-1, and NQO1 levels, and paquinimod 
reversed HDF’s effect. n = 6. (**p < 0.01 vs. control; #p < 0.05, ##p < 0.01 vs. HDF). TC, total cholesterol; TG, triglyceride; LDL-C, low density lipoprotein cholesterin; HDL-C, high 
density lipoprotein cholesterol; CitH3, citrullinated histone h3; HFD, high fat diet; IL, interleukin.
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MRP8/14 fluorescence intensity, indicating substantial release of 
MRP8/14 from neutrophils in AS mice; this effect was attenuated 
by paquinimod treatment (Figures 6h, i). The serum levels of 
MRP8/14, IL-17, IL-22, IL-1β, TNF-α, and IL-6 were significantly 
raised in the HFD group, whereas paquinimod treatment markedly 
mitigated proinflammatory cytokine levels (Figures 6j-o). The 
TLR4 protein and the phosphorylation levels of ERK1/2, p90RSK, 
and ERK5 S496 were markedly elevated, whereas Nrf2, HO-1, 
and NQO1 levels were notably downregulated in the HFD group. 
These alterations were reversed following paquinimod treatment 
(Figures 6p-s, Supplementary Table 5). These results indicate that 
aortic tissue neutrophils of AS mice secreted MRP8/14, which in 
turn induced NET formation and neutrophil activation, activated 
the ERK1/2-p90RSK pathway, and blocked the NRF2-ARE pathway, 
thereby inducing inflammatory responses. In contrast, inhibition of 
MRP8/14 secretion mitigated the inflammatory response in aortic 
tissues of AS mice.

DISCUSSION

According to previous studies, arterial endothelial cell dysfunction 
results in abnormally elevated expression of adhesion molecules, 
increased adhesion of circulating leukocytes and platelets, excessive 
release of inflammatory factors, chemokines, etc. LDL undergoes 
oxidation to form oxidized-LDL (ox-LDL), which is then engulfed by 
macrophages, causing the formation of foam cells. Concurrently, 
the excessive proliferation of smooth muscle cells contributes to 
vascular remodeling, ultimately leading to the development of 
AS.39-41 Neutrophils represent the largest population of leukocytes 
found in the circulation and are essential for both innate and 
adaptive immune responses.42 Neutrophil recruitment is regulated 
by chemokines and intercellular adhesion molecules, and P-selectin 
facilitates neutrophil adhesion to vascular endothelial cells, thereby 
inducing an inflammatory response in the vascular wall. Elevated 
P-selectin levels accelerate AS progression.32,33 In a previous study, 
we discovered that P-selectin on platelets interacts with P-selectin 
glycoprotein ligand-1 on neutrophils, thereby promoting MRP8/14 
secretion.12 This study found that the P-selectin antagonist PSI-
697 decreased MRP8/14 secretion, further verifying that P-selectin 
interacts with neutrophils to induce MRP8/14 release. Additionally, 
MRP8/14 levels were elevated in the aortic tissues of the HFD-
induced AS mouse model, implying that MRP8/14 is involved in 
AS progression. Notably, treatment with the MRP8/14 antagonist 
paquinimod inhibited AS plaque formation, confirming the critical 
role of MRP8/14 release in AS progression.

During inflammation and infection of the organism, neutrophils 
migrate from the periphery to the corresponding tissues to enhance 
host defense and facilitate the immune response. This process is 
accompanied by phagocytosis as well as ROS and NET production.43 
NETs comprise extracellular structures composed of cytoplasmic 
proteins, decondensed neutrophil chromatin, and granules.44 NETs 
are an important component of the immune response, eliminating 
pathogens such as fungi, bacteria, viruses, and parasites.45 However, 
NETs serve a dual purpose; while they contribute to host defense, 
they can also aid in the generation and release of autoantigens, 

potentially promoting the onset and progression of inflammatory 
conditions.46 Josefs et al.47 discovered that the NETs promote 
proinflammatory macrophage activation and AS plaque formation 
in mice. Sano et al.48 demonstrated that induction of NET formation 
inhibits autophagosome formation in macrophages, whereas 
the inhibition of NET formation decreases the area of AS lesions 
in mice. In our research, inhibition of NET formation significantly 
reduced MRP8/14 release from neutrophils, implying that MRP8/14 
release is accompanied by NET formation. Schenten et al.30 also 
discovered that MRP8/14 release in neutrophils correlates with NET 
formation and that MRP8/14 and NETs can co-localize. Additionally, 
treatment of neutrophils with hMRP8/14 significantly promoted 
their activation and triggering, increased their adhesion, and 
thereby induced substantial secretion of proinflammatory factors 
and chemokines, suggesting that MRP8/14 may be a significant 
contributor to AS progression.

TLR4, the most widely studied receptor in the TLR family, is vital in 
lipid metabolism disorders, chronic inflammatory responses, and 
immune responses.49 Numerous studies have validated that TLR4 
is crucial for several pathological processes in AS development, 
predominantly involving inflammation, cholesterol metabolism, 
plaque stability, and vascular remodeling.19,50 In addition, TLR4 
recognizes LPS, and its binding induces intracellular transcription 
of inflammatory mediators whose inflammatory response has been 
implicated in AS development.51 Yonekawa et al.52 demonstrated 
that MRP8/14 binds to TLR4 and promotes inflammatory cytokine 
secretion from monocytes involved in the progression of acute 
coronary syndromes. Similarly, our research discovered that 
hMRP8/14 treatment upregulated TLR4 expression in neutrophils. 
It has been reported that the MRP8/14 antagonist paquinimod not 
only inhibits MRP8/14 release but also the binding of MRP8/14 to 
TLR4.53 In this study, paquinimod treatment attenuated the effect 
of hMRP8/14 and downregulated TLR4 expression, consistent with 
previously reported findings. In addition, oral administration of 
paquinimod downregulated TLR4 expression in the aortic tissues of 
AS mice, further confirming that MRP8/14 can bind to TLR4.

TLR4 activates the ERK1/2 pathway and induces p90RSK 
phosphorylation.36,54 Research indicated that blocking the ERK1/2-
p90RSK pathway decreases the migration and proliferation of rat 
aortic smooth muscle cells, which are crucial in AS progression.37 
The NRF2-ARE pathway plays a pivotal role in the cellular oxidative 
stress response and is regarded as a key antioxidant mechanism, as 
it reduces both endogenous and exogenous oxidative and chemical-
induced oxidative stress responses.55,56 When the NRF2-ARE signaling 
pathway is activated, it impedes the proliferation and migration of 
vascular smooth muscle cells, whereas NRF2 deficiency accelerates AS 
progression in mice.57,58 In this study, hMRP8/14 treatment elevated 
ERK1/2 and p90RSK phosphorylation levels, whereas Paquinimod 
mitigated the effect of hMRP8/14 treatment. In addition, both 
p90RSK and ERK5 agonists increased the phosphorylation level of 
ERK5 S496 and inhibited the Nrf2-ARE pathway activation, suggesting 
that MRP8/14-mediated phosphorylation of p90RSK promotes ERK5 
S496 phosphorylation and blocks the Nrf2-ARE pathway, which 
is consistent with the results reported by Singh et al.20 Notably, 
inhibition of the NRF2-ARE signaling pathway facilitates neutrophil 
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activation, promotes NET formation, and induces an inflammatory 
response. Activation of the ERK1/2-p90RSK pathway and blockade 
of the NRF2-ARE signaling pathway were also noted in the aortic 
tissues of AS mice. The inhibition of MRP8/14 release augmented 
inflammatory responses, blocked the ERK1/2-p90RSK pathway, and 
activated the NRF2-ARE signaling pathway, suggesting that MRP8/14 
may play a critical role in AS progression by regulating the ERK1/2-
p90RSK/NRF2-ARE pathway.

In summary, platelet-neutrophil interaction-derived MRP8/14 
promotes neutrophil activation and modulates the ERK1/2-p90RSK/
NRF2-ARE signaling pathway via TLR4, inducing neutrophils to 
secrete proinflammatory factors, which may be a key mechanism 
for AS progression. This study elucidated the underlying mechanism 
of MRP8/14-induced inflammation, demonstrated that MRP8/14 
may serve as a potential target for AS treatment, and enriched the 
therapeutic approach for AS. Unfortunately, the physiological milieu 
of the human body is extremely complex. Factors such as the inter-
cell interaction, hormone levels, and the overall regulation of the 
immune system are difficult to fully reproduce in vitro. This study 
provides a preliminary theoretical basis for the potential role and 
mechanism of MRP8/14 in AS. In the future, genetic models such 
as A-related gene knockout mice need to be employed to further 
validate the association between MRP8/14 signal transduction and 
AS progression. In addition, due to limited experimental conditions, 
the sample size in this study was minimal and should be further 
expanded in the future to enhance the reliability and generalizability 
of the findings.
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