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Abstract
Objective

The early diagnosis of antimyeloperoxidase (anti-MPO) -associated vasculitis is still a challenge in clinical practice. 
This study aimed to facilitate the early diagnosis of anti-MPO-associated vasculitis and investigate its pathogenesis.

Methods
We established an animal model of experimental autoimmune vasculitis (EAV), and applied 4D label-free technology 

to identify proteins and phosphorylated proteins in the kidneys of the EAV group and control group.

Results
A total of 674 differentially expressed proteins (DEPs) were identified by proteomics, including 347 up-regulated 
and 327 down-regulated proteins. The results of the GO and KEGG enrichment analysis showed that DEPs were 

mainly involved in complement and coagulation cascade reactions, as well as the formation of neutrophil extracellular 
traps. According to the analysis of MCODE and hub proteins, FGG, HRG, C3, SERPIND1, ITIH2, A2M were selected 

as target proteins, and parallel reaction monitoring (PRM) was used to validate the above proteins. The validation 
results were consistent with the proteomic detection results. Through de-background analysis of differentially expressed 

phosphorylated proteins, a total of 497 differentially expressed phosphorylated attributed proteins were identified, 
256 of which were down-regulated and 241 were up-regulated. These proteins mainly participated in energy 

metabolism-related pathways. The prediction analysis of upstream phosphorylated kinases suggested that kinases 
with significantly up-regulated activity included CAMK2D, PAK2, CAMK2B, and PRKAA2, while kinases with 

down-regulated activity included ADRBK1 and PLK1.

Conclusion
The results of this study could provide some auxiliary indicators for the early diagnosis of anti-MPO-associated 

vasculitis, and provide a basis for further understanding of its pathogenesis.
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Introduction
Systemic vasculitis (SV) is an autoim-
mune disease characterised primarily 
by vascular wall necrosis and inflam-
matory cell infiltration. SV can affect 
various blood vessels and organs, such 
as the kidneys, lungs, and brain, result-
ing in diverse clinical manifestations, 
which can be life-threatening in severe 
cases (1-3). Currently, the diagnosis of 
SV usually relies on histopathological 
examination, however, if clinicians and 
forensic workers encounter situations 
such as a lack of medical records or 
atypical microscopic manifestations, it 
often leads to missed diagnosis or mis-
diagnosis.
According to the size of the diseased 
blood vessels, vasculitis is divided into 
large-, medium- and small-vessel vas-
culitis. Among them, small-vessel vas-
culitis includes anti-neutrophil cyto-
plasmic antibody (ANCA)-associated 
vasculitis and immune complex associ-
ated vasculitis. ANCA mainly includes 
myeloperoxidase (MPO)-ANCA and 
protease 3 (PR3)-ANCA. In epidemio-
logical investigations of SV in Asian 
countries, myeloperoxidase (MPO) is a 
relatively important target antigen, but 
the pathogenesis of anti-MPO-associ-
ated vasculitis remains unclear (4-6). 
In recent years, with the rapid develop-
ment of molecular biology technology, 
label-free proteomics has entered the 
4D era. A fourth dimension (ionic mo-
bility) was added based on the dimen-
sionality division of mass/charge ratio 
(m/z), retention time, and ion strength, 
which improved the accuracy and rich-
ness of quantification (7, 8). In this 
study, differentially expressed proteins 
(DEPs) in renal tissues of experimental 
autoimmune vasculitis (EAV) rats were 
screened by 4D label-free proteomics 
and phosphoproteomic technology. 
Bioinformatics analysis of the data was 
performed to identify hub proteins and 
mechanisms involved in anti-MPO-as-
sociated vasculitis. The DEPs were fur-
ther validated through parallel reaction 
monitoring (PRM). These findings will 
enable us to further reveal the patho-
genesis of anti-MPO-associated vas-
culitis at the molecular level and may 
provide potential targets for its early 
clinical diagnosis and treatment.

Materials and methods
Animals treatment and sample 
collection
Twenty male Sprague-Dawley rats 
(Specific Pathogen Free, 200-250 g) 
were purchased from the Animal Ex-
perimental Center of Chongqing Medi-
cal University. All the animals were 
raised in a Specific Pathogen Free (SPF) 
standard animal laboratory. Twenty rats 
were randomly divided into EAV group 
and control group: the rats in the EAV 
group were subcutaneously injected 
with recombinant MPO-CFA emulsi-
fier (0.14 mg/100 g) on the first day, and 
recombinant MPO-IFA emulsifier (0.7 
mg/100 g) on day 7; the control group 
was immunised by BSA. All rats in the 
EAV group and control group were in-
travenously injected with a low dose of 
sheep anti-rat GBM serum on days 28 
and 29 (9). On the next day (day 30), 
the rats were placed in metabolic cages 
to collect urine, and after centrifuga-
tion, the supernatant was taken and 
stored at -80℃. On the 32nd day, all rats 
were anaesthetised with pentobarbital 
(4%, 1 mL/100 g) and sacrificed by cer-
vical dislocation, then the heart blood 
and kidneys were collected for further 
study.

Humoral immune responses 
to MPO
ELISA was used to detect plasm anti-
MPO IgG titres, plasm was either add-
ed directly or serially diluted, Detected 
by horseradish peroxidase conjugated 
sheep anti-rat IgG.

Assessment of renal injury
Urine albuminuria was detected by 
ELISA and expressed as ng/24 hrs. The 
formalin-fixed kidney samples (n=6, 3 
in each group) were sliced into 4 µm 
paraffin sections, then stained with 
haematoxylin and eosin (HE) to ob-
serve the histopathological features.

Protein extraction and digestion
The kidney samples were ground at 
low temperature, then lysed using a 
buffer (0.2% SDS, 8M urea, 100 mM 
ammonium bicarbonate, pH=8), and 
the supernatant was obtained after cen-
trifugation. 10 mM DTT was added to 
the supernatant, mixed and placed at 
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56℃ for 1 h. A sufficient amount of 
IAM was added, and the samples were 
left standing at room temperature for 
1 h away from light. Cooled acetone 
was added to the samples, and placed 
at -20℃ for 2 h, the precipitation was 
collected after low temperature centrif-
ugation. Protein solution (6M urea, 100 
mM TEAB, pH=8.5) was added to the 
sample to dissolve the precipitation. 
The quality of proteins was checked 
by Bradford method and SDS-PAGE. 
Finally, to the protein samples were 
added trypsin, DB protein solution (8 
M urea, 100 mM TEAB, pH=8.5), and 
100 mM TEAB buffer, and let stand at 
37℃ for 4 hours. Then add CaCl2 and 
trypsin were added to initiate overnight 
digestion at 37℃. The resulting pep-
tides were desalted with C18 column, 
washed repeatedly with cleaning solu-
tion 3 times, The eluted peptides were 
freeze-dried under vacuum. For the 
phosphoproteome, peptide mixtures 
were enriched for phosphorylated pep-
tides using IMAC-Fe column (10, 11).

Ultra high-performance 
liquid chromatography phase 
(uhplc) fractionation and lc-ms/ms 
analysis
Total peptide and phosphopeptide-en-
riched samples were dissolved in buff-
er A (100% water, 0.1% formic acid) 
respectively, after centrifuged, the su-
pernatants were obtained and loaded 
onto EASY-nLCTM 1200nanoElute up-
grades UHPLC systems. Peptides were 
separated by buffer B (80% acetoni-
trile, 0.1% formic acid) with different 
gradient concentration.The separated 
peptides were analysed by tandem 
mass spectrometry on the Q ExactiveTM 
HF-X mass spectrometer, with a full-
scan MS (350 to 1500 m/z). The parent 
ions with the TOP 30 ionic strength in 
the full-scan were splintered by high 
energy collision induced dissociation 
(HCD), and secondary mass spectrom-
etry was performed.
The following device parameters were 
used: full-scan resolution, 120000 
(200m/z); secondary mass spectrom-

etry resolution, 15000 (200 m/z); dy-
namic exclusion duration, 20 s.

Protein identification 
and bioinformatic analysis
Maxquant 2.0.3.0 was used to analyse 
the mass spectrometer data. Accord-
ing to the fold change (FC) of proteins, 
DEPs and differentially phosphoryl-
ated proteins were screened. Proteins 
with FC >1.5 and a p-value <0.05 were 
considered up-regulated, while proteins 
with FC <1/1.5 and a p-value <0.05 
were considered down-regulated (12). 
The online DAVID software (https://
david-d.ncifcrf.gov/) was used for the 
Gene Ontology (GO) analysis of DEPs. 
After annotation, Kyoto Encyclopedia 
of Genes and Genomes (KEGG) path-
ways (http://www.genome.jp/kegg/) 
was used for the pathway enrichment 
analysis. The Interproscan software 
was used for the enrichment of func-
tional domains of DEPs. The DEPs 
were imported into the STRING data-
base to create a protein-protein interac-
tion network, then the analysis results 
were imported into Cytoscape 3.7.1 for 
data visualisation. MCODE was used 
to cluster the DEPs, and the degree 
algorithm of CytoHubba was used to 
screen the Hub genes.

Proteomics combined 
with phosphoproteomic
The differentially phosphorylated at-
tributed protein was obtained by de-
background analysis of differentially 
phosphorylated proteins. Kinase pre-

Fig. 1. The contents of 24-hour urinary albumin and plasma MPO-ANCA IgG in EAV and control 
group. A: the content of 24-hour urinary albumin; B: the levels of plasma MPO-ANCA IgG.

Fig. 2. Histopathological observation of renal tissue in EAV group and control group.
(A, a, B, b) EAV group; (C, c, D, d) control group. (A, a) glomerular fibrosis. (B, b) cellular crescent formation. (A, B, C, D) 100×; (a, b, c, d) 200×.
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diction was performed by the Networ-
kIN algorithm to screen out kinases 
with high scores, and the kinase activ-
ity was analysed by Kinase-Substrate 
Enrichment Analysis (KSEA).

Parallel reaction monitoring
To further verify the DEPs, six select-
ed proteins were quantified by PRM. 
The methods of protein extraction and 
trypsin digestion were the same as the 
4D label-free experiment. The peptide 
samples were detected by QExactive 
HF mass spectrometer combined with 
UltiMate 3000 RSLCnano liquid phase. 
The data obtained were retrieved by 
Maxquant 2.0.3.0 software and then 

Fig. 4. GO analysis of 674 DEPs in EAV group vs Control group. The terms of biological process, cell component and molecular function were indicated 
in green, orange and purple respectively. The number of DEPs, up-regulated proteins and down-regulated proteins contained in each category was labelled.

Fig. 3. Distribution levels of differentially expressed or phosphorylated proteins in the EAV group 
compared with the control group.
A: The number of proteins whose expression levels were significantly up-regulated or down-regulated 
in the EAV group compared with the control group; 
B: The number of phosphorylated proteins whose expression levels were significantly up-regulated or 
down-regulated in the EAV group compared with the control group.
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imported into Skyline software for 
quantitative analysis of proteins.

Ethics approval
All animal procedures for this study 
were performed in accordance with the 
Guide for the Care and Use of Labora-
tory Animals and approved by the Ani-
mal Care and Use Committee of Chong 
Qing Medical University (Acceptance 
no.: IACUC-CQMU-2023-12023).

Statistics
The quantitative data were compared 
between the two groups by student’s 
t-test, a p-value <0.05 was considered 
statistically significant.

Results
The contents of 24-hour urinary 
albumin and plasm MPO-ANCA IgG
The 24-hour urine of rats in the experi-
mental group (EAV group) and control 
group was collected on the next day 
(day 30) after the injection of a low 
dose of sheep anti-rat GBM serum, and 
albumin was detected (Fig. 1A). The 
results showed that the 24-hour urinary 
albumin level in the EAV group (6509 
±738.5 ng) was significantly higher 
than the control group (3175±191.1 
ng), and the difference was statistically 
significant (p<0.01). Plasma of the ex-
perimental group and the control group 
were collected and MPO-ANCA IgG 

was detected (Fig. 1B). Compared with 
the control group (0.4880±0.3087 ng/
mL), the EAV group (89.96±6.409 ng/
mL) was significantly higher than the 
EAV group (0.4880±0.3087 ng/mL), 
and the difference was statistically sig-
nificant (p<0.01).

Histopathological observation 
of the kidney
HE staining was performed on the 
kidneys of the two groups of rats, and 
the results showed that the rats in the 
EAV group had glomerular fibrosis 
(as shown by arrows in Fig. 2A and 
Fig. 2a), and some glomeruli showed 
cellular crescent formation and base-

Fig. 5. Analysis of domains, KEGG pathways and interactions of differentially expressed proteins.
A: the top 10 domains with the lowest p-value; B: the top 20 KEGG pathways with the lowest p-value; C: the key MCODE module; (D) PPI network of the 
top 30 hub proteins.
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ment membrane thickened (as shown 
by arrows in Fig. 2B and Fig. 2b). In 
the control group, the glomerular was 
normal and no obvious pathological 
changes were observed.

Identification of differentially 
expressed proteins
Three kidney samples from each group 
were randomly selected for 4D label-
free proteomic analysis to identify 
the differentially expressed proteins 
(DEPs). A total of 29868 unique pep-
tides corresponding to 4188 proteins 
were identified in this study. Proteins 
with FC >1.5 (or <0.67) and p<0.05 
were considered as DEPs. Based on 
the above screening criteria, 674 DEPs 
were differentially expressed, of which 
347 DEPs were up-regulated and 327 
DEPs were down-regulated (Fig. 3A). 
Phosphoproteomic results showed that 
3273 phosphorylated proteins were 
identified and 511 phosphorylated dif-
ferentially expressed proteins (pDEPs) 
were screened, 252 of which were up-
regulated and 259 were down-regulat-
ed (Fig. 3B).

The functional annotation 
and enrichment analysis of 
the differentially expressed 
proteins
The biological processes, cellular com-
ponents, and molecular functions of 
674 DEPs were obtained by GO an-
notation analysis. With p<0.05 as the 
screening criterion, the top 10 GO 
annotation results with the smallest p-
value were selected and their data are 
visualised in Figure 4. The biological 
processes associated with these DEPs 
included negative regulation of endo-
peptidase activity, fatty acid metabolic 
process, complement activation, alter-
native pathway, complement activa-
tion, fibrinolysis. The cellular compo-
nents enriched mainly included mito-
chondria, cytosol, fibrinogen complex, 
extracellular space, very-low-density 
lipoprotein particle. The molecular 
function involved included serine-
type endopeptidase inhibitor activity, 
protein binding, organic cation trans-
membrane transporter activity, endo-
peptidase inhibitor activity and heparin 
binding.

Analysis of differentially expressed 
proteins for enrichment in domains 
and KEGG pathways, protein-protein 
interactions and modules
DEPs were enriched in the following 
domains (Fig. 5A): fibrinogen α/β/γ 
chain -C terminal globular domain, 
α-macroglobulin receptor binding, 
α2-macroglobulin (n-terminal 2), α2-
macroglobulin, terpenoid cyclase/pro-
tein isopentenyltransferase (α-α ring), 
A-macroglobulin complement compo-
nent, α2-macroglobulin (n-terminal), 
α-2- Macroglobulin (thiol ester bond 
formation), immunoglobulin C1 group, 
immunoglobulin V-set. The results of 
the KEGG pathway (Fig. 5B) showed 
that the main enrichment pathways of 
DEPs included complement and co-
agulation cascade, metabolic pathway, 
human papillomavirus infection, ther-
mogenesis, chemical carcinogenic-re-
active oxygen species, and neutrophil 
extracellular trap formation.
We predicted interactions between 
DEPs using STRING and Cytoscape, 
and the protein-protein interaction net-
work revealed the key module (Fig. 
5C), with MCODE score = 16.11. 
The module contained 19 DEPs, 16 of 
which were up-regulated and 3 were 
down-regulated. The pathways in-
volved included complement and co-
agulation cascade (Fgb, Fga, Serpind1, 
F12, Serpind2, Fgg, C8b, Klkb1), coro-
nator-COVID-19 (Fgb, Fga, Fgg, C8b), 
platelet activation (Fgb, Fga, FGA, 
C8B, Fgg), neutrophil extracellular 
trap formation (Fgb, Fga, Fgg), and all 
the DEPs contained in the above path-
ways were up-regulated. The top 30 
DEPs (with high scores) were identi-

fied by degree classification method in 
CytoHubba (Fig. 5D). Combined with 
the analysis results of MCODE mod-
ules, 6 proteins were identified as hub 
proteins: Fgg, Hrg, C3, serind1, Itih2 
and A2m. These proteins were veri-
fied by PRM analysis, and the results 
indicated that the expression levels of 
Fgg, Hrg, C3, serind1 and Itih2 in EAV 
group were up-regulated, while A2m 
levels were down-regulated, which 
were consistent with the results of pro-
teomic (Fig. 6).

De-background analysis of 
differentially phosphorylated protein
A total of 674 DEPs were screened by 
proteomics, and 511 pDEPs were iden-
tified by phosphoproteomic. Through 
the de-background analysis of pDEPs, 
14 proteins were found to have the 
same expression trend with phospho-
rylated proteins, and 497 differentially 
expressed phosphorylated attributed 
proteins were obtained, among which 
241 proteins were up-regulated and 
256 proteins were up-regulated.

The functional annotation 
and enrichment analysis of 
the differentially expresses 
phosphorylated attributed proteins
GO analysis of differentially expressed 
phosphorylated attributed proteins 
showed that the enriched biological 
processes included glutathione me-
tabolism, cell response to cAMP, mi-
crotubule cytoskeleton structure, tri-
carboxylic acid cycle, and selenium 
ion response. The cell components in-
cluded cytoplasm, cell fluid, mitochon-
dria, nucleus and perinuclear region of 

Fig. 6. Comparison of 4D 
label-free and PRM quanti-
tative results of renal DEPs 
in EAV group vs. Control 
group.
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cytoplasm. In addition, the molecular 
functions include protein binding, ATP 
binding, macromolecular complex 
binding, 3-hydroxyl-CoA dehydroge-
nase activity, and small GTPase bind-
ing (Fig. 7).

Analysis of differentially expresses 
phosphorylated attributed proteins 
for enrichment in domains and 
KEGG pathways, protein-protein 
interactions and modules
We used Interproscan software to con-
duct domain annotation analysis on the 
differentially expresses phosphoryl-
ated attributed proteins. With p<0.05 
as the standard, 10 domains with the 
lowest p-value were selected (Fig. 

8A). The enriched domains included: 
acetaldehyde dehydrogenase domains; 
aldehyde dehydrogenase, C-terminal; 
aldehyde/histamine dehydrogenase; 
aldehyde dehydrogenase, N-terminal; 
pleckstrin homologous domain, etc. 
The enriched KEGG pathways in-
cluded carbon metabolism, citric acid 
cycle (TCA cycle); metabolic pathway; 
amyotrophic lateral sclerosis; thermo-
genesis; degradation of valine, leucine 
and isoleucine. (Fig. 8B).
The protein-protein interaction net-
work of differentially expresses phos-
phorylated attributed proteins was ana-
lysed by the MCODE plug-in of Cy-
toscape software. Two critical modules 
were identified as shown in Figures 8C 

and 8D. MCODE 1 (MCODE Score = 
6.452) contained 32 proteins, of which 
10 proteins are up-regulated and 22 
proteins are down-regulated, and the 
pathways involved included ribosome 
and coronavirus disease-novel corona-
virus pneumonia. MCODE 2 (MCODE 
Score = 4.571) contained 22 proteins, 
7 of which 7 were up-regulated and 15 
down-regulated. The KEGG pathway 
analysis showed that the proteins were 
mainly involved in metabolism, ther-
mogenesis, and citric acid cycle (TCA 
cycle). The top 30 DEPs (with high 
scores) identified by degree classifica-
tion method in CytoHubba are shown 
in Figure 8E, including Actb, Crebbb, 
Sdha, Atp5a1, Atp5b.

Fig. 7. GO analysis of 497 differentially expressed phosphorylated attributed proteins in EAV group vs. Control group. The terms of biological process, 
cell component and molecular function were indicated in green, orange and purple respectively. The number of proteins, up-regulated proteins and down-
regulated proteins contained in each category was labelled.
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Fig. 8. Analysis of domains, KEGG pathways and interactions of differentially expresses phosphorylated attributed proteins.
A: the top 10 domains with the lowest p-value; B: the top 20 KEGG pathways with the lowest p-value; C: MCODE 1; D: MCODE 2; E: PPI network of the 
top 30 hub proteins.
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Motif analysis of the phosphosites
The modified amino acids identified in 
the EAV and the control group included 
serine (S), threonine (T) and tyrosine 
(Y), and most of them were serine. After 
motif analysis of phosphorylated modi-
fication sites, NetworkIN algorithby 
degree classification method in Cyto-
Hubba are shown in Figure 8E, includ-
ing Actb, Crebbb, Sdha, Atp5a1, Atp5b.

Motif analysis of the phosphosites
The modified amino acids identified 
in the EAV and the control group in-
cluded serine (S), threonine (T) and 
tyrosine (Y), and most of them were 
serine. After motif analysis of phos-
phorylated modification sites, the Net-
workIN algorithm was used to predict 
upstream kinases, and 84 phosphoryl-
ated network groups were obtained. 
KSEA analysis was performed to pre-
dict the activity of kinase, as shown in 
Figure 9 (with Z-score > 0 indicating 
up-regulated activity and Z-score < 0 
indicating down-regulated activity). 
The results showed that the kinases 

with significantly up-regulated activity 
included CAMK2D, PAK2, CAMK2B 
and PRKAA, and the kinases with sig-
nificantly down-regulated activity in-
cluded ADRBK1 and PLK1.

Discussion
At present, gross morphology and mi-
croscopic observation of organs or tis-
sues are still commonly used in clinical 
or forensic pathological diagnosis of 
anti-MPO-associated vasculitis. How-
ever, in the early stage of anti-MPO-
associated vasculitis, histopathological 
changes are not obvious, which is easy 
to cause diagnosis difficulties, and it is 
urgent to find molecular markers with 
high sensitivity and specificity to assist 
in the diagnosis of anti-MPO-associ-
ated vasculitis. So far, some scholars 
have conducted proteomic studies on 
Kawasaki disease, Behçet’s disease, 
giant cell arteritis, etc. However, the 
above studies were limited to structural 
proteomics and did not involve func-
tional proteomics (13-15). In this study, 
by combining proteomics with phos-

phoproteomic, biological information 
can be mined from the two perspectives 
of protein abundance and modification 
level, providing new ideas for the di-
agnosis, treatment and pathogenesis of 
anti-MPO-associated vasculitis.
In this study, the results of proteomics 
showed that compared with the control 
group, DEPs mainly focused on the neg-
ative regulation of endopeptidase activ-
ity, complement activation, fibrinolysis, 
cellular calcium ion homeostasis, etc., 
suggesting that renal DEPs in EAV 
played a role in regulation of endo-
peptidase activity and immune function. 
The KEGG pathway enrichment results 
showed that DEPs were significantly 
enriched in complement and coagula-
tion cascade. Abnormal activation of 
the complement system can promote the 
production of inflammatory cytokines 
and chemokines as well as recruitment 
of immune cells, leading to tissue dam-
age, pathological inflammation and acti-
vation of coagulation pathway. Previous 
studies have shown that this signalling 
pathway is involved in the pathogenesis 
and clinical manifestations of various 
autoimmune diseases such as systemic 
lupus erythematosus and vasculitis (16, 
17). In addition, the pathway enrich-
ment results showed that 13 DEPs were 
involved in the formation of neutrophil 
extracellular traps, which is believed to 
play an important role in the pathogen-
esis of haematological diseases and is 
closely related to anti-MPO-associated 
vasculitis (18, 19). We also validated 
6 hub proteins by PRM, and the results 
were consistent with proteomics.
FGG, HRG, C3 and SERPIND1 are in-
volved in the coagulation process and 
immune regulation (20-23). Our results 
showed that these proteins were up-
regulated in the EAV group, confirming 
that the hypercoagulable state of blood 
was closely related to the susceptibil-
ity of anti-MPO-associated vasculitis 
to thrombosis. In addition, the activa-
tion of neutrophils and the generation of 
inflammatory reactions also aggravated 
vascular injury. Interalpha trypsin inhib-
itor Heavy chain 2 (ITIH2) is one of the 
components of interalpha trypsin inhibi-
tor (ITI). ITI interact with extracellular 
matrix molecules and play a key role in 
maintaining homeostasis in various tis-

Fig. 9. The result of kinase activity analysis.
Red represents kinases with upregulated activity and blue represents kinases with significantly down-
regulated activity.
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sues (24). Several studies have found 
that increased expression of ITI family 
proteins is associated with a variety of 
pathological conditions, including tis-
sue injury, tissue repair, and inflamma-
tion (25, 26). Jiang et al. (27) found that 
the expression of ITIH2 was increased 
in urine of patients with systemic lupus 
erythematosus (SLE) associated with 
kidney injury. In our study, the expres-
sion level of ITIH2 was significantly 
up-regulated, indicating the presence of 
kidney injury in the EAV group.
α2-macroglobulin (A2M) is a broad-
spectrum protease inhibitor, which is 
involved in anti-oxidation, anti-fibro-
sis, anti-inflammation, homeostasis and 
other processes. In addition, Becker et 
al. (28) found the position of A2M on 
the surface of the blood vessel wall, and 
this protease inhibitor could protect the 
vascular endothelium from potentially 
damaging intravascular protease. In this 
study, A2M was significantly down-
regulated in the EAV group, indicating 
that its inflammation was aggravated, 
and its vascular protective effect was 
decreased, leading to vascular injury.
Through the combined analysis of pro-
teomics and phosphoproteomics, GO 
and KEGG enrichment results suggest 
that differentially phosphorylated attrib-
uted proteins participate in metabolism 
related pathways in mitochondria and 
cytoplasm, which is consistent with pre-
vious studies that have found abnormal 
energy metabolism to play an important 
role in autoimmune diseases and inflam-
matory responses (29, 30). In addition, 
thermogenesis is also an important path-
way enriched in our study, and thermo-
genesis is significantly associated with 
increased body temperature, which is 
one of the common symptoms of anti-
MPO-associated vasculitis. The activity 
of upstream phosphorylated kinases was 
further predicted, and the results showed 
that the kinases with significantly up-
regulated activity included CAMK2D, 
PAK2, CAMK2B, PRKAA, etc., while 
the kinases with significantly down-
regulated activity included ADRBK1, 
PLK1, etc. Among them, CAMK II as 
an intracellular calcium signal receptor, 
has been proved to be expressed in en-
dothelial cells, vascular smooth muscle 
cells and monocytes, and its abnormal 

activation is closely related to vascular 
injury (31, 32).
In conclusion, the expression of renal 
DEPs in EAV group confirmed that 
complement and coagulation cascade 
and neutrophil extracellular trap path-
way play an important role in its patho-
genesis. Meanwhile, hub proteins were 
screened and verified by PRM method. 
It was confirmed that some proteins 
such as FGG, HRG, C3, SERPIND1, 
ITIH2 and A2M were important for the 
study of anti-MPO-associated vasculi-
tis. In addition, through the combined 
analysis of proteomics and phospho-
proteomics, we found that differentially 
phosphorylated belonging proteins af-
fect the occurrence and development of 
anti-MPO-associated vasculitis by par-
ticipating in energy metabolism-related 
pathways. The up-regulation activity 
of CAMK Ⅱ kinase plays an important 
role in vascular injury. It is expected 
that these proteins and kinases will be 
further studied for the early diagnosis 
of anti-MPO-associated vasculitis and 
provide new ideas for its treatment.
At present, the animal model of EAV 
is an important tool for studying anti-
MPO-associated vasculitis. Through 
continuous improvement and perfec-
tion of the animal model of EAV, it can 
be closer to the pathological charac-
teristics and clinical manifestations of 
human anti-MPO-associated vasculitis, 
which will help to improve the reli-
ability and translation of the research 
results. Therefore, the results of this 
study can provide some valuable infor-
mation for the research and treatment 
of human anti-MPO-associated vascu-
litis, such as the study of pathogenesis, 
diagnostic markers, immunotherapy 
and so on. In addition, adequate clini-
cal trials and validation are required 
when translating the results of animal 
experiments into clinical applications.
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