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Uveitis, a group of intraocular inflammatory diseases, is one of the major causes of severe
visual impairment among the working-age population. This study aimed to screen potential
urinary biomarkers for uveitis based on proteome analysis. An experimental autoimmune
uveitis (EAU) rat model induced by bovine interphotoreceptor retinoid-binding protein
(IRBP) was used to mimic uveitis. In discovery phase, a total of 704 urinary proteins were
identified via data-independent acquisition (DIA) proteomic technique, of which 76 were
significantly changed (34, 36, and 37 on days 5, 8, and 12, respectively, after bovine IRBP
immunization). Gene Ontology annotation of the differential proteins indicates that acute-
phase response, innate immune response, neutrophil aggregation, and chronic
inflammatory response were significantly enriched. Protein-protein interaction network
indicates that these differential urinary proteins were biologically connected in EAU, as a
group. In validation phase, 17 proteins having human orthologs were verified as the
potential markers associated with uveitis by parallel reaction monitoring (PRM) targeted
quantitative analysis. Twelve differential proteins changed even when there were no clinical
manifestations or histopathological ocular damage. These 12 proteins are potential
biomarkers for early diagnosis of uveitis to prevent the development of visual
impairment. Five differential proteins changed at three time-points and showed
progressive changes as the uveitis progressed, and another five differential proteins
changed only on day 12 when EAU severity peaked. These 10 proteins may serve as
potential biomarkers for prognostic evaluation of uveitis. Our findings revealed that the
urinary proteome could sensitively reflect dynamic pathophysiological changes in EAU,
and represent the first step towards the application of urinary protein biomarkers for uveitis.

Keywords: urine proteome, experimental autoimmune uveitis (EAU), biomarker, data-independent acquisition (DIA),
parallel reaction monitoring (PRM)

Frontiers in Molecular Biosciences | www.frontiersin.org 1

February 2022 | Volume 9 | Article 831632


http://crossmark.crossref.org/dialog/?doi=10.3389/fmolb.2022.831632&domain=pdf&date_stamp=2022-02-22
https://www.frontiersin.org/articles/10.3389/fmolb.2022.831632/full
https://www.frontiersin.org/articles/10.3389/fmolb.2022.831632/full
https://www.frontiersin.org/articles/10.3389/fmolb.2022.831632/full
https://www.frontiersin.org/articles/10.3389/fmolb.2022.831632/full
https://www.frontiersin.org/articles/10.3389/fmolb.2022.831632/full
https://www.frontiersin.org/articles/10.3389/fmolb.2022.831632/full
http://creativecommons.org/licenses/by/4.0/
mailto:gaoyouhe@bnu.edu.cn
https://doi.org/10.3389/fmolb.2022.831632
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://doi.org/10.3389/fmolb.2022.831632

Qin et al.

INTRODUCTION

Uveitis is a group of intraocular inflammatory diseases that
mainly involve the uvea, the blood vessel-rich pigmented
middle layer of the wall of the eye. Uveitis carries a high risk
of vision loss and usually affects people aged 20-50 years
(Rothova et al.,, 1992; Gritz and Wong, 2004; Krishna et al.,
2017). In developing countries, approximately 5-25% of
irreversible blindness is caused by uveitis and its complications
(Rao, 2013; Tsirouki et al., 2018). In addition to infectious agents,
autoimmune reactions are one of the main causes of uveitis. For
autoimmune uveitis, corticosteroids and immunomodulatory
agents are the mainstay of treatment (Larson et al., 2011).
However, there are some uveitis patients who fail to respond
to treatment. And it is common for the recurrence to occur
during the tapering phase of corticosteroid uses. In addition,
long-term treatments may have several intraocular and systemic
side effects, such as high intraocular pressure, sterile
endophthalmitis, and nephrotoxicity (Jonas et al., 2003;
Moshfeghi et al., 2003).

The diagnosis and differential diagnosis of uveitis remain
challenging even to experienced specialists (Herbort et al,
2009; Seve et al., 2017) because of the profound clinical
overlap between uveitis entities induced by different etiologies,
the limited availability of clinical specimens and the limited
reliability/accuracy of currently available tests. Timely
diagnosis of non-autoimmune uveitis, in particular infectious
uveitis and masquerade syndrome, can be difficult. Therefore, the
identification of noninvasive and accurate biomarkers for
diagnosis and/or disease monitoring is of great clinical
significance. If uveitis is diagnosed earlier, effective measures
may be used to prevent vision loss.

Urine is a promising resource for biomarker research and is
attracting more and more attention. Without strict homeostatic
regulation, urine can sensitively reflect changes in the body at an
early stage (Gao, 2013; Li et al., 2014). Mass spectrometry-based
proteomics have dramatically improved and emerged as a
prominent tool in the field of biomarker studies. Many
candidate biomarkers for uveitis have been reported primarily
in the blood, tears, and aqueous humor (Curnow and Murray,
2006; Guo et al., 2015; Pepple et al., 2015; Walscheid et al., 2015).
Urinary proteomic studies have identified many candidate
biomarkers for autoimmune inflammatory diseases, such as
rheumatoid  arthritis,  autoimmune  myocarditis, and
inflammatory bowel disease (Shao et al, 2011; Qin et al,
2019a). However, there have been limited studies of protein
biomarkers for uveitis in urine compared with the wide
application of urinary protein markers for other diseases.

Experimental autoimmune uveitis (EAU) is a T cell-mediated
autoimmune disease that targets the neural retina and related
tissues (Caspi et al., 1986; Lee et al, 2014). It is an induced
noninfectious type of uveitis, as opposed to a spontaneous,
autoimmune disease model. The hallmarks of EAU are the
onset of ocular inflammation, disruption of the retinal
architecture, and partial to complete destruction of the
photoreceptor cell layer (Caspi, 2003). It shares many
common features in clinical and histological aspects with

Urine Proteome Changes in EAU Rats

human uveitis (Agarwal et al, 2012). Susceptibility to EAU
varies between rat strains. In this study, Lewis rats which
develops characteristically severe uveitis were used. Others
works in the same experimental context using Wistar Rat
(Arroul-Lammali et al., 2012). The urine proteome is affected
by multiple factors, such as age, diet, exercise, gender, medication,
and daily rhythms (Wu and Gao, 2015). Animal models can be
used to minimize the impact of many uncertain factors by
establishing a direct relationship between a disease and
corresponding changes in urine (Gao, 2014).

This study aimed to identify potential urinary protein
biomarkers related to uveitis by using the bovine IRBP-
induced uveitis rat model. The experiment was conducted in
two phases, as shown in Figure 1. In the discovery phase, a data-
independent acquisition (DIA) approach was used to profile the
proteome of urine from EAU rats and compared with that of
controls. In the validation phase, the differentially changed
proteins were validated by parallel reaction monitoring (PRM)
targeted quantitative analysis using a quadrupole-orbitrap mass
spectrometer.

MATERIALS AND METHODS

Animals and Uveitis Induction

Fifty male Lewis rats (160-180 g) were purchased from Charles
River China (Beijing, China). All animals were maintained on a
standard laboratory diet under controlled indoor temperature
(21 £ 2°C), humidity (65-70%) and 12h light-dark cycle
conditions. All experiments were performed using protocols
approved by the Animal Care and Use Committee of the
Qingdao Municipal Hospital Medical Ethics Committee. All
methods were carried out in accordance with relevant
guidelines and regulations of the National Health Commission
and the Ministry of Science and Technology.

The Lewis rats were randomly divided into two groups: a
control group (n = 25) and an EAU group (n = 25). EAU was
induced according to the procedure described previously (Caspi,
2003). Briefly, rats in the EAU group were immunized with 30 ug
of bovine IRBP peptide R16 (ADGSSWEGVGVVPDV, BGI,
Beijing, China), emulsified 1:1 in complete Freund’s adjuvant
(Sigma-Aldrich, St. Louis, MO, United States). The rats in the
control group were given a subcutaneous injection of the same
volume of CFA saline.

The experiment was conducted in two phases, for details, see
Figure 1. For the discovery phase, differentially changed urinary
proteins were identified by DIA quantification in 32 independent
samples from the control group (eight samples) and the EAU
group on days 5, 8 and 12 (eight samples per time point); for the
validation phase, the 32 remaining urine samples (8 from the
control group and the others collected from the EAU group on
days 5, 8 and 12, with 8 samples per time point) were evaluated by
PRM targeted quantification.

Histological Analysis of EAU
For histopathology, three rats in the experimental group and
three rats in the control group were randomly sacrificed at 8, 12
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FIGURE 1 | Workflow of the study of urine proteome changes in experimental autoimmune uveitis (EAU) rats.

IRBP immunization; Day 16: 16 days after bovine IRBP immunization.

FIGURE 2 | Clinical manifestations and histopathological ocular damage in EAU eyes. (A): Clinical appearance upon anterior chamber examination. (B):
Hematoxylin and eosin staining (H&E) of retinal tissue (x20). Control: Normal control rat eye; Day 8: 8 days after bovine IRBP immunization; Day 12: 12 days after bovine

and 16 days after immunization injection. Their eyes were
harvested and then quickly fixed in 10% neutral-buffered
formalin. The formalin-fixed tissues were embedded in
paraffin, sectioned (4 mm) and stained with hematoxylin and
eosin (H&E) to reveal histopathological lesions.

Urine Collection and Sample Preparation
Urine samples were collected from the control and experimental
groups at days 5, 8, 12 and 16 after immunization injection. Rats were
individually placed in metabolic cages for 6 h. During urine collection,
no food was provided to the rats to avoid urine contamination. After
collection, the urine samples were immediately centrifuged at 2,000 g
for 30 min at 4°C and then stored at —80°C.

Urinary protein extraction: 0.5 ml urine was centrifuged at
12,000 g for 30 min at 4°C. Six volumes of prechilled ethanol

were added after removing the pellets, and the samples were
precipitated at 4°C overnight. Then, lysis buffer (8 mol/L
urea, 2mol/L thiourea, 50 mmol/L Tris, and 25 mmol/L
DTT) was used to dissolve the pellets. The protein
concentration of each sample was measured by the
Bradford protein assay.

Tryptic digestion: The proteins were digested with trypsin
(Promega, United States) using filter-aided sample preparation
methods (Wisniewski et al., 2009). Briefly, 100 ug of the protein
sample was loaded onto the 10-kD filter unit (Pall, United States).
The protein solution was reduced with 4.5 mM DTT for 1 h at
37°C and then alkylated with 10 mM indoleacetic acid for 30 min
at room temperature in the dark. The proteins were digested with
trypsin (enzyme-to-protein ratio of 1:50) for 14 h at 37°C. The
peptides were desalted on Oasis HLB cartridges (Waters,
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TABLE 1 | Dynamic urine proteome changes in EAU rats identified by DIA LC-MS/MS.

UniProt ID

Q62714
P02764
P30152
P06866
055006
P08932
P01048
088766
PO7647
Q62930
Q63515
QBIES1
054858
054728
P62836
P16573
Q3KRD8
Q4KLZ6
Q63060
P50115
P82995
P21744
P09006
D3ZTV3
P0O8721
P41516
P08649
P20059
Q8K4D8
P19804
Q09030
P49744
Q64573
Q63355
P40241
P34901
Q99MZ8
Q03191
P19132
QIWVH8
Q8CJD3
QoJLJ3
Q99068
QoQz76
D3ZUC6
089117
P35859
Q99PW3
P38438
P08753
P04073
Q63207
P17559
088917
P08723
QBPBVO
P0O0731
P50282
Q63532
P51635
Q5XI95
P62963
Q07936

Protein name

Neutrophil antibiotic peptide NP-4
Alpha-1-acid glycoprotein

Neutrophil gelatinase-associated lipocalin
Haptoglobin

Protein RoBo-1

T-kininogen 2

T-kininogen 1

Neutrophil collagenase

Submandibular glandular kallikrein-9
Complement component C9

C4b-binding protein beta chain

Serine protease inhibitor Kazal-type 7
Carboxypeptidase Z

Phospholipase B1, membrane-associated
Ras-related protein Rap-1A
Carcinoembryonic antigen-related cell adhesion molecule 1
Eukaryotic translation initiation factor 6
Triokinase/FMN cyclase

Glycerol kinase

Protein S100-A8

Heat shock protein HSP 90-alpha

Insulin-like growth factor-binding protein 4
Serine protease inhibitor ASN

Leucine-rich repeat transmembrane protein FLRT2
Osteopontin

DNA topoisomerase 2-alpha

Complement C4

Hemopexin

Aldehyde dehydrogenase family 1 member A3
Nucleoside diphosphate kinase B

Trefoil factor 2

Thrombospondin-4

Liver carboxylesterase 4

Unconventional myosin-Ic

CD9 antigen

Syndecan-4

LIM and SH3 domain protein 1

Trefoil factor 3

Ferritin heavy chain

Fibulin-5

Zymogen granule membrane protein 16
4-trimethylaminobutyraldehyde dehydrogenase
Alpha-2-macroglobulin receptor-associated protein
Myoglobin

Protein TOPAZ1

Beta-defensin 1

Insulin-like growth factor-binding protein complex acid labile subunit
Sialidase-1

TGF-beta receptor type-2

Guanine nucleotide-binding protein G(k) subunit alpha
Gastricsin

Coagulation factor X

Uteroglobin

Adhesion G protein-coupled receptor L1
Prostatic spermine-binding protein
Glucose-6-phosphate isomerase
Carboxypeptidase A1

Matrix metalloproteinase-9

Cornifin-A

Aldo-keto reductase family 1 member A1
Alcohol dehydrogenase 6

Profilin-1

Annexin A2

Urine Proteome Changes in EAU Rats

Fold change
D5 D8 D12
4.34 3.01 2.59
3.94 1.98 1.68
291 2.24 2.45
2.73 1.80 1.65
2.53 1.97 1.79
2.48 1.71 1.63
2.18 1.73 1.77
2.15 2.39 2.36
0.60 0.65 0.63
2.02 1.56
1.79 1.57
0.64 0.61
0.59 0.52
0.45 0.44
0.40 0.50
1.72 1.59
2.08 3.78
1.56 1.57
1.67 1.67
1.60 1.94
0.10 0.08
0.61 0.63
1.88
1.82
1.68
1.62
1.61
1.59
1.51
0.65
0.62
0.56
0.55
0.54
0.48
0.34
0.34
0.33
0.30
0.29
2.08
1.89
1.60
0.63
0.64
0.64
0.62
0.62
0.61
0.57
0.54
0.52
0.46
0.40
0.22
3.98
3.59
2.55
2.46
2.40
1.91
1.88
1.74

(Continued on following page)
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TABLE 1 | (Continued) Dynamic urine proteome changes in EAU rats identified by DIA LC-MS/MS.

UniProt ID Protein name Fold change

D5 D8 D12
Q5BJY9 Keratin, type | cytoskeletal 18 1.78
Q920R3 Acyl-CoA ()-desaturase 1.78
Q5BKDO Inactive 2'-5'-oligoadenylate synthase 1B 1.69
P10247 H-2 class Il histocompatibility antigen gamma chain 1.61
P61589 Transforming protein RhoA 1.58
P63095 Guanine nucleotide-binding protein G(s) subunit alpha isoforms short 1.56
P04785 Protein disulfide-isomerase 1.53
Q793F9 Vacuolar protein sorting-associated protein 4A 1.563
P53369 7,8-dihydro-8-oxoguanine triphosphatase 1.53
QBAYAS Transmembrane protein 106B 1.61
PO7171 Calbindin 0.62
Q4FzU2 Keratin, type Il cytoskeletal 6A 0.59
P10760 Adenosylhomocysteinase 0.56

Day 5

Day 8

Day 12

FIGURE 3| Venn diagram of the differential urinary proteins on days 5, 8,
and 12 in EAU rats compared with control rats.

United States) and lyophilized for trap column fractionation and
LC-MS/MS analysis.

Spin Column Separation

A high-pH reversed-phase peptide fractionation kit (Thermo
Pierce, United States) was used according to the
manufacturer’s instructions. A step gradient of increasing
acetonitrile concentrations was applied to the column to elute
bound peptides. Ten different fractions were collected by
centrifugation, including the flow-through fraction, the wash

fraction and eight step gradient sample fractions (5, 7.5, 10,
12.5, 15, 17.5, 20 and 50% acetonitrile). The fractions were
analyzed by LC-MS/MS.

LC-MS/MS Setup for DDA and DIA

An Orbitrap Fusion Lumos Tribrid mass spectrometer was
coupled with an EASY-nLC 1000 HPLC system (Thermo
Scientific, Germany). For DDA-MS and DIA-MS modes, the
same LC settings were used. The digested peptides were loaded
onto a trap column (75 pm x 2 cm, 3 pum, C18, 100 A). The eluent
was transferred to a reversed-phase analytical column (50 pm X
250 mm, 2 um, C18, 100 A). The eluted gradient was 5-30%
buffer B (0.1% formic acid in 99.9% acetonitrile; flow rate of
0.4 pl/min) for 60 min. The parameters were set as follows: the
full scan was acquired from 350 to 1,550 m/z at 60,000, the cycle
time was set to 3 s (top speed mode), the auto gain control (AGC)
was set to 1e6, and the maximum injection time was set to 50 ms.
MS/MS scans were acquired in the Orbitrap at a resolution of
15,000 with an isolation window of 2 Da and collision energy at
32% (HCD); the AGC target was set to 5e4, and the maximum
injection time was 30 ms.

For DIA-MS acquisition, the variable isolation window DIA
method with 26 windows was developed (Supplementary Table
S1). The full scan was set at a resolution of 60,000 over an m/z
range of 350 to 1,200, followed by DIA scans with a resolution of
30,000, HCD collision energy of 32%, AGC target of le6 and
maximal injection time of 50 ms. A quality control DIA analysis
of the pooled sample was inserted after every 8 urine samples
were tested.

LC-MS/MS Setup for PRM

Orbitrap Fusion Lumos Tribrid mass spectrometer coupled with
an EASY-nLC 1200 HPLC system was used. The peptides were
loaded on a reversed-phase trap column (75 pm x 2 cm, 3 um,
C18, 100 A, Thermo Scientific, Germany), and the eluent was
then transferred to a reversed-phase analytical column (50 um X
150 mm, 2 pm, C18, 100 A, Thermo Scientific, Germany). The
elution gradient consisted of 5-35% buffer B (0.1% formic acid in
80% acetonitrile; flow rate 0.3 pl/min) for 120 min. The MS/MS
scans were acquired in the Orbitrap at a resolution of 30,000 with
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an isolation window of 1.6 Da and collision energy at 30% (HCD),
the AGC target was set to 5e4, and the maximum injection time
was 60 ms.

For the PRM-MS method, thirty-two individual samples were
analyzed in PRM mode. Finally, 150 peptides were scheduled, and
the retention time (RT) segment was set to 8 min for each
targeted peptide (Supplementary Table S2). The normalized
collision energy was fixed to 30% and the quadrupole isolation
window to 1.6 Da. The other parameters were the same as
described in the last paragraph.

DIA Quantification Analysis

The raw data files acquired for the ten fractions in DDA mode
were processed using Proteome Discoverer (version 2.3; Thermo
Scientific, Germany) with SEQUEST HT against the SwissProt
Rattus database (released in May 2019, containing 8086
sequences) appended with the iRT peptide sequences. The
search parameters consisted of a parent ion mass tolerance of
10 ppm; fragment ion mass tolerance of 0.02 Da; fixed
modification of carbamidomethylated cysteine (+58.00 Da);
and variable modifications of oxidized methionine

(+15.995Da) and deamidated glutamine and asparagine
(+0.984 Da). For other settings, the default parameters were used.
The raw DIA-MS files were imported into Spectronaut Pulsar
with the default settings. In brief, mass calibration was set to local
mass calibration. Cross-run normalization was enabled to correct
for systematic variance in LC-MS performance, and a local
normalization strategy was used (Callister et al., 2006). Protein
inference, which gave rise to the protein groups, was performed
on the principle of parsimony using the ID picker algorithm as
implemented in Spectronaut Pulsar (Zhang et al., 2007).

PRM Quantification Analysis

Skyline (version 19.1.0.193) (MacLean et al., 2010) was used to
build the spectrum library and filter peptides for PRM analysis.
For each targeted protein, 2—6 associated peptides were selected
using the following rules: i) identification in the untargeted
analysis with a q value <1%, ii) completely digested by trypsin,
iii) containing 8-18 amino acid residues, iv) exclusion of the first
25 amino acids at the N-terminus of proteins, and v) fixed
carbamidomethylation of cysteine. Prior to individual sample
analysis, pooled peptide samples were subjected to PRM
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experiments to refine the target list. Finally, forty-four proteins
with 150 peptides (Supplementary Table S2) were scheduled.

All of the PRM-MS data were processed with Skyline.
Transition settings: precursor charges +2, +3; ion charge +1;
ion type b, y, p; product ions from ion three to last ion —1; auto-
select all matching transitions; ion match tolerance 0.02 m/z; pick
6 most intense product ions. Prior to the statistical analysis, the
quantified protein intensities were normalized according to the
summed intensity.

Bioinformatics Analysis

Bioinformatics analysis was carried out to better study the
biological function of the differential proteins. GO analysis
was performed on the differentially altered urinary proteins
identified at the discovery phase (http://www.geneontology.
org/) (Ashburner et al, 2000; Consortium, 2019). In this
study, significant GO enrichment was defined at p < 0.05.

Data Availability

All raw files were uploaded at www.iprox.org. URL: https://www.
iprox.org/page/SSV024. htmlurl=15776233949742GmC; Passwords:
yKSu.

RESULTS AND DISCUSSION

Characterization of EAU Rats

An anterior chamber examination and histopathology analysis
were performed to evaluate the progression of EAU in the Lewis
rats (Figure 2). On day 8, there was no difference between the
EAU and the control rats. Anterior chamber examination
showed a translucent appearance, the pupil and iris blood
vessels were clearly visible, and the vessels were not
congested (Figure 2A). HE staining showed that the retina
presented ordered retinal layers (Figure 2B). On day 12,
there were obvious signs of uveitis compared with control
rats. The eyeball appeared larger due to swelling and
proptosis, the red reflex was absent and the pupil was
obscured (Figure 2A). HE staining showed that the retinal
architecture was disorganized, massive inflammatory cells
infiltrated throughout the retina and choroid, and
photoreceptor cells were damaged (Figure 2B). On day 16,
mild vitritis and retinal folds were observed (Figure 2). These
clinical manifestations and pathological changes revealed the
successful generation of bovine IRBP-induced uveitis model.
EAU severity peaked on day 12 after the immunization
injection.

Dynamic Urine Proteome Changes in EAU
Rats

To preliminarily investigate how the urine proteome changes
with EAU progression, samples from the control group and from
three time points in the EAU group (days 5, 8, and 12) were
analyzed via the DIA workflow. A total of 704 proteins were
identified with FDR < 0.01. Among these, 76 proteins
significantly changed in EAU rats compared to control rats
(1.5-fold change, adjust p < 0.05; Table 1). At day 5, 34

Urine Proteome Changes in EAU Rats

differential urinary proteins, 18 of which increased and 16 of
which decreased, were identified. At day 8, 36 differential urinary
proteins, 17 of which increased and 19 of which decreased, were
identified. At day 12, 31 differential urinary proteins, six of which
increased and nine of which decreased, were identified.

The overlap of these 76 differential proteins identified in EAU
rats is shown with a Venn diagram (Figure 3). Fifteen urinary
proteins changed significantly both on days 5 and 8, when there
were no clinical manifestations and histopathological ocular
damage. This suggests the potential for these urinary proteins
to be used for the early detection of uveitis. Among these
differential proteins, nine proteins, such as DEF4, AlAG,
NGAL, HPT, ROBI, KNT2, KNT1, MMP8 and KLKY9,
consistently changed on day 12 when EAU severity peaked.

Gene Ontology Analysis of Differential

Proteins

Gene ontology (GO) functional annotation was performed on the
76 differential proteins identified in EAU rats in the discovery
phase. Seventy-two proteins were annotated and classified as
being involved in certain biological processes (Figure 4A).

The GO enrichment analysis showed that defense response,
innate immune response, neutrophil aggregation, were the main
enriched biological processes at the three time points. While
acute-phase response was enriched at days 5 and 8, chronic
inflammatory response was only enriched at day 12. The
differential proteins associated with these GO terms includes
Protein S100-A8, Neutrophil antibiotic peptide NP-4, Isocitrate
dehydrogenase 1 (NADP+), Annexin A2, Ras-related protein
Rap-1A, Transforming protein RhoA, Heat shock protein HSP
90-alpha, Carcinoembryonic antigen-related cell adhesion
molecule 1 and Glucose-6-phosphate isomerase.

In the cellular component category, most of these differential
proteins were extracellular space, extracellular exosome, blood
microparticle and extracellular region proteins (Figure 4B). In
the molecular function category, protein homodimerization
activity, serine-type endopeptidase activity, antioxidant activity,
GTP binding, carbohydrate binding, protein binding and integrin
binding were overrepresented on days 5 and 8. Rho GDP-
dissociation inhibitor binding and protease binding were only
overrepresented on dayl2 (Figure 4C).

Protein-Protein Interaction Network

To better understand the pathogenic mechanisms in EAU, the
protein-protein interaction (PPI) network for 76 differential
proteins was constructed by STRING (Figure 5). The STRING
PPI network analysis exhibited that the average node degree is
2.56, the average local clustering coefficient is 0.404, and the PPI
enrichment p-value was less than 1.0e-16. The results indicates
that these differential proteins have more interactions among
themselves than what would be expected for a random set of
proteins of the same size and degree distribution drawn from the
genome. Such an enrichment indicates that the differential
proteins are at least partially biologically connected, as a
group. As shown in Figure 5, many proteins were at the core
of the “traffic link,” such as Adh6, Rhoa, Mmp8, S100a8, Hp, and
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Lcn2, which suggests that they may play an important role in the
development of EAU.

Validation of Differential Proteins in EAU

Rats

Overall, 17 proteins having human orthologs (6 upregulated and 11
downregulated) were verified significantly altered at multiple time
points (1.5-fold change, adjust p < 0.05) (Table 2). The trends of the
corresponding proteins were consistent with the results from the
DIA discovery phase. Twelve differential proteins changed on days 5
and 8, even when there were no clinical manifestations or
histopathological ocular damage. These 12 proteins are potential
biomarkers for early diagnosis of uveitis to prevent the development
of visual impairment. Five differential proteins changed at three
time-points and showed progressive changes as the uveitis
progressed, and another five differential proteins changed only on
day 12 when EAU severity peaked. These 10 proteins may serve as
potential biomarkers for prognostic evaluation of uveitis.

DISCUSSION

In this study, we first studied urinary protein candidate
biomarkers for uveitis using DIA combined with PRM in
experimental autoimmune uveitis (EAU) rats. In discovery
phase, a total of 704 urinary proteins were identified via DIA
proteomic technique, of which 76 were significantly changed (34,
36, and 37 on days 5, 8, and 12, respectively, after bovine IRBP
immunization) (1.5-fold change, p < 0.05). GO analysis of the 76
differential proteins showed that the acute-phase response, innate
immune response, neutrophil aggregation, and chronic
inflammatory response were significantly enriched. The
activity of neutrophils was increased, and there was intense
neutrophil infiltration in the early stage of inflammation in
uveitis (Leccese and Alpsoy, 2019; Salmaninejad et al., 2019).
The acute inflammatory response, innate immune response and
inflammatory response were significantly enriched at days 5 and
8. Activated innate immunity plays an important role in the
pathogenesis of uveitis (Forrester et al., 2013). The PPI network of
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TABLE 2 | The details of differential urinary proteins validated by PRM analysis.

UniProt Protein name Human Fold change
ID orthologs D5 D8 D12
088766 Neutrophil collagenase pP22894 220 195 240
P30152 Neutrophil gelatinase- P80188 206 291 354
associated lipocalin
P06866 Haptoglobin P00738 155 158 2.01
P27590 Uromodulin PO7911 0.61 049 0.54
Q920A6 Retinoid-inducible serine Q9HB40 0.61 046 0.38
carboxypeptidase
P02764 Alpha-1-acid glycoprotein P02763 296 1.75 —
P02767 Transthyretin P02766 061 064 —
Q62930 Complement component C9 P02748 1.92 — 1.58
P0O1048 T-kininogen 1 P0O1042 1.66 — —
Q63530 Phosphotriesterase-related Q96BW5S - 0.63 0.33
protein
P31211 Corticosteroid-binding globulin ~ P08185 - 0.66 -
P17164 Tissue alpha-L-fucosidase P04066 — 0.59 -
pP23785 Granulins pP28799 - - 0.60
P42854 Regenerating islet-derived Q06141 - — 0.56
protein 3-gamma
P45479 Palmitoyl-protein thioesterase 1 P50897 — — 0.39
Q6DGG1 Protein ABHD14B QoBlU4 — — 050
QOEPF2 Cell surface glycoprotein P43121 — — 0.60

MUC18

Urine Proteome Changes in EAU Rats

Biomarkers for diseases Uveitis-
related
TNBS-induced colitis (Qin et al. 2019b) Yes

Kidney injury (Sauriasari et al. 2021), kidney toxicity (Tajima et al.

2019)

Diabetic kidney disease (Liu et al. 2020; Zheng et al. 2021) Yes
Medication-overuse headache

Adult-onset Still’s disease (Sun et al. 2020), Lupus nephritis (Davies Yes
et al. 2021), hepatitis B virus-associated hepatocellular carcinoma
(Zhan et al. 2020)
Ovarian Cancer (Lee et al. 2019), hyperthyroidism (Benabdelkamel
et al. 2021)
Yes

Prostate cancer (Fujita et al. 2017)

Renal transplantation (Navarrete et al. 2020)
Yes

— Means does not reach the criteria (fold change-1.5, p < 0.05) compared with control group.

the differential proteins constructed by STRING revealed that
such an enrichment indicates that the proteins are partially
biologically connected in EAU as a group. These results
suggest that urine proteome could sensitively reflect
pathophysiological changes during the progression of EAU.
After PRM-validation, 17 proteins having human orthologs
were verified significantly changed consistent with the trend in the
discovery phase. Of these, eight proteins were known disease
biomarkers in urine as shown in Table 2. Based on the
proteome analysis, we identified 12 differential proteins on days
5 and 8 with the potential as biomarker of the early diagnosis of
uveitis. Because, there are no clinical manifestations and
histopathological ocular damage on days 5 and 8. Among this
early diagnosis panel, four proteins were previously reported to be
associated with uveitis, including Neutrophil collagenase (MMP8),
Haptoglobin (HPT), Alpha-1-acid glycoprotein (AN1G), and
Complement component C9 (C9), Matrix metalloproteinases
(MMPs) constitute a family of zinc-dependent endopeptidases
that function to maintain and remodel tissue architecture.
Individual MMPs have been found to be expressed in all eye
tissues (Sivak and Fini, 2002), and the expression of MMPs
(MMP2, MMP8, MMP12, and MMP13) is positively associated
with increased levels of corneal fibrosis and neovascularization
(Wolf et al., 2019). In the aqueous humor of juvenile idiopathic
arthritis patients with anterior uveitis, the levels of MMPs (MMP1,
MMP3, MMP9) are significantly higher than those in controls
(Bauer et al., 2018). In retinas from EAU rats, the expression of
MMPs (MMP7, MMP8, MMP12) was increased compared with
that in naive controls (Wallace et al., 1999). In addition, MMP8 has

been found to be differentially changed in the urine of individuals
with autoimmune inflammatory diseases, such as experimental
autoimmune myocarditis (Zhao et al., 2018). In a trinitrobenzene
sulfonic acid (TNBS)-induced colitis rat model, the level of MMP8
is reported to be elevated about 3-fold in urine (Qin et al., 2019a).
HPT and C9 are reported to be closely associated with Behcet’s
disease (BD). Serum C9 is significantly increased in BD patients
with relapse (Lehner and Adinolfi, 1980); and higher serum HPT
levels are detected in BD patients compared to controls, and there
is no obvious difference between the quiescent and active stages
(Mao etal.,, 2008; Yalcindag et al., 2008). And increased serum HPT
is also observed in EAU rats compared to controls (Guo et al,
2015). Alpha-1-acid glycoprotein plays a key role in modulating
the activity of the immune system during the acute-phase reaction.
Interestingly, we also found it significantly increased in the tears of
the active BDU eye compared to the contralateral quiescent eye
(Liang et al., 2020).

Five differential proteins changed at three time-points and
showed progressive changes as the uveitis progressed, and
another five differential proteins changed only on day 12 when
EAU severity peaked. These 10 proteins may serve as potential
biomarkers for prognostic evaluation of uveitis. Among these, cell
surface glycoprotein MUC18 (CD146) was previously reported to
be associated with uveitis. CD146 is a transmembrane glycoprotein
expressed at the junction of endothelial cells (Bardin et al., 2001). It
plays an important role in angiogenesis and vessel remodeling
(Bardin et al, 2001; Yan et al, 2003). In age-related macular
degeneration patients, the serum CD146 level is significantly
higher than that in controls (Liu et al., 2019).
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The presented work was a preliminary study, indicating the
feasibility of urine as a potential diagnostic biomarker approach for
uveitis. Uveitis is a common, sight-threatening inflammatory ocular
disease and includes multiple heterogeneous clinical entities, such as
Behcet disease (BD), sarcoidosis, Vogt-Koyanagi-Harada (VKH)
and ankylosing spondylarthritis. However, only a small number of
IRBP-induced EAU rats were included. We are well aware of the
limited of EAU rat model and the lack of clinical validation, which is
necessary for future study. To further evaluated the sensitivity and
specificity of these differential proteins, urine samples from uveitis
patients should be included in further studies. In addition, an in-
depth profile of the urine proteome may provide a more
comprehensive and accurate understanding of uveitis.

CONCLUSION

In summary, our results revealed that the urinary proteome could
reflect dynamic pathophysiological changes in EAU. These
differential proteins could be potential biomarkers for the
early diagnosis or prognostic evaluation of uveitis. Which also
provides valuable clues for investigating the pathogenic
mechanisms of uveitis.

DATA AVAILABILITY STATEMENT

Raw data were uploaded to iProX. URL: https://www.iprox.cn/
page/PSV023.html;?url=1643435018300wvph, password: SA4M.

REFERENCES

Agarwal, R. K, Silver, P. B, and Caspi, R. R. (2012). Rodent Models of
Experimental Autoimmune Uveitis. Methods Mol. Biol. 900, 443-469.
doi:10.1007/978-1-60761-720-4_22

Arroul-Lammali, A., Djeraba, Z., Belkhelfa, M., Belguendouz, H., Hartani,
D., Lahlou-Boukoffa, O. S., et al. (2012). Early Involvement of Nitric
Oxide in Mechanisms of Pathogenesis of Experimental Autoimmune
Uveitis Induced by Interphotoreceptor Retinoid-Binding Protein
(IRBP). J. Frangais d’Ophtalmologie 35 (4), 251-259. doi:10.1016/j.jfo.
2011.05.003

Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M, et al.
(2000). Gene Ontology: Tool for the Unification of Biology. Nat. Genet. 25 (1),
25-29. doi:10.1038/75556

Bardin, N., Anfosso, F., Masse’, J.-M., Cramer, E., Sabatier, F., Bivic, A. L., et al.
(2001). Identification of CD146 as a Component of the Endothelial junction
Involved in the Control of Cell-Cell Cohesion. Blood 98 (13), 3677-3684. doi:10.
1182/blood.v98.13.3677

Bauer, D., Kasper, M., Walscheid, K., Koch, J. M., Miither, P. S., Kirchhof, B., et al.
(2018). Multiplex Cytokine Analysis of Aqueous Humor in Juvenile Idiopathic
Arthritis-Associated Anterior Uveitis with or without Secondary Glaucoma.
Front. Immunol. 9, 708. doi:10.3389/fimmu.2018.00708

Benabdelkamel, H., Masood, A., Ekhzaimy, A. A., and Alfadda, A. A. (2021).
Proteomics Profiling of the Urine of Patients with Hyperthyroidism after
Anti-thyroid Treatment. Molecules 26 (7), 1991. doi:10.3390/
molecules26071991

Callister, S. J., Barry, R. C., Adkins, J. N., Johnson, E. T., Qian, W.-j., Webb-
Robertson, B.-J. M., et al. (2006). Normalization Approaches for
Removing Systematic Biases Associated with Mass Spectrometry and

Urine Proteome Changes in EAU Rats

ETHICS STATEMENT

The animal study was reviewed and approved by Qingdao
Municipal Hospital Medical Ethics Committee.

AUTHOR CONTRIBUTIONS

YG and WQ conceived and designed the experiments; WQ, LL,
and XQ performed the experiments; WQ and XQ analyzed the
data, WQ and YG wrote the manuscript. All authors approved the
final manuscript.

FUNDING

National Natural Science Foundation of China (82000881);
Beijing Municipal Natural Science Foundation (7172076);
Beijing Cooperative Construction Project (110651103);

Beijing Normal University (11100704). National Key
Research and  Development Program of China
(2018YFC0910202).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fmolb.2022.831632/
full#supplementary-material

Label-free Proteomics. J. Proteome Res. 5 (2), 277-286. doi:10.1021/
pr0503001

Caspi, R. R. (2003). Experimental Autoimmune Uveoretinitis in the Rat and
Mouse. Curr. Protoc. Immunol, 15.6.1-17.0.2. doi:10.1002/0471142735.
im1506s53

Caspi, R. R., Roberge, F. G., McAllister, C. G., el-Saied, M., Kuwabara, T., Gery, L,
et al. (1986). T Cell Lines Mediating Experimental Autoimmune Uveoretinitis
(EAU) in the Rat. J. Immunol. 136 (3), 928-933.

Consortium, T. G. O. (2019). The Gene Ontology Resource: 20 Years and Still
GOing strong. Nucleic Acids Res. 47 (D1), D330-D8. doi:10.1093/nar/gky1055

Curnow, S. J., and Murray, P. I. (2006). Inflammatory Mediators of Upveitis:
Cytokines and Chemokines. Curr. Opin. Ophthalmol. 17 (6), 532-537.
doi:10.1097/ICU.0b013e32801094b5

Davies, J. C., Carlsson, E., Midgley, A., Smith, E. M. D,, Bruce, I. N., Beresford, M.
W,, et al. (2021). A Panel of Urinary Proteins Predicts Active Lupus Nephritis
and Response to Rituximab Treatment. Rheumatology (Oxford) 60 (8),
3747-3759. doi:10.1093/rheumatology/keaa851

Forrester, J. V., Klaska, I. P, Yu, T., and Kuffova, L. (2013). Uveitis in Mouse
and Man. Int. Rev. Immunol. 32 (1), 76-96. doi:10.3109/08830185.2012.
747524

Fujita, K., Kume, H., Matsuzaki, K., Kawashima, A., Ujike, T., Nagahara, A,
et al. (2017). Proteomic Analysis of Urinary Extracellular Vesicles from
High Gleason Score Prostate Cancer. Sci. Rep. 7, 42961. doi:10.1038/
srep42961

Gao, Y. (2014). Roadmap to the Urine Biomarker Era. MOJ Proteomics &
Bioinformatics 1 (1). doi:10.15406/mojpb.2014.01.00005

Gao, Y. (2013). Urine-an Untapped Goldmine for Biomarker Discovery? Sci. China
Life Sci. 56 (12), 1145-1146. doi:10.1007/s11427-013-4574-1

Gritz, D., and Wong, I. G. (2004). Incidence and Prevalence of Uveitis in
Northern California the Northern California Epidemiology of Uveitis

Frontiers in Molecular Biosciences | www.frontiersin.org

February 2022 | Volume 9 | Article 831632


https://www.iprox.cn/page/PSV023.html;?url=1643435018300wvph
https://www.iprox.cn/page/PSV023.html;?url=1643435018300wvph
https://www.frontiersin.org/articles/10.3389/fmolb.2022.831632/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2022.831632/full#supplementary-material
https://doi.org/10.1007/978-1-60761-720-4_22
https://doi.org/10.1016/j.jfo.2011.05.003
https://doi.org/10.1016/j.jfo.2011.05.003
https://doi.org/10.1038/75556
https://doi.org/10.1182/blood.v98.13.3677
https://doi.org/10.1182/blood.v98.13.3677
https://doi.org/10.3389/fimmu.2018.00708
https://doi.org/10.3390/molecules26071991
https://doi.org/10.3390/molecules26071991
https://doi.org/10.1021/pr050300l
https://doi.org/10.1021/pr050300l
https://doi.org/10.1002/0471142735.im1506s53
https://doi.org/10.1002/0471142735.im1506s53
https://doi.org/10.1093/nar/gky1055
https://doi.org/10.1097/ICU.0b013e32801094b5
https://doi.org/10.1093/rheumatology/keaa851
https://doi.org/10.3109/08830185.2012.747524
https://doi.org/10.3109/08830185.2012.747524
https://doi.org/10.1038/srep42961
https://doi.org/10.1038/srep42961
https://doi.org/10.15406/mojpb.2014.01.00005
https://doi.org/10.1007/s11427-013-4574-1
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Qin et al.

Study. Ophthalmology 111 (3), 491-500. discussion. doi:10.1016/j.ophtha.
2003.06.014

Guo, D, Gu, P, Liu, Z,, Tang, K., Du, Y., and Bi, H. (2015). Proteomic Analysis of
Rat Plasma with Experimental Autoimmune Uveitis Based on Label-free Liquid
Chromatography-Tandem Mass Spectrometry (LC-MS/MS). J. Chromatogr. B
976-977, 84-90. doi:10.1016/j.jchromb.2014.11.015

Herbort, C. P., Rao, N. A., and Mochizuki, M.members of Scientific
Committee of First International Workshop on Ocular S; arcoidsis
(2009). International Criteria for the Diagnosis of Ocular Sarcoidosis:
Results of the First International Workshop on Ocular Sarcoidosis
(IWOS). Ocul. Immunol. Inflamm. 17 (3), 160-169. doi:10.1080/
09273940902818861

Jonas, J. B., Kreissig, I, and Degenring, R. (2003). Intraocular Pressure after
Intravitreal Injection of Triamcinolone Acetonide. Br. J. Ophthalmol. 87,24-27.
doi:10.1136/bjo.87.1.24

Krishna, U., Ajanaku, D., Denniston, A. K., and Gkika, T. (2017). Uveitis: a Sight-
Threatening Disease Which Can Impact All Systems. Postgrad. Med. J. 93
(1106), 766-773. doi:10.1136/postgradmed;j-2017-134891

Larson, T., Nussenblatt, R. B., and Sen, H. N. (2011). Emerging Drugs for Uveitis.
Expert Opin. Emerging Drugs 16 (2), 309-322. doi:10.1517/14728214.2011.
537824

Leccese, P., and Alpsoy, E. (2019). Behget’s Disease: An Overview of
Etiopathogenesis. Front. Immunol. 10, 1067. doi:10.3389/fimmu.2019.
01067

Lee, R. W, Nicholson, L. B,, Sen, H. N., Chan, C.-C., Wei, L., Nussenblatt, R.
B., et al. (2014). Autoimmune and Autoinflammatory Mechanisms in
Uveitis. Semin. Immunopathol 36 (5), 581-594. doi:10.1007/s00281-014-
0433-9

Lee, S. W,, Lee, H. Y., Bang, H. ., Song, H. J., Kong, S. W., and Kim, Y. M. (2019).
An Improved Prediction Model for Ovarian Cancer Using Urinary Biomarkers
and a Novel Validation Strategy. Int. J. Mol. Sci. 20 (19), 4938. doi:10.3390/
{jms20194938

Lehner, T, and Adinolfi, M. (1980). Acute Phase Proteins, C9, Factor B, and
Lysozyme in Recurrent Oral Ulceration and Behyet’s Syndrome. J. Clin. Pathol.
33 (3), 269-275. doi:10.1136/jcp.33.3.269

Li, M., Zhao, M., and Gao, Y. (2014). Changes of Proteins Induced by
Anticoagulants Can Be More Sensitively Detected in Urine Than in Plasma.
Sci. China Life Sci. 57, 649-656. doi:10.1007/s11427-014-4661-y

Liang, A., Qin, W., Zhang, M., Gao, F., Zhao, C., and Gao, Y. (2020). Profiling Tear
Proteomes of Patients with Unilateral Relapsed Behcet’s Disease-Associated
Uveitis Using Data-independent Acquisition Proteomics. Peer] 8, €9250. doi:10.
7717/peerj.9250

Liu, J.-J,, Liu, S., Saulnier, P.-J., Gand, E., Choo, R. W. M., Gurung, R. L., et al.
(2020). Association of Urine Haptoglobin with Risk of All-Cause and
Cause-specific Mortality in Individuals with Type 2 Diabetes: A
Transethnic Collaborative Work. Diabetes Care 43 (3), 625-633. doi:10.
2337/dc19-1295

Liu, Y.-Y., Bin, Y., Wang, X,, and Peng, H. (2019). Increased Serum Levels of
Soluble CD146 and Vascular Endothelial Growth Factor Receptor 2 in Patients
with Exudative Age-Related Macular Degeneration. Int. J. Ophthalmol. 12 (3),
457-463. doi:10.18240/ijo.2019.03.17

MacLean, B., Tomazela, D. M., Shulman, N., Chambers, M., Finney, G. L., Frewen,
B., et al. (2010). Skyline: an Open Source Document Editor for Creating and
Analyzing Targeted Proteomics Experiments. Bioinformatics 26 (7), 966-968.
doi:10.1093/bioinformatics/btq054

Mao, L., Dong, H., Yang, P., Zhou, H., Huang, X,, Lin, X, et al. (2008). MALDI-
TOF/TOF-MS Reveals Elevated Serum Haptoglobin and Amyloid A in
Behcet’s Disease. J. Proteome Res. 7 (10), 4500-4507. doi:10.1021/
pr800279m

Moshfeghi, D. M., Kaiser, P. K., Scott, I. U., Sears, J. E,, Benz, M., Sinesterra, J. P.,
et al. (2003). Acute Endophthalmitis Following Intravitreal Triamcinolone
Acetonide Injection. Am. J. Ophthalmol. 136 (5), 791-796. doi:10.1016/
$0002-9394(03)00483-5

Navarrete, M., Korkmaz, B., Guarino, C., Lesner, A., Lao, Y., Ho, J., et al. (2020).
Activity-based Protein Profiling Guided Identification of Urine Proteinase 3
Activity in Subclinical Rejection after Renal Transplantation. Clin. Proteom 17,
23. doi:10.1186/s12014-020-09284-9

Urine Proteome Changes in EAU Rats

Pepple, K. L., Rotkis, L., Wilson, L., Sandt, A., and Van Gelder, R. N. (2015).
Comparative Proteomic Analysis of Two Uveitis Models in Lewis Rats. Invest.
Ophthalmol. Vis. Sci. 56 (13), 8449-8456. doi:10.1167/iovs.15-17524

Qin, W, Lj, L., Wang, T., Huang, H., and Gao, Y. (2019). Urine Proteome Changes
in a TNBS-Induced Colitis Rat Model. Proteomics Clin. Appl. 13, €1800100.
doi:10.1002/prca.201800100

Qin, W, Li, L., Wang, T., Huang, H., and Gao, Y. (2019). Urine Proteome Changes
in a TNBS-Induced Colitis Rat Model. Proteomics Clin. Appl. 13 (5), €1800100.
doi:10.1002/prca.201800100

Rao, N. (2013). Uveitis in Developing Countries. Indian J. Ophthalmol. 61 (6),
253-254. doi:10.4103/0301-4738.114090

Rothova, A., Buitenhuis, H. J., Meenken, C., Brinkman, C. J., Linssen, A., Alberts,
C., et al. (1992). Uveitis and Systemic Disease. Br. J. Ophthalmol. 76 (3),
137-141. doi:10.1136/bjo.76.3.137

Salmaninejad, A., Zamani, M. R,, Shabgah, A. G., Hosseini, S., Mollaei, F., Hosseini,
N, et al. (2019). Behget’s Disease: An Immunogenetic Perspective. J. Cel Physiol
234 (6), 8055-8074. doi:10.1002/jcp.27576

Sauriasari, R., Safitri, D. D., and Azmi, N. U. (2021). Current Updates on
Protein as Biomarkers for Diabetic Kidney Disease: a Systematic Review.
Ther. Adv. Endocrinol. Metab. 12, 20420188211049612. doi:10.1177/
20420188211049612

Seve, P., Cacoub, P., Bodaghi, B., Trad, S., Sellam, J., Bellocq, D., et al. (2017).
Upveitis: Diagnostic Work-Up. A Literature Review and Recommendations
from an Expert Committee. Autoimmun. Rev. 16 (12), 1254-1264. doi:10.
1016/j.autrev.2017.10.010

Shao, C,, Li, M., Li, X., Wei, L., Zhu, L., Yang, F., et al. (2011). A Tool for Biomarker
Discovery in the Urinary Proteome: A Manually Curated Human and Animal
Urine Protein Biomarker Database. Mol. Cel Proteomics 10 (11),
M111-M010975. doi:10.1074/mcp.M111.010975

Sivak, J. M., and Fini, M. E. (2002). MMPs in the Eye: Emerging Roles for Matrix
Metalloproteinases in Ocular Physiology. Prog. Retin. Eye Res. 21 (1), 1-14.
doi:10.1016/s1350-9462(01)00015-5

Sun, Y., Wang, F., Zhou, Z., Teng, J., Su, Y., Chi, H., et al. (2020). Urinary
Proteomics Identifying Novel Biomarkers for the Diagnosis of Adult-
Onset Still’s Disease. Front. Immunol. 11, 2112. d0i:10.3389/fimmu.2020.
02112

Tajima, S., Yamamoto, N., and Masuda, S. (2019). Clinical Prospects of Biomarkers
for the Early Detection And/or Prediction of Organ Injury Associated with
Pharmacotherapy. Biochem. Pharmacol. 170, 113664. doi:10.1016/j.bcp.2019.
113664

Tsirouki, T., Dastiridou, A., Symeonidis, C., Tounakaki, O., Brazitikou, I.,
Kalogeropoulos, C., et al. (2018). A Focus on the Epidemiology of Uveitis.
Ocul. Immunol. Inflamm. 26 (1), 2-16. doi:10.1080/09273948.2016.
1196713

Wallace, G. R., Whiston, R. A,, Stanford, M. R., Wells, G. M., Gearing, A. ], and
Clements, J. M. (1999). The Matrix Metalloproteinase Inhibitor BB-1101
Prevents Experimental Autoimmune Uveoretinitis (EAU). Clin. Exp.
Immunol. 118, 364-370. doi:10.1046/j.1365-2249.1999.01066.x

Walscheid, K., Heiligenhaus, A., Holzinger, D., Roth, J., Heinz, C., Tappeiner, C.,
et al. (2015). Elevated S100A8/A9 and S100A12 Serum Levels Reflect
Intraocular Inflammation in Juvenile Idiopathic Arthritis-Associated Uveitis:
Results from a Pilot Study. Invest. Ophthalmol. Vis. Sci. 56 (13), 7653-7660.
doi:10.1167/iovs.15-17066

Wisniewski, J. R., Zougman, A., Nagaraj, N., and Mann, M. (2009). Universal
Sample Preparation Method for Proteome Analysis. Nat. Methods 6 (5),
359-362. doi:10.1038/nmeth.1322

Wolf, M,, Clay, S. M., Oldenburg, C. E., Rose-Nussbaumer, J., Hwang, D. G., and
Chan, M. F. (2019). Overexpression of MMPs in Corneas Requiring Penetrating
and Deep Anterior Lamellar Keratoplasty. Invest. Ophthalmol. Vis. Sci. 60 (5),
1734-1747. doi:10.1167/i0vs.18-25961

Wu, J., and Gao, Y. (2015). Physiological Conditions Can Be Reflected in Human
Urine Proteome and Metabolome. Expert Rev. Proteomics 12 (6), 623-636.
doi:10.1586/14789450.2015.1094380

Yalcindag, F. N., Yalcindag, A., Caglayan, O., and Ozdemir, O. (2008). Serum
Haptoglobin Levels in Ocular Behget Disease and Acute Phase Proteins in the
Course of Behget Disease. Eur. J. Ophthalmol. 18 (5), 787-791. doi:10.1177/
112067210801800520

Frontiers in Molecular Biosciences | www.frontiersin.org

February 2022 | Volume 9 | Article 831632


https://doi.org/10.1016/j.ophtha.2003.06.014
https://doi.org/10.1016/j.ophtha.2003.06.014
https://doi.org/10.1016/j.jchromb.2014.11.015
https://doi.org/10.1080/09273940902818861
https://doi.org/10.1080/09273940902818861
https://doi.org/10.1136/bjo.87.1.24
https://doi.org/10.1136/postgradmedj-2017-134891
https://doi.org/10.1517/14728214.2011.537824
https://doi.org/10.1517/14728214.2011.537824
https://doi.org/10.3389/fimmu.2019.01067
https://doi.org/10.3389/fimmu.2019.01067
https://doi.org/10.1007/s00281-014-0433-9
https://doi.org/10.1007/s00281-014-0433-9
https://doi.org/10.3390/ijms20194938
https://doi.org/10.3390/ijms20194938
https://doi.org/10.1136/jcp.33.3.269
https://doi.org/10.1007/s11427-014-4661-y
https://doi.org/10.7717/peerj.9250
https://doi.org/10.7717/peerj.9250
https://doi.org/10.2337/dc19-1295
https://doi.org/10.2337/dc19-1295
https://doi.org/10.18240/ijo.2019.03.17
https://doi.org/10.1093/bioinformatics/btq054
https://doi.org/10.1021/pr800279m
https://doi.org/10.1021/pr800279m
https://doi.org/10.1016/s0002-9394(03)00483-5
https://doi.org/10.1016/s0002-9394(03)00483-5
https://doi.org/10.1186/s12014-020-09284-9
https://doi.org/10.1167/iovs.15-17524
https://doi.org/10.1002/prca.201800100
https://doi.org/10.1002/prca.201800100
https://doi.org/10.4103/0301-4738.114090
https://doi.org/10.1136/bjo.76.3.137
https://doi.org/10.1002/jcp.27576
https://doi.org/10.1177/20420188211049612
https://doi.org/10.1177/20420188211049612
https://doi.org/10.1016/j.autrev.2017.10.010
https://doi.org/10.1016/j.autrev.2017.10.010
https://doi.org/10.1074/mcp.M111.010975
https://doi.org/10.1016/s1350-9462(01)00015-5
https://doi.org/10.3389/fimmu.2020.02112
https://doi.org/10.3389/fimmu.2020.02112
https://doi.org/10.1016/j.bcp.2019.113664
https://doi.org/10.1016/j.bcp.2019.113664
https://doi.org/10.1080/09273948.2016.1196713
https://doi.org/10.1080/09273948.2016.1196713
https://doi.org/10.1046/j.1365-2249.1999.01066.x
https://doi.org/10.1167/iovs.15-17066
https://doi.org/10.1038/nmeth.1322
https://doi.org/10.1167/iovs.18-25961
https://doi.org/10.1586/14789450.2015.1094380
https://doi.org/10.1177/112067210801800520
https://doi.org/10.1177/112067210801800520
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Qin et al.

Yan, X, Lin, Y., Yang, D., Shen, Y., Yuan, M., Zhang, Z., et al. (2003). A Novel Anti-
cd146 Monoclonal Antibody, AA98, Inhibits Angiogenesis and Tumor Growth.
Blood 102 (1), 184-191. doi:10.1182/blood-2002-04-1004

Zhan, Z., Guan, Y., Mew, K., Zeng, W., Peng, M., Hu, P,, et al. (2020). Urine a-
fetoprotein and Orosomucoid 1 as Biomarkers of Hepatitis B Virus-Associated
Hepatocellular Carcinoma. Am. J. Physiology-Gastrointestinal Liver Physiol. 318
(2), G305-G312. doi:10.1152/ajpgi.00267.2019

Zhang, B., Chambers, M. C., and Tabb, D. L. (2007). Proteomic Parsimony through
Bipartite Graph Analysis Improves Accuracy and Transparency. J. Proteome
Res. 6 (9), 3549-3557. doi:10.1021/pr070230d

Zhao, M., Wu, ], Li, X., and Gao, Y. (2018). Urinary Candidate Biomarkers in an
Experimental Autoimmune Myocarditis Rat Model. J. Proteomics 179, 71-79.
doi:10.1016/j.jprot.2018.02.032

Zheng, X. M, Yang, F. Y., Chen, X,, Yang, Y. H,, Zhu, X. R,, Chen, C,, et al. (2021).
Development of a Sensitive and Reliable ELISA Kit of Urinary Haptoglobin to
Predict Progress of Diabetic Kidney Disease. Diabetes Metab. Res. Rev. 37 (4),
€3432. doi:10.1002/dmrr.3432

Urine Proteome Changes in EAU Rats

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Qin, Qin, Li and Gao. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org

12

February 2022 | Volume 9 | Article 831632


https://doi.org/10.1182/blood-2002-04-1004
https://doi.org/10.1152/ajpgi.00267.2019
https://doi.org/10.1021/pr070230d
https://doi.org/10.1016/j.jprot.2018.02.032
https://doi.org/10.1002/dmrr.3432
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	Proteome Analysis of Urinary Biomarkers in a Bovine IRBP-Induced Uveitis Rat Model via Data-Independent Acquisition and Par ...
	Introduction
	Materials and Methods
	Animals and Uveitis Induction
	Histological Analysis of EAU
	Urine Collection and Sample Preparation
	Spin Column Separation
	LC-MS/MS Setup for DDA and DIA
	LC-MS/MS Setup for PRM
	DIA Quantification Analysis
	PRM Quantification Analysis
	Bioinformatics Analysis
	Data Availability.

	Results and Discussion
	Characterization of EAU Rats
	Dynamic Urine Proteome Changes in EAU Rats
	Gene Ontology Analysis of Differential Proteins
	Protein-Protein Interaction Network
	Validation of Differential Proteins in EAU Rats

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


