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Abstract 
Primary Sjögren’s syndrome (pSS) is an autoimmune disease represented by exocrine gland epithelial cell lesions. However, 
the mechanism underlying these lesions remains unclear. This study analyzed the plasma exosomes of pSS patients using 
proteomics and revealed the presence of 24 differentially expressed proteins (DEPs) involved in the primary biological pro-
cesses and signaling pathways related to ferroptosis. The DEPs enriched in the ferroptosis-related items were represented 
by downregulated ceruloplasmin (CP) and transferrin (TF). CC analysis of GO enrichment showed that CP and TF were 
localized at the apical plasma membrane, which is currently found only in epithelial cells. PPI analysis indicated that these 
exosomal DEPs formed a clustering network containing CP and TF. Among them, C5, C9, Haptoglobin (HP), and SERP-
ING1 interacted directly with CP and TF. Notably, the expression of these proteins significantly decreased in both the pSS 
and secondary Sjögren’s syndrome (sSS) plasma exosomes but not in non-autoimmune sicca syndrome (nSS). In addition, 
their expression levels were significantly different in the exosomes and plasma. More importantly, the plasma and salivary 
exosomes of pSS patients contain higher levels of exocrine gland epithelial autoantigens SSA and SSB than those of healthy 
controls, and epithelial cells with positive labial glands biopsy (LGB) were more susceptible to ferroptosis than those with 
negative LGB. The results indicated that ferroptosis may be closely related to SS epithelial cell lesions.

Key messages 
• pSS plasma exosomes contain epithelial cell–derived proteins involved in ferroptosis.
• Complement C5 and C9 may be new molecules involved in ferroptosis and play a crucial role in pSS epithelial cell pathology.
• The serum exosomes from pSS patients, not nSS patients, contain ferroptosis-related proteins.
• The changes in the ferroptosis-related protein content in the exosomes can better reflect the state of the epithelial cell 
lesions than those in the plasma.
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Introduction

Primary Sjögren’s syndrome (pSS) is a relatively preva-
lent chronic autoimmune disease marked by exocrine 
gland destruction and dysfunction and mainly involves 
the salivary and lacrimal glands. The main clinical mani-
festations are xerostomia and xeropthalmia but are often 
accompanied by musculoskeletal symptoms and systemic 
manifestations, significantly affecting the quality of life 
[1, 2]. The current treatment primarily follows a palliative 
strategy, focusing on exocrine fluid replacement or stimu-
lating the secretion of the remaining exocrine glands [3, 
4]. However, the existing treatments are mostly unsuccess-
ful in improving symptoms and disease progression [4, 5]. 
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Consequently, it is necessary to determine the underlying 
mechanism of exocrine gland injury from a new perspec-
tive to fully understand pSS pathogenesis and possibly 
reveal new targets for therapeutic intervention.

Previous studies have shown that the exocrine gland 
epithelial cells display many highly expressed apoptotic 
proteins Fas, FasL, and caspase-3 [6, 7], suggesting that 
apoptosis is closely related to epithelial cell lesions. How-
ever, no effective target has been found to treat epithelial 
injury. Ferroptosis is a novel type of iron-dependent pro-
grammed cell death distinct from apoptosis and closely 
related to GPX4 enzyme inactivation [8, 9]. In addition to 
inducing targeted cell death, it can activate the signaling 
pathway related to inflammation response [10, 11]. The 
characteristics of the subsequent cell death are highly con-
sistent with the inflammatory response of exocrine gland 
lesions, suggesting the presence of a new death pathway in 
pSS epithelial cell damage. Since blood exosomes contain 
information molecules of originating lesions cells, which 
can reflect cytopathic changes to some extent [12–14], 
they have attracted increasing attention with regard to 
tumor pathogenesis [12], autoimmune disease [15], and 
cardiovascular disease [16]. Investigating blood-derived 
exosomes as targets can reveal the epithelial cell lesion 
mechanism in Sjögren’s syndrome (SS) patients.

Exosomes are small, lipid bilayer encapsulated vesi-
cles with diameters of about 30–150 nm released by cells 
into the bodily fluids. Exosomes contain many informa-
tion molecules, including proteins, RNA, DNA, and lipids 
that can reflect changes in the properties of the originating 
cells [13, 14]. Exosomes reportedly play an essential role 
in intercellular communication, both locally and systemi-
cally, as they transfer their contents between the recipi-
ent and originating cells via various physiological and 
pathological processes. Compared with plasma proteins, 
the lipid bilayer membrane protects exosomal proteins 
from plasma protease hydrolysis, causing them to stabi-
lize, resulting in more cytopathy-labeled information sub-
stances, higher concentrations, and easier detection [12, 
17, 18]. This can promote disease diagnosis and investiga-
tion of the pathological mechanism. This study screens the 
differentially expressed proteins (DEPs) in pSS patients 
using proteomics technology and determines whether they 
are related to ferroptosis. Protein–protein interaction (PPI) 
technology reveals several new proteins involved in ferrop-
tosis. An enzyme-linked immunosorbent assay (ELISA) 
is employed to verify the level of expression of the DEPs 
related to ferroptosis in patients suffering from pSS, sec-
ondary Sjögren’s syndrome (sSS), and non-autoimmune 
sicca syndrome (nSS) and to compare the expression dif-
ferences of these proteins in the exosomes and plasma. The 
study results highlight the role of ferroptosis in epithelial 
cell lesions and provide new insight into pSS pathogenesis.

Methods and materials

The patients and healthy participants

From March 2020 to June 2021 (three months), a total of 
101 pSS patients were recruited from the Second Affili-
ated Hospital of Guizhou University of Traditional Chi-
nese Medicine, of which only 86 patients were able to 
meet the requirements of this study, and the remaining 
15 patients were excluded due to long-term drug use or 
complications such as tumors, hypertension, hyperglyce-
mia, and anemia. In this study, 18 pSS patients were used 
for proteomics research, and 18 healthy individuals were 
selected as controls. Sixty-eight pSS patients were used for 
validation of the target protein of the screening, while 46 
healthy individuals, 18 pSS patients with secondary rheu-
matoid arthritis (RA), 46 RA patients, and 16 nSS patients 
were selected as controls. In addition, the labial glands 
of 12 patients were collected for the analysis of ferropto-
sis in epithelial cells, and 6 pSS patients, 6 nSS patients, 
and 6 healthy individuals were collected to investigate 
the expression changes of epithelial cell markers SSA 
and SSB in saliva and plasma exosome. The sSS and pSS 
diagnosis was made according to the exclusion and inclu-
sion standards set by the American-European Consensus 
Group for SS [19]. The 2010 ACR/EULAR classification 
criteria were used to diagnose RA [20, 21]. Patients with 
nSS did not meet the diagnostic criteria for SS and RA. 
The healthy individuals (n = 11) were recruited from out-
patients requiring a general medical examination. All sub-
jects have no liver injury, kidney injury, hepatitis B virus 
infection and other serious diseases. The baseline param-
eters of the clinical characteristics are shown in Table S1, 
and the parameters related to disease diagnosis are shown 
in Table S2. The Ethics Committee of the Second Affili-
ated Hospital of Guizhou University of Traditional Chi-
nese Medicine approved the study. All participants signed 
written permission for their blood samples to be used for 
medical research before the examinations.

Clinical parameter analysis

All clinical parameters were obtained from the clinical lab-
oratory according to the standard operating procedure. The 
scoring criteria of RA DAS28 were determined accord-
ing to the literature [20]. Schirmer’s I test was performed 
according to the standards presented in the available litera-
ture [19]; positive meant that the length of the moistened 
filter paper was less than 5 mm per min (≤ 5 mm/5 min). 
The unstimulated salivary flow was determined according 
to previous studies [19]; positive meant that the amount of 
saliva per 15 min was less than 1.5 mL (≤ 1.5 mL/15 min).
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Plasma samples

EDTA-treated venous blood was used to prepare the plasma 
samples of all the participants. These samples were sub-
jected to centrifugation for 10 min and 30 min at 1000 g and 
3000 g (4 °C), respectively, for cell and cell debris removal, 
after which the supernatant was stored at − 80 °C to perform 
the downstream analysis.

Exosome isolation

The plasma exosomes were isolated using ultracentrifugation 
(UC) with some modifications [22]. Briefly, the plasma sam-
ples were thawed at 37 °C and subjected to centrifugation for 
5 min and 20 min at 500 g and 2000 g, respectively, at 4 °C 
for cell and cell debris removal. This was followed by UC at 
10,000 g at 4 °C for 45 min to eliminate the bigger vesicles. 
Next, the supernatant was filtered using a 0.45-µm pore filter 
and subjected to UC at 100,000 g at 4 °C for 75 min. The 
supernatant was then disposed of, followed by the resuspen-
sion of the exosome pellets in 200 µL PBS, 20 µL for electron 
microscopy, and 10 µL for particle size measurement. The 
remaining exosomes were stored at − 80 °C.

Transmission electron microscopy (TEM)

The exosome samples (10 µL) were added dropwise onto 
100-mesh formvar-coated copper grids for 1 min, followed 
by uranyl acetate (10 µL) for 1-min precipitation, while 
absorbing the floating liquid using a filter paper. After a 
5–10  min room-temperature drying process, the TEM 
images were obtained at 80 kV.

The labial glandular tissue of 1 to 2 mm3 was fixed with 
2.5% glutaraldehyde and osmium in turn. This was followed 
by dehydration, infiltration, embedding, and sectioning 
(80–100 nm). Finally, uranium–lead double staining and 
electron microscope observation was performed.

Detection of surface markers of exosomes

The surface markers CD9 and TSG101 of exosomes were 
detected using Western Blot (WB). Briefly, 12% sodium 
dodecyl sulfate (SDS)-polyacrylamide gel was used to sepa-
rate 20 µg protein extract; after which, a semi-dry transfer 
system was employed for relocation to a PVDF membrane. 
Next, 5% evaporated skimmed milk containing TBS-Tween 
20 (0.05%) was used for blocking at room temperature 
for 2 h, followed by an overnight incubation at 4 °C on a 
membrane with primary antibodies against CD9 (ab92726, 
Abcam, Cambridge, UK) and TSG101 (ab125011, Abcam, 
Cambridge, UK). Next, the membranes were incubated for 
2 h with HRP-coupled secondary antibodies (Feiyi Biotech, 

Wuhan, China). Photographic film and ECL blotting detec-
tion reagents were employed for protein band visualization 
(Thermo, Waltham, MA, USA).

The exosomal surface marker CD63 was analyzed by flow 
cytometry (FCM) analysis with vesicles pre-absorbed on latex 
beads (4% polystyrene latex beads, ThermoFisher, USA). The 
bead-exosome aggregates were labeled with the fluorescence-
labeled antibodies anti-CD63 (1:200 eBioscience).

Nanoparticle tracking analysis (NTA)

The frozen exosome samples were thawed in 25 °C water 
and diluted with 1 × PBS using a Nano Gold system (Izon 
Science Ltd, Christchurch, New Zealand).

Protein concentration assay

The exosomal protein concentration was determined using 
a BCA protein assay kit (Boster Biological Technology, 
Wuhan, China) following the instructions of the manufac-
turer. A multifunctional enzyme labeling instrument (Vari-
oskan LUX, Thermo Fisher Scientific, USA) was used to 
determine the total exosomal proteins.

Label‑free quantitative proteomic analysis

Plasma sample grouping

Eighteen patients with pSS were randomly divided into three 
groups, each containing the mixed plasma of six patients, 
labeled pSS1-6, pSS7-12, and pSS13-18, respectively. More-
over, eighteen healthy individuals were randomly divided 
into three groups via the same method and labeled HC1-6, 
HC7-12, and HC13-18.

Exosomal protein preparation

Briefly, the plasma samples of three pSS patients and three 
healthy controls were subjected to a 10-min centrifugation 
process at 1000 g, followed by a 15-min centrifugation at 
17,000 g and 4 °C, and UC for 1 h at 4 °C and 200,000 g. 
Then, the supernatant was discarded, followed by 1 × PBS 
resuspended precipitation. Urea particles were added until 
a concentration of 8 M was reached and shaken until fully 
dissolved. Ultrasonic crushing on ice, 30% energy, ultrasonic 
for 1 s, stop for 1 s, was done cumulatively for 2 min. Cen-
trifuge 14,000 g for 20 min, collect supernatant, 10 µL for 
protein quantification using the BCA protein assay kit, and 
freeze the rest at − 80 °C [22].
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SDS‑PAGE separation

Here, 5 × loading buffer was added to10-µg protein aliquots 
taken from the respective samples, followed by a 5-min boil-
ing process. Next, 11.5% SDS-PAGE gel was used to sepa-
rate the proteins at a constant current of 15 mA for 80 min, 
followed by Coomassie Blue R-250 staining to visualize the 
protein bands.

Protein digestion and desalination

A 100-µg aliquot of extracted proteins from each sample was 
subjected to a reduction process, followed by the addition 
of 200 mM dithiothreitol (DTT) solution and incubation at 
37 °C for 1 h. The samples were diluted four times by adding 
25 mM ammonium bicarbonate (ABC) buffer, followed by 
the addition of trypsin (trypsin: protein = 1:50), overnight 
incubation at 37 °C, and a 50-µL 0.1% FA addition to termi-
nate the digestion process. Then, 100 µL of 100% ACN was 
used to wash the C18 column; after which, the sample was 
centrifuged for 3 min at 1200 rpm. The column was rinsed 
once using 100 µL of 0.1% FA and subjected to a 3-min cen-
trifugation at 1200 rpm. The sample was added after replac-
ing the EP tube and centrifuged for 3 min at 1200 rpm. The 
column was rinsed twice using 100 µL of 0.1% FA, followed 
by centrifugation for 3 min at 1200 rpm and washing with 
100 µL water. The EP tube was replaced, followed by elution 
with 70% ACN. The sample eluents were combined, lyophi-
lized, and stored at − 80 °C until loading [23].

LC–MS/MS analysis

The solutions for mobile phases A and B were prepared, 
containing 0.1% formic acid and 100% water and 0.1% for-
mic acid and 100% acetonitrile, respectively. Next, 10 µL 
of the mobile phase A solution was used to dissolve the 
preserved powder, which was subjected to centrifugation for 
20 min at 14,000 g and 4 °C. Then, 1 µg of the supernatant 
was added to a C18 column. Linear gradient elution was 
employed to separate the peptides in an analytical column, 
which were assessed using a Q Exactive HF-X mass spec-
trometer (Thermo, Waltham, MA, USA) equipped with a 
Nanospray Flex™ (ESI) ion source. The spray voltage was 
2.4 kV, and the ion transport capillary temperature was 
275 °C, using a 3 × 106 automatic gain control (AGC) tar-
get value, a scan range of m/z 350 to 1500, a resolution of 
120,000 (at m/z 200), and an 80-s maximum ion injection 
time. Higher-energy collisional dissociation (HCD) was uti-
lized to select and fragment the top 40 precursors of the full 
scan maximum abundance. The samples were evaluated via 
MS/MS at 27% normalized collision energy, 15,000 resolu-
tion (at m/z 200), a 45-s maximum ion injection time, and a 
5 × 104 AGC target value [24].

Data analysis

The raw MS information was analyzed using the Pro-
teome Discoverer 2.4 software and searched against the 
Homo sapiens database in the Universal Protein Resource 
Knowledge Base (UniProtKB).The initial search included 
a 15-ppm precursor mass window according to the trypsin 
enzymatic cleavage rule. A mass tolerance of 20 ppm for the 
ion fragments and a limit of two missed cleavage sites were 
permitted. Methionine oxidation and N-terminal acetyla-
tion were deemed variable alterations during the database 
search, while cysteine carbamido methylation was seen as a 
fixed alteration. Furthermore, P < 0.01 was considered the 
limit for protein determination and the global false discov-
ery rate (FDR) in the peptide-spectrum match (PSM). The 
proteins were considered accurately detected and present 
when indicated by a minimum of two different peptides and 
in at least two samples. These samples were submitted for 
further assessment [25].

Protein quantification and data processing

Each detected protein was subjected to label-free quantifica-
tion (LFQ) by evaluating the intensity of the peptide signals. 
The protein abundance of the detected peptides was quanti-
fied via MaxLFQ algorithm activation in MaxQuant. The 
experiments utilized match-between-runs for the extraction 
of complete quantification data. In the case of low-abundance 
proteins presenting missing values, Perseus was used to pro-
vide a substitute value using the preselected parameters of 
the standard distribution. A two-way student’s t-test was 
employed to analyze the statistical significance and quantify 
the proteins. Proteins displaying P < 0.05 significance and 
a fold change (FC) of > 1.5 after comparing the two groups 
were designated as DEPs, while further assessment occurred 
using log2 (fold change).

Bioinformatic analysis

During the Gene Ontology (GO) enrichment analysis, pro-
teins were characterized via one of three categories, namely 
molecular function (MF), cellular compartment (CC), and 
biological process (BP) via GO annotation, according to the 
UniProt-GOA database (http://​www.​ebi.​ac.​uk/​GOA/). The 
DEP abundance was compared to the identified proteins using 
Fisher’s exact test. Statistical significance was reflected by an 
amended P-value < 0.05. The Kyoto Encyclopedia of Genes 
and Genomes (KEGG) (http://​www.​genome.​jp/​KEGG/) 
database was utilized for enriched pathway identification via 
Fisher’s exact test to compare the detected proteins with the 
DEP abundance, while an adjusted P-value < 0.05 indicated 

http://www.ebi.ac.uk/GOA/
http://www.genome.jp/KEGG/
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statistical significance. The DEP pathways were clustered using 
Reactome pathway analysis (https://​www.​react​ome.​org/).

ELISA

The concentrations of the human ceruloplasmin (CP), trans-
ferrin (TF), haptoglobin (HP), SERPING1, Ro (SSA), and La 
(SSB) were determined using ELISA kits supplied by EIAab 
Biological company (Wuhan, China) according to the instruc-
tions of the manufacturer.

Detection of reactive oxygen species (ROS)

The main steps are as follows: Staining: after the frozen 
section is slightly dried, draw a circle around the tissue 
with a histochemical pen, drop the ROS dye in the cir-
cle, and incubate in a 37°-incubator away from the light 
for 30 min. DAPI counterstaining nuclei: put the slides in 
PBS (pH 7.4) and shake and wash them on the decoloriza-
tion shaking table for 3 times, each time for 5 min. After 
the slices were slightly dried, DAPI dye was added in the 
circle, and incubated at room temperature in the dark for 
10 min. Sealing slides: put the slides in PBS (pH 7.4), 
shake and wash them on the decolorization shaking table 
for 3 times, each time for 5 min. The slices were slightly 
dried and sealed with an anti-fluorescence quenching seal-
ing agent. Finally, sections were observed under a fluores-
cence microscope and images were collected.

Detection of total ferrum (Fe) and Fe2+ in labial 
gland tissue

The concentrations of total Fe and Fe2+ were determined 
using Colorimetry Assay Kits for total Fe and Fe2+ supplied 
by EIAab Biological company (Wuhan, China) according to 
the instructions of the manufacturer.

Statistical analysis

The data were expressed as the median with the stand-
ard deviation of interquartile range. Mann–Whitney tests 
(unpaired samples) were employed to assess the variations 
between the two groups, and the statistical significance was 
reflected by P < 0.05. The GraphPad Prism V9 software 
(GraphPad Software, San Diego, CA, USA) was used for all 
the statistical evaluations.

Results

A total of 24 exosomal DEPs were identified 
in the plasm of the pSS patients

The flow chart of the isolated exosomes in the plasma 
samples via UC is shown in Fig. 1A. TEM showed typical 
cup-shaped vesicles (Fig. 1B), while NTA showed that 
these vesicles were approximately 131.8 nm in diameter 
(Fig. 1C). Moreover, no significant differences were evi-
dent between the total exosomal protein concentrations 
of the HC participants and pSS patients. The WB results 
indicated significant TSG101 and CD9 exosomal marker 
expression in the exosomal samples, but none in the 
plasma without exosomes (Fig. 1D). These findings dem-
onstrated that the exosomes were successfully isolated in 
the plasma samples of the pSS and HC participants.

Label-free proteomics was used to detect 349 special 
proteins in the plasma exosomes, presenting 346 and 347 
in the pSS and HC participants, respectively (Fig. 1E). A 
quantitative ratio exceeding 1.5 was considered upregu-
lation, while a ratio below 0.667 was considered down-
regulation. Compared with the HCs, the pSS groups pre-
sented 24 DEPs, 17 of which were upregulated proteins, 
while seven were downregulated, as shown in the DEP 
volcano map (Fig. 1F) and clustering heat map (Fig. 1G).
The detailed data regarding the protein downregulation 
and upregulation are shown in Tables 1 and 2.

The main DEP functions and pathways are 
associated with ferroptosis

This study conducted a bioinformatics analysis of the 
main functions and pathways of the 24 DEPs to clarify 
whether the exosomal proteins in the plasma of the pSS 
patients were related to ferroptosis. The level of DEP 
enrichment was determined using Fisher’s exact test. 
The GO finding regarding the BP indicated the sub-
stantial involvement of the DEPs in JUN kinase activa-
tion (P = 0.0052), insulin response (P = 0.0052), iron 
ion homeostasis (P = 0.0148), and signal transduction 
(P = 0.0219). JUN kinase activity was associated with 
apoptosis, and iron ion homeostasis was related to ferrop-
tosis, while the proteins enriched in these terms included 
CP, TF, and ERN1 (Fig. 2A and Table S3). GO analysis 
results for the CC section indicated that the DEPs were 
significantly enriched in the apical plasma membranes 
(P = 0.0154), late endosomes (P = 0.0154), and cytoplas-
mic vesicles (P = 0.0467), while the proteins enriched 

https://www.reactome.org/


1294	 Journal of Molecular Medicine (2023) 101:1289–1304

1 3

in these terms all contained TF (Fig. 2B and Table S4). 
KEGG assessment indicated complete DEP enrichment 
in the ferroptosis pathways (P = 0.029), while the cor-
responding proteins involved were CP and TF, as shown 
in Fig.  2C. Similarly, Reactome analysis showed pri-
mary DEPs enrichment during iron uptake and transport 

(P = 0.0056) (Fig. 2D), while the corresponding proteins 
involved were also CP and TF. The KEGG and Reactome 
pathway analysis results are shown in Tables S5 and S6, 
respectively. The functional enrichment analyses showed 
that the major biological functions of the DEPs were 
involved in the ferroptosis pathways.

Fig. 1   Identification and proteomic analysis of the plasma exosomes 
from the SS patients and control groups. A A flow chart of the 
plasma exosome separation via UC. B The TEM images of the mixed 
exosomes shown at 110,000 × magnification. Scale bar = 100  nm. C 
The plasma exosomal size dispersion obtained via NTA. D The WB 
assessment of the CD9 and TSG101 exosomal markers and plasma 

without exosomes as a control. E The Venn diagram showing the exo-
somal protein distribution. F A volcano map of the exosomal plasma 
DEPs. G A heat map showing the clustering of 24 DEPs. Red and 
green denote the respective high and low expression levels of the 
individual proteins
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The new proteins involved in ferroptosis pathology 
were identified via PPI analysis

The STRING PPI database was used to determine the 
interaction between the target TF and CP proteins and 
other proteins to determine the differential proteins asso-
ciated with the TF and CP involved in ferroptosis. The 
results showed that the clustering network participating 
in CP and TF displayed a total of 11 nodes exhibiting 20 
edges (with a clustering coefficient of 0.576, and a PPI 
enrichment P-value < 1.0 E-16). The proteins directly 
interacting with the CP and TF included C5, C9, HP, and 
SERPING1 (Fig. 3A). It is suggested that these proteins 
may be involved in the pathological process of iron death, 
but this has not been confirmed yet. CP, TF, and PSAP 
protein expressions were significantly decreased in the 
CP and TF aggregation networks, while C5, C9, HP, and 
SERPING1 expressions displayed a substantial increase, 
compared with the healthy control (Fig. 3B and C). The 
proteins highly associated with CP or TF included C5, C9, 
HP, and SERPING1 (Fig. 3D).

Validation of the DEPs associated with ferroptosis

Combined with the GO, KEGG, Reactome, and PPI results, 
this study focuses on the expression levels of the exosomal 
proteins involved in ferroptosis, including CP, TF, C5, C9, 
HP, and SERPING1. Figure 4A shows that the expression 
of CP was substantially lower in pSS, sSS, and RA patients 
than in the HC group. Furthermore, its expression level was 
substantially lower in the sSS than in the pSS patients, while 
the nSS and HC groups displayed no substantial differences. 
The TF levels showed similar results. The expression of TF 
was considerably lower in the pSS, sSS, and RA groups than 
in the HC participants, while no significant changes were 
evident in then SS patients (Fig. 4B). The C5, C9, SER-
PING1, and HP content levels differed from those of CP 
and TF. Compared with the HC group, the C5 content in 
pSS, sSS, and RA groups increased substantially, and no 
significant variation was apparent in the SS participants, as 
shown in Fig. 4C. The C9 and SERPING1 content changes 
were similar to those in C5. The C9 detection results are 
shown in Fig. 4D, while the SERPING1 detection results are 

Table 1   The downregulated DEPs 
between the plasma exosomes of 
pSS patients and HCs

Accession Gene symbol Protein name FC P

P23246 SFPQ Splicing factor, proline- and glutamine-rich 0.7784 0.0402
A0A0A0MRZ8 IGKV3D-11 Immunoglobulin kappa variable 3D-11 0.7757 0.0103
P02787 TF Serotransferrin 0.6166 0.0321
P07602 PSAP Prosaposin 0.6107 0.0018
P49913 CAMP Cathelicidin antimicrobial peptide 0.4712 0.0152
Q15166 PON3 Serum paraoxonase/lactonase 3 0.4154 0.0350
P00450 CP Ceruloplasmin 0.2095 0.0173

Table 2   The upregulated DEPs 
between the plasma exosomes 
of pSS patients and HCs

Accession Gene symbol Protein name FC P

Q9HDC9 APMAP Adipocyte plasma membrane-associated protein 4.2197 0.0388
P04275 VWF von Willebrand factor 2.6864 0.0485
P05155 SERPING1 Plasma protease C1 inhibitor 2.5210 0.0101
P00746 CFD Complement factor D 2.5180 0.0241
A0A0B4J1V2 IGHV2-26 Immunoglobulin heavy variable 2–26 2.5028 0.0268
P24592 IGFBP6 Insulin-like growth factor–binding protein 6 2.3883 0.0285
P13645 KRT10 Keratin, type I cytoskeletal 10 2.3567 0.0241
P02748 C9 Complement component C9 2.3401 0.0184
O75460 ERN1 Serine/threonine-protein kinase/endoribonuclease IRE1 2.2081 0.0141
P18065 IGFBP2 Insulin-like growth factor–binding protein 2 2.1802 0.0047
Q9NQ79 CRTAC1 Cartilage acidic protein 1 1.9371 0.0003
P00738 HP Haptoglobin 1.6880 0.0273
A0A0J9YX35 IGHV3-64D Immunoglobulin heavy variable 3-64D 1.6326 0.0050
A0A0C4DH67 IGKV1-8 Immunoglobulin kappa variable 1–8 1.5645 0.0351
P00740 F9 Coagulation factor IX 1.5143 0.0046
O00187 MASP2 Mannan-binding lectin serine protease 2 1.4740 0.0318
P01031 C5 Complement C5 1.4435 0.0029
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shown in Fig. 4E. However, the expression of HP in the pSS, 
nSS, and RA patients displayed no obvious changes from the 
HC group, except that it was considerably higher in the sSS 
group (Fig. 4F). These results suggested that these proteins 
were only related to the occurrence of the disease.

The expression levels of the six DEPs associated 
with ferroptosis in the plasma

To further elucidate the role of the CP, TF, SERPING1, HP, 
C5, and C9 ferroptosis-related proteins in pSS pathogen-
esis, their expression levels in the plasma were determined, 
exhibiting differences from their exosomal expression levels. 
Compared with the HC group, the CP, TF, SERPING1, and 
HP expression levels in the pSS, sSS, RA, and nSS groups 

did not change significantly, while the detailed detection 
results are shown in Fig. 5A–D, respectively. However, the 
expression of C9 was substantially higher in the pSS, sSS, 
and RA patients, compared to the HC group, and no signifi-
cant variation was evident in the nSS participants (Fig. 5E). 
Except for considerably high levels in the sSS patients, C5 
expression displayed no significant changes in the other dis-
ease groups compared with the HC group (Fig. 5F).

Abnormal expression of salivary gland epithelial 
cell markers SSA and SSB was found in pSS plasma 
and salivary exosomes

Autoantigenic salivary gland epithelial cell markers SSA 
and SSB were found in plasma and salivary exosomes 

Fig. 2   The biological information analysis of the exosomal DEPs. A Assessment of the BP enrichment. B Assessment of the CC enrichment. C 
Assessment of the KEGG pathway enrichment. D Assessment of the Reactome pathway enrichment
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to verify if the changes in plasma exosomal proteins CP 
and TF in pSS are related to the injury of salivary gland 
epithelial cells. TEM showed typical cup-shaped vesicles 
in saliva (Fig. 6A), while NTA showed that these vesi-
cles were approximately 137.7 nm in diameter (Fig. 6B), 
and Flow Cytometry (FCM) results indicated significant 
CD63 exosomal marker expression in exosomal samples 
(Fig. 6C). Compared with the normal group, the contents 
of SSA and SSB in saliva exosomes of pSS were signifi-
cantly higher than those of healthy controls (Fig. 6D and 
E). Similar results were also shown in plasma exosomes, 
with significantly higher levels of SSA and SSB in 
patients than in healthy controls (Fig. 6F and G), sug-
gesting that abnormal plasma exosomal proteins may be 
associated with salivary gland epithelial cell injury.

Ferroptosis was observed in labial glandular 
epithelial cells in pSS patients

In order to further verify the relationship between ferroptosis 
and local lesions of exocrine gland epithelial cells in pSS 
patients, we detected several indicators related to ferrop-
tosis in the lip gland tissue of patients. The results showed 
that there was no significant difference in the size of the 
labial gland used in this experiment between negative and 
positive labial gland biopsy (Fig. 7A), but several indicators 
related to ferroptosis changed significantly. The epithelial 
cells with positive labial gland biopsy (LGB) had smaller 
mitochondria, thicker mitochondrial membrane and reduced 
mitochondrial cristae (Fig. 7B), and contain more reactive 
oxygen species (Fig. 7C). The Ferrum (Fe) test results 

Fig. 3   The PPI analysis of the exosomal DEPs. A The online STRING 
PPI network of 24 DEPs. The clustering network of the proteins related 
to CP and TF containing 11 nodes displaying 20 edges (at a clustering 
coefficient of 0.576 and a PPI enrichment P-value < 0.001). B The heat-

map of the 11 proteins interacting with CP and TF. C The P-value of 
the relative expression levels of the proteins in the clustering network. 
Red indicates upregulation and blue indicates downregulation. D The 
PPI score of the proteins interacting with CP or TF
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showed that the samples with positive LBP had more Fe2+ 
than those with negative LBP (Fig. 7D), but there was no 
significant change in total Fe level between the two samples 
(Fig. 7E). These results suggest that there is ferroptosis in 
the epithelial cells of the labial gland in pSS patients, but 
there is a significant difference in ferroptosis between the 
LGB positive and the negative specimens.

Ferroptosis may be involved in the pathogenesis 
of endothelial cell disease

Combined with the theory of ferroptosis and the existing 
research results of pSS pathogenesis, a schematic diagram 
was created of the possible involvement of ferroptosis in 
the pathogenesis of epithelial cell lesions. Intracellular 
Fe2+ is mainly used for cell metabolism and iron storage, 

while excess iron can be oxidized into Fe3+ via CP, which 
does not induce ferroptosis (Fig. 8A). It is believed that 
the CP and TF expression levels in the epithelial cells of 
genetically susceptible hosts may be significantly reduced 
when exposed to the joint action of virus infection and 
hormone factors [26, 27]. As shown in Fig. 8B, this inhib-
its Fe2+ oxidation to Fe3+ and its transport, resulting in 
significant Fe2+ accumulation, triggering lipid peroxida-
tion and the accompanying increase in ROS, consequently 
inducing ferroptosis. Moreover, epithelial cell ferroptosis 
can release autoantigens to encourage B cells to produce 
antibodies and activate the complementary system. This 
causes substantial C5 and C9 accumulation on the epithe-
lial cell membrane to form a membrane attack complex, 
accelerating the destructive epithelial cell lesions. In addi-
tion, epithelial cells can release exosomes during ferrop-
tosis that can reflect cell lesions in the blood, providing a 

Fig. 4   The expression levels of 
the proteins related to ferrop-
tosis in the plasma exosomes. 
The observation objects include 
pSS, sSS, RA, and nSS. The 
ELISA test results are shown 
using a bar graph, shown as 
mean ± standard deviation. 
The pSS (n = 68), sSS (n = 18), 
RA (n = 46), and nSS (n = 16) 
groups were compared with 
the healthy group (n = 46) 
using a Mann–Whitney U-test 
(unpared).*P < 0.05, **P < 0.01, 
ns denotes the absence of 
statistically significant values. 
A The exosomal CP protein 
concentration. B The exosomal 
TF protein concentration. C The 
exosomal C5 protein concen-
tration. D The exosomal C9 
protein concentration. E The 
exosomal SERPING1 protein 
concentration. F The exosomal 
HP protein concentration
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basis for studying plasma exosomes from an epithelial cell 
injury mechanism standpoint.

Discussion

The cause of pSS, a chronic autoimmune disease, remains 
unknown. Epithelial cells are considered crucial in the pro-
gression of the disease, as their lesions are not only capable 
of recruiting mononuclear cells to cause recurrent chronic 
inflammatory responses and subsequent dry symptoms [28, 
29], but also promote multi-system and multi-tissue injury 
in severe cases [5, 29]. However, the mechanism underlying 
epithelial cell lesions are not fully understood, and there is 
a lack of drugs targeting epithelial cells to treat pSS. Since 
the exosomes in plasma contain information molecules that 
can reflect the pathological changes in the originating cells, 
they are attracting increasing attention with regard to the 
pathogenesis of many diseases [13]. This study aimed to 

determine whether the DEPs in the plasma exosomes were 
involved in the cell death pathways, providing an experimen-
tal basis for elucidating the mechanism behind the epithelial 
cell lesions in pSS.

The results show that pSS plasma exosomes contained 
24 DEPs, 17 of which displayed significant upregulation, 
and 7 of which exhibited downregulation. GO enrichment, 
KEGG, and Reactome pathway analysis showed that these 
DEPs were closely associated with ferroptosis. It has been 
reported that salivary gland epithelial cells can release mul-
tiple exosomes and contain autoantigens closely related to 
autoimmune diseases [30]. To verify whether abnormal 
expression of plasma exosomes involved in ferroptosis is 
associated with exocrine gland epithelial cell damage, the 
epithelial cell markers SSA and SSB in the plasma and 
saliva exosomes were detected. The results showed that the 
content of these proteins in plasma exosomes of patients  
was significantly higher than those of healthy controls. 
Similar results were shown in saliva exosomes, where the 

Fig. 5   Expression levels of the 
proteins related to ferroptosis 
in the plasma of the patients. 
The observation objects include 
pSS (n = 68), sSS (n = 18), 
RA (n = 46), and nSS (n = 16). 
The test results are shown 
using a bar graph, shown as 
mean ± standard deviation. The 
disease groups were compared 
with the HCs via a Mann–
Whitney U-test. *P < 0.05, ns 
denotes the absence of statisti-
cally significant values. The 
concentrations of A CP, B TF, 
C HP, D SERPING1, E C9, and 
F C5 in the plasma of the differ-
ent groups
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content of SSA and SSB in patients was significantly higher 
than in healthy controls. The abnormal expression of these 
ferroptosis-related proteins may be related to the damage 
of the salivary gland epithelial cells. Studies over the years 
have shown that the main pathological features of the PSS 
exocrine glands are apoptosis and lymphocyte infiltration 
[6]. Recently, some studies have shown that apoptosis is 
often accompanied by ferroptosis [31], apoptosis and necro-
sis inducers can trigger ferroptosis [32], and T lymphocytes 
and macrophages also accelerate the occurrence of ferrop-
tosis [33, 34]. It also suggests that plasma exosomal proteins 
involved in ferroptosis may be related to exosomes released 
from exocrine gland epithelial cells with localized lesions. 
Ferroptosis represents a new manner of cell death, which 
differs from apoptosis. It denotes a process in which the 
damage caused by iron-dependent lipid peroxidation leads 
to programmed cell death [35]. It selectively kills target 
cells, causes tissue damage, activates the immune system 
by releasing inflammation-related injury molecules and is 
involved in various signaling pathway-mediated inflamma-
tory responses [10, 36]. These properties indicate that the 
damage to the exocrine gland of pSS patients and the accom-
panying inflammatory response is due to ferroptosis, which 
may be related to the destruction of SS exocrine gland tissue. 

To further examine the relationship between ferroptosis and 
epithelial cell injury of pSS exocrine gland, this study took 
the labial gland as the study object and found that there was 
ferroptosis in the epithelial cells of the labial gland, and 
epithelial cells with positive LGB were more susceptible 
to ferroptosis than those with negative LGB. These find-
ings suggest that there is ferroptosis in the epithelial cells of 
exocrine glands in pSS patients.

CP and TF represent the downregulated DEPs involved 
in ferroptosis. CP displays oxidase activity and can oxidize 
Fe2+ into Fe3+, while TF is a Fe3+ transporter. They play an 
important role in metabolic iron balance. Downregulated or 
dysfunctional expression causes an imbalance in the iron 
homeostasis in cells, increases the Fe2+ in cells and increases 
the production of toxic reactive oxygen species (ROS) sub-
stances mediated by iron ions, consequently inducing fer-
roptosis [10, 36]. This study shows significantly reduced 
CP and TF expression levels, which may be an important 
cause of ferroptosis in epithelial cells. However, the specific 
mechanism underlying ferroptosis remains unclear, while 
many of the molecules involved have yet to be revealed [37]. 
Considering the CP and TF involved in ferroptosis, the PPI 
database was used to determine their interaction with other 
DEPs. The results showed a clustering network with TF and 

Fig. 6   Detection of SSA and SSB markers related to salivary gland 
epithelial cells in exosomes. A The TEM images of the saliva 
exosomes are shown at 110,000 × magnification. Scale bar = 100 nm. 
B The salivary exosomal size dispersion was obtained using NTA. 
C The FCM assessment of the CD63 exosomal markers. D The sali-

vary exosomal SSA protein concentration. E The salivary exosomal 
SSB protein concentration. F The plasma exosomal SSA protein con-
centration. G The plasma exosomal SSB protein concentration. The 
disease groups (n = 6) were compared with the HCs (n = 6) through a 
Mann–Whitney U-test. *P < 0.05, **P < 0.01
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CP, while direct interaction was evident with the C5, C9, 
and SERPING1 proteins, representing vital components of 
the complement membrane attack complex with cells lysis. 
The cell lysis products of ferroptosis contain many antigens, 
which can induce the production of antibodies for comple-
mentary activation [38]. None of these molecules are report-
edly involved in ferroptosis. However, the results of this 
study indicated that further studies could help definitively 
clarify this issue. Although these proteins may be involved 
in ferroptosis, no new proteins have been revealed.

To further understand the role of these proteins dur-
ing ferroptosis in pSS patients, their expression levels in 
exosomes and plasma were further examined using ELISA, 
showing consistency with the proteomic pSS results. The 
CP and TF expression levels decreased significantly com-
pared to the HCs, while that of C5, C9, and SERPING1 
increased. Moreover, these exosomal protein expression 
levels in sSS and RA were similar to those in pSS. As 
the sSS collected in this study contains not only exocrine 
epithelial cell damage, but also cartilage cell damage 
from RA disease [39], it suggests that exosomal proteins 

in plasma involved in ferroptosis may also be related to 
the destruction of chondrocytes. It is worth mentioning 
that the expression levels of these proteins are notably dif-
ferent in the plasma than in the exosomes. No substantial 
variation was evident in the CP, TF, HP, and SERPING1 
expression in pSS, sSS, RA, and nSS, compared with the 
HC participants. These results suggest that the molecular 
protein content may change significantly in exosomes in 
the absence of systemic circulation modification, further 
indicating that exosome proteins are more conducive to 
studying disease markers and pathogenesis. Similarly, 
compared with the HCs, the C5 expression was substan-
tially lower in sSS, and the C9 expression decreased sig-
nificantly in pSS, sSS, and RA. These results suggest that a 
decrease in the complement C5 and C9 content in systemic 
circulation increases the C5 and C9 accumulated on the 
cell membrane in the local lesions, enhancing the cytolytic 
effect of the complement in the local lesions and increas-
ing the content of complement C5 and C9 in the exosomes 
released into the blood. These findings provide evidence 
for the comparative study of the expression differences 

Fig. 7   Detection of ferroptosis in labial gland tissue of pSS patients. 
A Twelve labial gland samples used in this study. B The TEM images 
of the mitochondria in epithelial cells shown at 110,000 × magnifi-
cation. Scale bar = 500 nm. C Expression level of ROS in epithelial 

cells of labial gland. 4′,6-diamidino-2-phenylindole (DAPI) indicat-
ing nucleus (blue light), CY3 indicating ROS (red light). D Fe2+ level 
in labial gland tissue E Total Fe level in labial gland tissue
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between exosomal proteins and plasma proteins, as well 
as the examination of exosomal proteins during the patho-
genesis and as markers of diseases.

In summary, the study showed that pSS plasma-derived 
exosomes contained DEPs associated with ferroptosis. 
Although the study results provide a fresh point of view for 
revealing the underlying mechanism of epithelial cell dam-
age, the role of ferroptosis in the destruction of epithelial 
cells must be confirmed via further investigation.
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Fig. 8   The ferroptosis-related proteins identified via proteomics are 
involved in the possible mechanism of epithelial cell destruction. A 
A schematic diagram of normal iron metabolism in cells. Intracellular 
Fe2+ is mainly used for cell metabolism and iron storage, while excess 
iron can be oxidized into Fe3+ via CP, which does not induce ferropto-
sis after being excluded by TF. B A schematic diagram of the possible 
ferroptosis mechanism in epithelial cells. The decreased expression of 
CP and TF in the pSS epithelial cells may be caused by viral infec-
tion and estrogen factors in genetically susceptible hosts. A decrease 

in CP and TF expression can inhibit the oxidation of Fe2+ to Fe3+ and 
iron transport, resulting in Fe2+ accumulation and increased ROS, trig-
gering ferroptosis. Epithelial cell ferroptosis can encourage B cells to 
produce antibodies by releasing autoantigens. This activates the com-
plementary system to form C5 and C9 membrane attack complexes on 
the epithelial cell membrane, accelerating the destructive epithelial 
cell lesions. In addition, the exosomes released by the ferroptosis epi-
thelial cells into the blood contain a large number of information mol-
ecules that can reflect cell lesions, such as C5, C9, TF, and CP

https://doi.org/10.1007/s00109-023-02361-0


1303Journal of Molecular Medicine (2023) 101:1289–1304	

1 3

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Ngo DYJ, Thomson WM (2021) An update on the lived experi-
ence of dry mouth in Sjögren’s syndrome patients. Front Oral 
Health 2:767568. https://​doi.​org/​10.​3389/​froh.​2021.​767568

	 2.	 Miyamoto ST, Valim V, Fisher BA (2019) Health-related quality 
of life and costs in Sjögren’s syndrome. Rheumatology (Oxford) 
key370. https://​doi.​org/​10.​1093/​rheum​atolo​gy/​key370

	 3.	 Chowdhury F, Tappuni A, Bombardieri M (2021) Biological 
Therapy in primary Sjögren’s syndrome: effect on salivary gland 
function and inflammation. Front Med (Lausanne) 8:707104. 
https://​doi.​org/​10.​3389/​fmed.​2021.​707104

	 4.	 Fox RI, Fox CM, Gottenberg JE, Dörner T (2021) Treatment of 
Sjögren’s syndrome: current therapy and future directions. Rheu-
matology (Oxford) 60(5):2066–2074. https://​doi.​org/​10.​1093/​
rheum​atolo​gy/​kez142

	 5.	 Verstappen GM, Pringle S, Bootsma H, Kroese FGM (2021) 
Epithelial-immune cell interplay in primary Sjögren syndrome 
salivary gland pathogenesis. Nat Rev Rheumatol 17(6):333–348. 
https://​doi.​org/​10.​1038/​s41584-​021-​00605-2

	 6.	 Jimenez F, Aiba-Masago S, Al Hashimi I, Vela-Roch N, Fernandes 
G, Yeh CK, Talal N, Dang H (2002) Activated caspase 3 and cleaved 
poly(ADP-ribose)polymerase in salivary epithelium suggest a patho-
genetic mechanism for Sjögren’s syndrome. Rheumatology (Oxford) 
41(3):338–342. https://​doi.​org/​10.​1093/​rheum​atolo​gy/​41.3.​338

	 7.	 Li P, Yang Y, Jin Y, Zhao R, Dong C, Zheng W, Zhang T, Li J, 
Gu Z (2019) B7–H3 participates in human salivary gland epithe-
lial cells apoptosis through NF-κB pathway in primary Sjögren’s 
syndrome. J Transl Med 17(1):268. https://​doi.​org/​10.​1186/​
s12967-​019-​2017-x

	 8.	 Chen D, Chu B, Yang X, Liu Z, Jin Y, Kon N, Rabadan R, Jiang X, 
Stockwell BR, Gu W (2021) iPLA2β-mediated lipid detoxification 
controls p53-driven ferroptosis independent of GPX4. Nat Com-
mun 12(1):3644. https://​doi.​org/​10.​1038/​s41467-​021-​23902-6

	 9.	 Seibt TM, Proneth B, Conrad M (2019) Role of GPX4 in ferrop-
tosis and its pharmacological implication. Free Radic Biol Med 
133:144–152. https://​doi.​org/​10.​1016/j.​freer​adbio​med.​2018.​09.​014

	10.	 Yu Y, Yan Y, Niu F, Wang Y, Chen X, Su G, Liu Y, Zhao X, Qian 
L, Liu P et al (2021) Ferroptosis: a cell death connecting oxida-
tive stress, inflammation and cardiovascular diseases. Cell Death 
Discov 7(1):193. https://​doi.​org/​10.​1038/​s41420-​021-​00579-w

	11.	 Li JY, Yao YM, Tian YP (2021) Ferroptosis: a trigger of pro-
inflammatory state progression to immunogenicity in necroin-
flammatory disease. Front Immunol 12:701163. https://​doi.​org/​
10.​3389/​fimmu.​2021.​701163

	12.	 Xiao Y, Zhong J, Zhong B, Huang J, Jiang L, Jiang Y, Yuan J, Sun 
J, Dai L, Yang C et al (2020) Exosomes as potential sources of 
biomarkers in colorectal cancer. Cancer Lett 476:13–22. https://​
doi.​org/​10.​1016/j.​canlet.​2020.​01.​033

	13.	 Kalluri R, LeBleu VS (2020) The biology, function, and bio-
medical applications of exosomes. Science 367(6478):eaau6977. 
https://​doi.​org/​10.​1126/​scien​ce.​aau69​77

	14.	 Doyle LM, Wang MZ (2019) Overview of extracellular vesicles, their 
origin, composition, purpose, and methods for exosome isolation and 
analysis. Cells 8(7):727. https://​doi.​org/​10.​3390/​cells​80707​27

	15.	 Asghar S, Litherland GJ, Lockhart JC, Goodyear CS, Crilly A 
(2020) Exosomes in intercellular communication and implications 
for osteoarthritis. Rheumatology (Oxford) 59(1):57–68. https://​
doi.​org/​10.​1093/​rheum​atolo​gy/​kez462

	16.	 Nikdoust F, Pazoki M, Mohammadtaghizadeh M, Aghaali MK, 
Amrovani M (2022) Exosomes: potential player in endothe-
lial dysfunction in cardiovascular disease. Cardiovasc Toxicol 
22(3):225–235. https://​doi.​org/​10.​1007/​s12012-​021-​09700-y

	17.	 Li A, Zhang T, Zheng M, Liu Y, Chen Z (2017) Exosomal pro-
teins as potential markers of tumor diagnosis. J Hematol Oncol 
10(1):175. https://​doi.​org/​10.​1186/​s13045-​017-​0542-8

	18.	 Chen IH, Xue L, Hsu CC, Paez JS, Pan L, Andaluz H, Wendt MK, 
Iliuk AB, Zhu JK, Tao WA (2017) Phosphoproteins in extracel-
lular vesicles as candidate markers for breast cancer. Proc Natl 
Acad Sci USA 114(12):3175–3180. https://​doi.​org/​10.​1073/​pnas.​
16180​88114

	19.	 Bowman SJ, Fox RI (2014) Classification criteria for Sjogren’s 
syndrome: nothing ever stands still! Ann Rheum Dis 73(1):1–2. 
https://​doi.​org/​10.​1136/​annrh​eumdis-​2013-​203953

	20.	 Shiboski CH, Shiboski SC, Seror R, Criswell LA, Labetoulle M, 
Lietman TM, Rasmussen A, Scofield H, Vitali C, Bowman SJ 
et al (2017) International Sjögren’s Syndrome Criteria Work-
ing Group. 2016 American College of Rheumatology/European 
League Against Rheumatism classification criteria for primary 
Sjögren’s syndrome: a consensus and data-driven methodology 
involving three international patient cohorts. Arthritis Rheumatol 
69(1):35–45. https://​doi.​org/​10.​1002/​art.​39859. Epub 2016 Oct 26

	21.	 Neogi T, Aletaha D, Silman AJ, Naden RL, Felson DT, Aggarwal 
R, Bingham CO 3rd, Birnbaum NS, Burmester GR, Bykerk VP 
et al (2010) American College of Rheumatology; European League 
Against Rheumatism. The 2010 American College of Rheumatol-
ogy/European League Against Rheumatism classification criteria 
for rheumatoid arthritis: Phase 2 methodological report. Arthritis 
Rheum 62(9):2582-91. https://​doi.​org/​10.​1002/​art.​27580

	22.	 Diaz G, Bridges C, Lucas M, Cheng Y, Schorey JS, Dobos KM, 
Kruh-Garcia NA (2018) Protein digestion, ultrafiltration, and size 
exclusion chromatography to optimize the isolation of exosomes 
from human blood plasma and serum. J Vis Exp (134):57467.https://​
doi.​org/​10.​3791/​57467

	23.	 Wiśniewski JR, Zougman A, Nagaraj N, Mann M (2009) Univer-
sal sample preparation method for proteome analysis. Nat Meth-
ods 6(5):359–362. https://​doi.​org/​10.​1038/​nmeth.​1322

	24.	 Cox J, Hein MY, Luber CA, Paron I, Nagaraj N, Mann M (2014) 
Accurate proteome-wide label-free quantification by delayed nor-
malization and maximal peptide ratio extraction, termed Max-
LFQ. Mol Cell Proteomics 13(9):2513–2526. https://​doi.​org/​10.​
1074/​mcp.​M113.​031591

	25.	 Yan W, Luo J, Robinson M, Eng J, Aebersold R, Ranish J (2011) 
Index-ion triggered MS2 ion quantification: a novel proteom-
ics approach for reproducible detection and quantification of 
targeted proteins in complex mixtures. Mol Cell Proteomics 
10(3):M110.005611. https://​doi.​org/​10.​1074/​mcp.​M110.​005611

	26.	 Imgenberg-Kreuz J, Rasmussen A, Sivils K, Nordmark G (2021) 
Genetics and epigenetics in primary Sjögren’s syndrome. Rheu-
matology (Oxford) 60(5):2085–2098. https://​doi.​org/​10.​1093/​
rheum​atolo​gy/​key 330

	27.	 Wei W, Ahmad SS, Chi S, Xie Y, Kamal MA, Li J (2018) From 
molecular mechanism to the etiology of Sjogren syndrome. 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/froh.2021.767568
https://doi.org/10.1093/rheumatology/key370
https://doi.org/10.3389/fmed.2021.707104
https://doi.org/10.1093/rheumatology/kez142
https://doi.org/10.1093/rheumatology/kez142
https://doi.org/10.1038/s41584-021-00605-2
https://doi.org/10.1093/rheumatology/41.3.338
https://doi.org/10.1186/s12967-019-2017-x
https://doi.org/10.1186/s12967-019-2017-x
https://doi.org/10.1038/s41467-021-23902-6
https://doi.org/10.1016/j.freeradbiomed.2018.09.014
https://doi.org/10.1038/s41420-021-00579-w
https://doi.org/10.3389/fimmu.2021.701163
https://doi.org/10.3389/fimmu.2021.701163
https://doi.org/10.1016/j.canlet.2020.01.033
https://doi.org/10.1016/j.canlet.2020.01.033
https://doi.org/10.1126/science.aau6977
https://doi.org/10.3390/cells8070727
https://doi.org/10.1093/rheumatology/kez462
https://doi.org/10.1093/rheumatology/kez462
https://doi.org/10.1007/s12012-021-09700-y
https://doi.org/10.1186/s13045-017-0542-8
https://doi.org/10.1073/pnas.1618088114
https://doi.org/10.1073/pnas.1618088114
https://doi.org/10.1136/annrheumdis-2013-203953
https://doi.org/10.1002/art.39859
https://doi.org/10.1002/art.27580
https://doi.org/10.3791/57467
https://doi.org/10.3791/57467
https://doi.org/10.1038/nmeth.1322
https://doi.org/10.1074/mcp.M113.031591
https://doi.org/10.1074/mcp.M113.031591
https://doi.org/10.1074/mcp.M110.005611
https://doi.org/10.1093/rheumatology/key
https://doi.org/10.1093/rheumatology/key


1304	 Journal of Molecular Medicine (2023) 101:1289–1304

1 3

Curr Pharm Des 24(35):4177–4185. https://​doi.​org/​10.​2174/​
13816​12824​66618​10161​54033

	28.	 Asam S, Neag G, Berardicurti O, Gardner D, Barone F (2019) 
The role of stroma and epithelial cells in primary Sjögren’s syn-
drome. Rheumatology (Oxford) kez050. https://​doi.​org/​10.​1093/​
rheum​atolo​gy/​kez050

	29.	 Manoussakis MN, Kapsogeorgou EK (2007) The role of epi-
thelial cells in the pathogenesis of Sjögren’s syndrome. Clin 
Rev Allergy Immunol 32(3):225–230. https://​doi.​org/​10.​1007/​
s12016-​007-​8007-4

	30.	 Kapsogeorgou EK, Abu-Helu RF, Moutsopoulos HM, Manoussakis 
MN (2005) Salivary gland epithelial cell exosomes: a source of 
autoantigenic ribonucleoproteins. Arthritis Rheum 52(5):1517–
1521. https://​doi.​org/​10.​1002/​art.​21005

	31.	 Lee YS, Lee DH, Choudry HA, Bartlett DL, Lee YJ (2018) 
Ferroptosis-induced endoplasmic reticulum stress: cross-talk 
between ferroptosis and apoptosis. Mol Cancer Res 16(7):1073–
1076. https://​doi.​org/​10.​1158/​1541-​7786.​MCR-​18-​0055

	32.	 Ooko E, Saeed ME, Kadioglu O, Sarvi S, Colak M, Elmasaoudi 
K, Janah R, Greten HJ, Efferth T (2015) Artemisinin derivatives 
induce iron-dependent cell death (ferroptosis) in tumor cells. Phy-
tomedicine 22(11):1045–1054. https://​doi.​org/​10.​1016/j.​phymed.​
2015.​08.​002

	33.	 Matsushita M, Freigang S, Schneider C, Conrad M, Bornkamm 
GW, Kopf M (2015) T cell lipid peroxidation induces ferroptosis 

and prevents immunity to infection. J Exp Med 212(4):555–568. 
https://​doi.​org/​10.​1084/​jem.​20140​857

	34.	 Yang Y, Wang Y, Guo L, Gao W, Tang TL, Yan M (2022) Inter-
action between macrophages and ferroptosis. Cell Death Dis 
13(4):355. https://​doi.​org/​10.​1038/​s41419-​022-​04775-z

	35.	 Pandolfi F, Altamura S, Frosali S, Conti P (2016) Key role of 
DAMP in inflammation, cancer, and tissue repair. Clin Ther 
38(5):1017–1028. https://​doi.​org/​10.​1016/j.​clint​hera.​2016.​02.​028

	36.	 Shah R, Shchepinov MS, Pratt DA (2018) Resolving the role 
of lipoxygenases in the initiation and execution of ferroptosis. 
ACS Cent Sci 4(3):387–396. https://​doi.​org/​10.​1021/​acsce​ntsci.​
7b005​89

	37.	 Chen X, Yu C, Kang R, Kroemer G, Tang D (2021) Cellular deg-
radation systems in ferroptosis. Cell Death Differ 28(4):1135–
1148. https://​doi.​org/​10.​1038/​s41418-​020-​00728-1

	38.	 Théry C, Zitvogel L, Amigorena S (2002) Exosomes: composi-
tion, biogenesis and function. Nat Rev Immunol 2(8):569–579. 
https://​doi.​org/​10.​1038/​nri855

	39.	 Matsuo Y, Saito T, Yamamoto A, Kohsaka H (2018) Origins of 
fibroblasts in rheumatoid synovial tissues: implications from 
organ fibrotic models. Mod Rheumatol 28(4):579–582. https://​
doi.​org/​10.​11080/​14397​595.​2017.​13868​37

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.2174/1381612824666181016154033
https://doi.org/10.2174/1381612824666181016154033
https://doi.org/10.1093/rheumatology/kez050
https://doi.org/10.1093/rheumatology/kez050
https://doi.org/10.1007/s12016-007-8007-4
https://doi.org/10.1007/s12016-007-8007-4
https://doi.org/10.1002/art.21005
https://doi.org/10.1158/1541-7786.MCR-18-0055
https://doi.org/10.1016/j.phymed.2015.08.002
https://doi.org/10.1016/j.phymed.2015.08.002
https://doi.org/10.1084/jem.20140857
https://doi.org/10.1038/s41419-022-04775-z
https://doi.org/10.1016/j.clinthera.2016.02.028
https://doi.org/10.1021/acscentsci.7b00589
https://doi.org/10.1021/acscentsci.7b00589
https://doi.org/10.1038/s41418-020-00728-1
https://doi.org/10.1038/nri855
https://doi.org/10.11080/14397595.2017.1386837
https://doi.org/10.11080/14397595.2017.1386837

	The plasma exosomes from patients with primary Sjögren’s syndrome contain epithelial cell–derived proteins involved in ferroptosis
	Abstract 
	Key messages 
	Introduction
	Methods and materials
	The patients and healthy participants
	Clinical parameter analysis
	Plasma samples
	Exosome isolation
	Transmission electron microscopy (TEM)
	Detection of surface markers of exosomes
	Nanoparticle tracking analysis (NTA)
	Protein concentration assay
	Label-free quantitative proteomic analysis
	Plasma sample grouping
	Exosomal protein preparation
	SDS-PAGE separation
	Protein digestion and desalination
	LC–MSMS analysis
	Data analysis
	Protein quantification and data processing

	Bioinformatic analysis
	ELISA
	Detection of reactive oxygen species (ROS)
	Detection of total ferrum (Fe) and Fe2+ in labial gland tissue
	Statistical analysis

	Results
	A total of 24 exosomal DEPs were identified in the plasm of the pSS patients
	The main DEP functions and pathways are associated with ferroptosis
	The new proteins involved in ferroptosis pathology were identified via PPI analysis
	Validation of the DEPs associated with ferroptosis
	The expression levels of the six DEPs associated with ferroptosis in the plasma
	Abnormal expression of salivary gland epithelial cell markers SSA and SSB was found in pSS plasma and salivary exosomes
	Ferroptosis was observed in labial glandular epithelial cells in pSS patients
	Ferroptosis may be involved in the pathogenesis of endothelial cell disease

	Discussion
	Anchor 37
	Acknowledgements 
	References


