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Proteomic profiling of extracellular vesicles £
derived from human serum for the discovery
of biomarkers in Avascular necrosis
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Abstract

Background Avascular necrosis (AVN) is a medical condition characterized by the destruction of bone tissue due

to a diminished blood supply. When the rate of tissue destruction surpasses the rate of regeneration, effective
treatment becomes challenging, leading to escalating pain, arthritis, and bone fragility as the disease advances. A
timely diagnosis is imperative to prevent and initiate proactive treatment for osteonecrosis. We explored the potential
of differentially expressed proteins in serum-derived extracellular vesicles (EVs) as biomarkers for AVN of the femoral
head in humans. We analyzed the genetic material contained in serum-derived exosomes from patients for early
diagnosis, treatment, and prognosis of avascular necrosis.

Methods EVs were isolated from the serum of both patients with AVN and a control group of healthy individuals.
Proteomic analyses were conducted to compare the expression patterns of these proteins by proteomic analysis
using LC-MS/MS.

Results Our results show that the levels of IGHV3-23, FN1, VWF, FGB, PRG4, FCGBP, and ZSWIM9 were upregulated in
the EVs of patients with AVN compared with those of healthy controls. ELISA results showed that VWF and PRG4 were
significantly upregulated in the patients with AVN.

Conclusions These findings suggest that these EV proteins could serve as promising biomarkers for the early
detection and diagnosis of AVN. Early diagnosis is paramount for effective treatment, and the identification of new
osteonecrosis biomarkers is essential to facilitate swift diagnosis and proactive intervention. Our study provides novel
insights into the identification of AVN-related biomarkers that can enhance clinical management and treatment
outcomes.
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Background

Avascular necrosis (AVN) is a type of osteonecrosis
caused by reduced blood supply to osteocytes and bone
marrow [1]. Although it can manifest in various parts of
the body, the femoral head, located on the upper part of
the femur adjacent to the pelvis, upper arms, shoulders,
and knees, is the primary site for this condition [2-5].
Approximately 20,000—-30,000 new AVN cases are diag-
nosed annually in the United States and an estimated
300,000 to 600,000 patients have the condition [6, 7]. The
common etiology for AVN can be divided into traumatic
and non-traumatic factors. Traumatic factors include hip
fractures and dislocations that cause critical ischemia,
inflammatory responses, and osteonecrosis. Non-trau-
matic factors include excessive use of corticosteroids and
immunosuppressants, alcohol abuse, Gaucher’s disease,
Lupus erythematosus, sickle cell disease, and human
immunodeficiency virus (HIV) infection, which all cause
osteonecrosis [8—11]. Understanding non-traumatic
AVN is challenging for orthopedic surgeons and it is
important to elucidate its genetic causes and pathogenic
mechanisms [12]. Surgical or nonsurgical treatment can
be selected depending on etiological cause, AVN stage,
duration of symptoms, pain, age, systemic condition,
and whether the disease is unilateral or bilateral [13].
Core decompression (CD) is currently the most com-
mon treatment for early stage AVN. The advantage of CD
is that it can be performed at an early stage to stop the
progression of the disease, or if it fails, other conservative
surgeries can be performed [14—16]. However, in order to
perform CD, it must be diagnosed at a very early stage
to prevent the femoral head collapse from progressing,
which is very difficult with current diagnostic methods
[17, 18]. The reason for the difficulty of early diagnosis
is that many diagnostic methods except magnetic reso-
nance imaging (MRI) have low sensitivity, and the symp-
toms of early patients are often not clear, so they are often
mistaken for spinal diseases [19]. Also, fractures need to
be fixed using a metal implant; therefore the use of MRI
is limited in patients with bone ischemia after surgery
[20]. For these reasons, a rapid diagnosis is essential for
the prevention and treatment of osteonecrosis and there
is a crucial need to identify biomarkers for diseases with
challenging diagnoses, such as cancer.

Recent studies have highlighted the potential use of
extracellular vesicles (EVs) as biomarkers for diseases
such as cancer. Various studies have shown that EVs
harbor specific proteins whose quantities increase in
patients with breast cancer, which suggests that they
could be potential biomarkers for breast cancer [21, 22].
Extracellular vesicles range from 40 to 200 nm in size, are
characterized by phospholipid bilayers, and are ubiqui-
tous in nearly all body fluids, including the cerebrospinal
fluid, saliva, breast milk, and blood [23, 24]. The vesicles
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are released by diverse cell types through the fusion of
the plasma membrane with multivesicular bodies and
play a crucial role in regulating cell-to-cell communica-
tion [25]. They encapsulate proteins, lipids, mRNAs,
and miRNAs derived from their originating cells. These
constituents remain stable within the EVs, which can
traverse the blood-brain barrier [26, 27]. The distinctive
characteristics associated with EVs mean that they have
been actively investigated as diagnostic tools for various
conditions, including cancer, inflammatory bowel dis-
ease, and cardiovascular diseases [28—30].

In this study, we analyzed serum-derived EVs to ascer-
tain whether differentially expressed proteins could func-
tion as biomarkers for AVN of the femoral head in human
patients. The EVs were isolated from the sera of patients
with AVN and a control group. Protein expression pat-
terns were then scrutinized using a proteomic analysis.
Our findings show that EV proteins could potentially be
used as AVN-specific biomarkers.

Methods

Serum preparation

All patients diagnosed with AVN at Yeungnam Univer-
sity Hospital between 2021 and 2022 participated in this
study. Serum was collected from both the healthy control
group (n=11) and the patients with AVN group (n=11)
(Table 1). Blood samples were collected in serum-sepa-
rating tubes (Vacutainer®; Becton Dickinson, Franklin
Lakes, NJ, USA) and centrifuged at 1,100 X g for 10 min
at 4 °C. Supernatants were transferred to 1.7 mL tubes
and stored at -70 °C until use.

EVisolation and characterization

EVs were isolated from human serum using ExoQuick®
(System Biosciences, Palo Alto, CA, USA), following
the manufacturer’s protocol. The isolated EVs were ana-
lyzed for total protein levels using the bicinchoninic acid
(BCA) assay (Thermo Fisher Scientific, Waltham, MA,
USA). To determine the size and concentration of EVs,
a nanoparticle tracking analyzer (NS100, Malvern Pana-
lytical, UK) was employed. The EV surface markers CD63
(BioLegend, San Diego, CA, USA) and CD81 (BioLeg-
end) were analyzed using flow cytometry (NovoCyte™;
Agilent, Santa Clara, CA, USA), and the data were visual-
ized using NovoExpress® 1.5.6 software (Agilent Technol-
ogies). For EV morphology imaging, samples were placed
on a Formvar® carbon 200 mesh (Ted Pella, Redding,
CA, USA), fixed with 4% paraformaldehyde for 10 min,
and observed using a bio-TEM (HT7700, Hitachi, Japan)
instrument.

FASP digestion
FASP digestion was employed for protein quantifica-
tion using the BCA assay following the manufacturer’s
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Table 1 Participants characterization

Control
No.

AVN
No.

Alcohol  Underlying disease
Afib, LC

++

Smoking

e+

Cause

AVN stage
3A
2C

Gender

Age

Underlying disease

Alcohol
++

Smoking

No.
++

Gender

Age

Alcohol

A-1

Hypothyroidisim

D-2 41 Idiopathic

HTN

A-2

51

C-2

++ ++

Idiopathic

55
64
48

D-3

++
++

++

A-3

50
40

C3

Osteoprosis

Idiopathic

D-4

A-4

C-4

++
++

++
o+

Idiopathic
Alcohol
RA

D-5

++

A-5

36
31

C5

LC
RA

3B

54
70
80
41

D-6

A-6

C-6

(2024) 21:39

D-7

A-7

28
26
29

c-7

Hypothyroidism, Th, Afib, HBV

++

4+

Alcohol

D-8

A-8

C-8

Idiopathic

3B
3B

D-9

A-9

9

++
++

Idiopathic

A-10

A-11
Drinking history was marked with a ‘+' if the person drank 1 bottle every day for 10 years

HTN, CKD

Idiopathic

HTN

Smoking history is indicated by a “+' if the person smoked 1 pack a day for 10 years

The AVN stage was classified using the Association for Research on Circulating Fractures classification (ARCO).

Afib : Atrial fibrillation ; LC : Liver cirrhosis ; RA : Rheumatoid arthritis ; Tb : Tuberculosis ; HBV : hepatitis B virus ; HTN : hypertension ; CKD : chronic kidney disease
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protocol (Pierce BCA protein Assay Kit, Thermo Fisher).
For each sample, 100 pg of protein was used. Tris(2-
carboxyethyl)phosphine (final concentration 5 mM) was
added, and the samples were incubated with shaking at
300 rpm for 30 min at 37 °C for protein reduction. Sub-
sequently, the samples were centrifuged at 14,000 x g for
15 min. Indol-3-acetic acid (final concentration, 50 mM)
was added for protein alkylation, and the samples were
incubated for 1 h in the dark, followed by centrifugation
at 14,000 x g for 15 min. Thereafter, 100 uL of 8 M urea
(in 0.1 M Tris/HCI, pH 8.5) was added, and the samples
were centrifuged at 14,000 x g for 15 min, repeating
the process thrice. Next, 100 pL of 50 mM ammonium
bicarbonate was added and the solution was centrifuged
at 14,000 x g for 15 min. Trypsin, dissolved in 50 mM
ammonium bicarbonate, was used for peptide digestion
while shaking at 300 rpm for 18 h at 37 °C. Subsequently,
40 uL of 50 mM ammonium bicarbonate were added, and
all solutions were vacuum filtered. The protein digestion
was terminated by adding 15 pL of formic acid (pH 2).

Desalting

Desalting was performed using a C18 Microspin column
with 50 pL of 0.1% formic acid and 80% acetonitrile (in
0.1% formic acid) in 100 pL. The samples were then dried
with a speed-vac to remove all solutions before being
stored at -20 °C before analysis.

Liquid chromatography-mass spectrometry (LC-MS) data
acquisition

Protein analysis was conducted using a Dionex UltiMate™
3000 system (Dionex, Sunnyvale, CA, USA) and Thermo
Q-Exactive™ MS (Thermo Scientific, San Jose, CA, USA).
Purification of samples was performed using a trapping
column (Cyg, 3 pm, 100 A, 75 pm X 2 cm). The puri-
fied samples were separated using an analytical column
(PepMap™ RSLC Cyg, 2 pm, 100 A, 75 pum x 50 cm). The
sample flow rate was set at 300 nL/min with the following
gradient: 0—14 min sustaining 4% solvent B, 14—120 min
ramping solvent B to 40%, 120—130 min ramping solvent
B to 96%, and 130-180 min decreasing solvent B to 4%.
Solvent A comprised 0.1% formic acid in water, whereas
solvent B consisted of 80% acetonitrile and 0.1% formic
acid. The separation time was 180 min, and the mass
range was set at 400—8,000 m/z. Proteome Discoverer™
software 2.5 (Thermo Scientific) was utilized for data
analysis and the human database was downloaded from
Uniport.

Proteome data analysis

The appropriate processing workflow included Spec-
trum Files RC for calculation and recalibrating precursor
masses and SEQUEST HT process to detect as a data-
base search algorithm. Precursor abundance calculation
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was based on intensity. The search parameters were set
up as follows: 10 ppm of tolerances of precursor ion
masses, 0.02 Da fragment ion mass, and a maximum of
two missed cleavages with trypsin enzyme. After search-
ing, the data results below 1% of FDR were selected and
filtered at least six more peptide lengths. Sample nor-
malization utilized the Proteome Discoverer™ software
2.5 total peptide amount method [31]. Fold change was
calculated in the protein abundance-based ratio. P-values
were calculated for the reported quantification ratios
using the ANOVA test based on individual proteins.
Differentially expressed proteins were selected based
on p-value<0.05, |log2 fold change| > 1. Proteins with
p-value<0.05 and fold change>2.0 were regarded as
up-regulated, while proteins with p-value<0.05 and fold
change<1/2 were regarded as down-regulated.

Enzyme-linked immunosorbent assay (ELISA)

The EV samples were scrutinized for several upregulated
markers. ELISA was performed to detect von Willebrand
factor (VWF; MyBioSource, MBS704140, Canada) and
PRG4 (MyBioSource, MBS700233), following the manu-
facturer’s instructions. All tests were conducted in tripli-
cate per sample.

Statistical analysis

The results were analyzed using GraphPad Prism soft-
ware (San Diego, CA, USA). Statistical analyses were
performed using a two-tailed Student’s ¢-test, and all data
are presented as means+SD.

Control

AVN = Serum —>

L4
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Results

Isolation of EVs

Our study aimed to validate the protein expression pat-
terns of human serum-derived EVs in the control group
and patients with AVN (Fig. 1A). The phenotypes of the
samples and individual sample information are outlined
in Table 1. The average age of the control individuals was
36.8 years, and all patients were male. The average age of
the patients with AVN was 58.5 years, with 81.8% being
male. The results of AVN diagnosis through CT and MR
are presented in Fig. 1B-D.

Characterization of EVs

Human serum-derived EVs were characterized prior to
the analysis of their protein expression patterns. Further,
nanoparticle tracking analysis (NTA) was conducted to
confirm the size and particle concentration. The size of
EVs ranged from 40 to 150 nm (Fig. 2A). Isolated EVs
were detected in both the control (5.17x10'° particles/
mL) and patients with AVN groups (9.50x10'° par-
ticles/mL). Flow cytometry confirmed the presence of
tetraspanins, such as CD63 and CD81, revealing that
49.8% of EVs from the control group were CD63-positive
and 63.7% were CD81-positive. In the AVN group, flow
cytometry showed that EVs comprised 45.4% CD63-
positive and 88.6% CD81-positive cells (Fig. 2B). Lastly,
transmission electron microscope images illustrated that
the EVs isolated from the serum exhibited bilayer mem-
branes, a spherical shape, and an approximate diameter
of 100 nm (Fig. 2C). Collectively, these results affirmed
that the nanoparticles isolated from human serum were
EVs.

EVs —> Proteins analysis
- s
(@) T
[ [
O |
[ |
o
——

Fig. 1 Isolation of human serum-derived EVs and quantification of isolated EVs. (A) Study design comparing protein expression patterns in human
serum-derived EVs from a control and AVN groups. (B) Simple radiograph displaying bilateral femoral head collapse due to AVN (yellow arrows). (C) Com-
puted tomography (CT) scan depicting bilateral femoral head collapse with AVN (yellow arrows). (D) MR T2-weighted image showing bilateral femoral

head collapse with low signal intensity in the femoral head (yellow arrows)
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AVN

Mean : 99.3 nm
Concentration : 9.50e+10 particles/mL

1
1000

AVN

Control

Fig.2 Characterization of serum-derived EVs. (A) NTA of EVs to confirm particle nature and size distribution. (B) Flow cytometry assay of EV markers CD63
and CD81. (C) TEM image displaying EV morphology and size. Scale bar =200 nm

LC-MS analysis of EV proteins in the control and AVN
groups

The EV proteins were analyzed using LC—-MS to iden-
tify AVN-specific EV protein markers (Table S1). Scatter
plots and heatmaps were generated to discern specific EV
protein expression patterns in each group. Figure 3A dis-
plays a scatter plot illustrating protein expression levels
between the control and AVN groups, highlighting sev-
eral proteins with more than a two-fold difference. The
heatmap in Fig. 3B represents the relative expression lev-
els of 14 proteins that differed by more than a two-fold
change, displayed as a colored bar.

In the analysis of EV proteins, fibronectin 1 (FN1),
VWE immunoglobulin heavy variable (IGHV)3-23,
fibrinogen beta chain (FGB), immunoglobulin lambda
variable 3—1 (IGLV3-1), proteoglycan 4 (PRG4), per-
oxiredoxin-1 (PRDX1), and spastic ataxia of Charlevoix
(SACS) levels were elevated in patients with AVN. In con-
trast, levels of histone H2A type 3 (H2AW), IGHV3-20,
Fc gamma-binding protein (FCGBP), DEAH-box helicase
37, dpy-19-like 4 (DPY19L4), and zinc finger SWIM-
type containing 9 (ZSWIM9) were lower in patients with
AVN than in controls (Table 2). The significance was con-
firmed using volcano plots (Fig. 3C). Patients with AVN
exhibited higher levels of VWEF, FN1, PRG4, and PRDX1,

whereas the levels of H2AW, DPY19L4, ZSWIM9, and
FCGBP were decreased in the AVN group.

To explore protein—protein interactions, Cytoscape
software was employed to analyze 14 proteins and gener-
ate a network map illustrating interactions among these
proteins, chosen based on their known roles in the sig-
naling pathways of interest (Fig. 3D). The six proteins
showed interactions with each other, with FN1 and VWE
displaying the closest interactions. Notably, the closer the
score to 1, the more closely related it was. These findings
suggest that the altered proteins in the AVN group have
the potential to serve as AVN biomarkers.

Validation of EV protein in the control and AVN groups

Among the upregulated proteins, IGLV3-1, PRDX1, and
SACS exhibited significant expression in patients with
AVN (Table 2). ELISA was conducted for VWF and
PRG4, both of which were upregulated in all patients
with AVN. The expression levels of VWF and PRG4 were
significantly higher in the AVN group than in the con-
trol group (Fig. 4A, B). EV protein analysis revealed that
the VWF concentrations were 38.8 and 352.9 ng/mL in
the control and AVN groups, respectively. PRG4 was not
detected in the control group but averaged 1.283 ng/mL
in the AVN group. ELISA confirmed that VWF and PRG4
levels were significantly increased in the AVN group.
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Control

FGB

Interaction Score
VWF (pp) FN1 0.985
FGB (pp) FN1 0.889
VWF (pp) FGB 0.659
FEN1 (pp) PRG4 0.462

PRDX1 (pp) FN1 0.224
VWEF (pp) FCGBP 0.222
PRDX1 (pp) FGB 0.215
FN1 (pp) FCGBP 0.21

Fig. 3 Proteomic analysis of EV proteins. (A) Scatter plot presenting upregulated and downregulated proteins. Red spots indicate an increase in patients
with AVN, and green spots show a decrease in patients with AVN. (B) Heatmap of the expression pattern, indicating proteins with greater than two-fold
differential expression (scale bar =relative value). (C) Volcano plot illustrating the distribution of differentially expressed proteins. (D) Network of protein

interactions, with thick lines indicating strong interactions between proteins

Discussion

This study aimed to identify and analyze specific proteins
that could potentially serve as biomarkers associated with
patients with AVN. EVs were isolated from the sera of
healthy controls and patients with AVN, and the expres-
sion patterns of EV proteins were analyzed. The use of
EV composition as a disease-specific biomarker for vari-
ous diseases has been suggested because EV components
reflect origin cell properties [17, 18]. In particular, EV
proteins may be candidates for personalized cancer treat-
ment and prognosis in cancer [32]. Recently, EV PD-L1
protein has been revealed to be targeted by anti-PD-L1
therapeutic immunosuppression in tumors [33, 34]. EV

PD-L1 as a blood-based biomarker is an ideal strategy
compared to an invasive tumor biopsy. Our study aimed
to identify biomarkers using EV proteins for osteonecro-
sis, an orthopedic disease, and present them as potential
diagnostic markers to help diagnose AVN. In this study,
serum-derived EVs were isolated and characterized. The
isolated particles were confirmed to be EVs using TEM,
NTA, and flow cytometry.

MicroRNAs and EV proteins have been scrutinized
using bioinformatics methods [35, 36]. In this study,
our focus was on identifying potential AVN diagnostic
biomarkers by analyzing the expression of specific pro-
teins in EVs derived from the sera of patients with AVN
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Table 2 Significant differentially expressed proteins
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No. Proteins  Fold change  Average of normalized data Up/down  Normalized data (log2)
(log2)
AVN CON AVN1 AVN2 AVN3 CON1 CON2 CON3
1 FN1 100 20.25 . up 21.04 . 18.42 . . .
2 VWF 3379 25.35 2261 up 26.29 2441 2448 23.03 22.73 21.79
3 IGHV3-23 100 2157 up 2244 19.02
4 FGB 100 22.26 up 22.65 . 2173
5 IGLV3-1 100 2241 . up 2241 . . .
6 PRG4 3.827 1991 18.23 up 20.17 2045 1843 18.23
7 PRDX1 3493 22.25 2045  UP 2225 2045
8 SACS 100 20.77 . up 20.77 .
9 H2AW 0.01 2036 Down 2036 .
10 IGHV3-20  0.01 . 2249  Down . . . . 2249 .
M FCGBP 043 21.11 22.26 Down 2061 2143 21.18 21.62 22.39 22.59
12 DHX37 0.01 . 20.04 Down . . 20.04 .
13 DPY19L4 0.339 22.30 22.34 Down . 23.25 18.31 22.34 .
14 ZSWIM9 0.409 23.86 25.08 Down 24.24 2349 23.76 25.05 2493 25.24

FN1 (fibronectin 1); VWF (von Willebrand factor); IGHV3-23 (immunoglobulin heavy variable 3-23); FGB (fibrinogen beta chain); IGLV3-1 (Immunoglobulin lambda
variable 3—1); PRG4 (proteoglycan 4); PRDX1 (peroxiredoxin-1); SACS (spastic ataxia of Charlevoix-Saguenay); H2AW (Histone H2A type 3); IGHV3-20 (immunoglobulin
heavy variable 3-20); FCGBP (Fc Gamma Binding Protein); DHX37 (DEAH-box helicase 37); DPY19L4 (dpy-19 like 4); ZSWIM9 (zinc finger SWIM-type containing 9)
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Fig. 4 EV protein analysis using ELISA. (A, B) ELISA data depicting the expression of five EV proteins, comparing the AVN group with the control group.
VWE (von Willebrand factor) and PRG4 (proteoglycan 4). The data are expressed as means+ SD; *p < 0.05, ***p < 0.001

compared to those derived from normal controls. The
results, based on LC—-MS analysis, indicated that FNI,
VWE, IGHV3-23, FGB, IGLV3-1, PRG4, PRDX1, and
SACS were highly expressed in the EVs derived from the
serum of patients with AVN compared with the serum
EVs of the control group.

FN1 is involved in cell adhesion and migration dur-
ing embryogenesis, wound healing, blood coagulation,
host defense, and metastasis [37, 38]. It is also a high-
molecular-weight glycoprotein present in connective tis-
sue, blood, and on the surface of cells. Notably, FN1 is a
potential biomarker for the diagnosis of ovarian cancer
[39], bladder cancer [40], and glioblastoma [41]. How-
ever, the correlation between FN1 and AVN has not
yet been clearly established. VWF, a blood multimeric

protein with a very high molecular weight, is involved
in primary hemostasis and the physiological process of
platelet attachment to damaged blood vessel walls. Muta-
tions in VWF cause von Willebrand disease, a hereditary
bleeding disorder [42, 43]. VWF plays a role in various
physiological processes, including vascular permeability,
inflammation, and angiogenesis. The absence of VWFE, as
observed in type 3 von Willebrand disease, is associated
with increased vascularization and severe clinical mani-
festations, such as gastrointestinal bleeding due to vas-
cular malformations [44]. Studies on biomarkers related
to VWF and osteonecrosis of the femoral head have
reported upregulation of VWF expression in patients
with osteonecrosis [45, 46]. However, research on EV
proteins in VWF and AVN diseases is yet to be reported.
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IGHV3 is the most commonly used subgroup in
B-cell chronic lymphocytic leukemia (CLL), followed by
IGHV1 and IGHV4. Two genes within the IGHV3 sub-
group—IGHV3-23 and IGHV3-7—are among the most
frequently investigated IGHV genes in this leukemia,
alongside IGHV1-69 and IGHV4-34. The IGHV3 genes,
particularly IGHV3-23 and IGHV3-7, exhibit some of
the highest mutational loads in CLL [47]. However, a
clear correlation between IGHV3 and AVN has not been
reported.

FGB is a thrombin-clotting glycoprotein found in
mammalian blood. The primary structures of human
fibrinogen alpha, beta, and gamma polypeptide chains
have been identified through amino acid and nucleic acid
sequencing. The primary physiological function of fibrin-
ogen is to form fibrin, which binds to platelets and plasma
proteins in hemostatic plugs. Fibrinogen plays a crucial
role in platelet aggregation [48, 49]. Although FGB has
been investigated as a potential biomarker for various
diseases, including preeclampsia, gastric carcinoma, dis-
seminated intravascular coagulation, and oral squamous
cell carcinoma [50-53], the relationship between FGB
and AVN remains unclear. IGLV3-1 is upregulated in the
serum of patients with coronavirus disease 2019 and has
been suggested as a biomarker [54], but the correlation
between IGLV3-1 and AVN is yet to be reported.

PRDX1 belongs to a family of thiol-specific antioxidant
proteins influencing hydrogen peroxide levels, mediating
signal transduction pathways [55], and playing roles in
cell proliferation, differentiation, and apoptosis [56, 57].
PRG4 is a macromolecule found on the chondrocyte sur-
face with diverse biological functions, including immu-
noreactivity, cytoprotection, lubrication, and matrix
binding [58, 59]. It is expressed in various tissues, such
as the lungs, heart, liver, bone, and cartilage, and can be
detected in the serum and synovial fluid [60]. Although
PRG4 has been studied as a biomarker for diseases like
chronic obstructive pulmonary disease [61], sepsis [62],
osteoarthritis [63], and hepatocellular carcinoma [64],
correlation between PRG4 levels and AVN has not been
reported.

PRDX1, has been identified as a biomarker helpful in
the diagnosis of several diseases, including ovarian can-
cer [55], abdominal aortic aneurysm [65], pancreatic
cancer [66], and irritable bowel syndrome [67]. Neverthe-
less, the potential use of PRDX1 as a biomarker for AVN
remains to be studied.

Autosomal recessive SACS—Saguenay (ARSACS) is a
rare early-onset neurodegenerative disease caused by
mutations in the SACS gene, encoding sacsin [68]. The
ARSACS case discovered in Quebec presented with a
phenotype characterized by cerebellar ataxia, spastic-
ity, and polyneuropathy [69]. However, the correlation
between SACS and AVN has not yet been reported.
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As demonstrated, eight upregulated proteins were con-
firmed in AVN group using LC-MS. Among them, VWE
and PRG4, proteins expressed in all patients with AVN,
were verified using ELISA, confirming the same elevated
expression patterns observed using LC-MS. Therefore,
VWE and PRG4 could be potential novel biomarkers for
diagnosing AVN with EV proteins. In summary, EVs were
successfully isolated from human serum, and the protein
expression patterns of EVs from patients with AVN and
controls were compared and analyzed to identify changes
in the expression of specific proteins. Consequently, we
identified specific protein biomarkers potentially associ-
ated with AVN. A rapid and accurate diagnosis of avascu-
lar osteonecrosis may be achievable through a diagnostic
method based on biochemical markers, rather than rely-
ing solely on existing diagnostic methods, such as radiog-
raphy and CT.

To further our understanding of the identified pro-
teins in the context of AVN, we compared our findings
with existing metabolic and transcriptomic studies [70,
71]. The metabolic pathways, particularly influenced by
systemic conditions such as steroid use, offer a broader
insight into the pathophysiology of ONFH. Proteins like
VWE, although primarily involved in hemostasis, may
also reflect endothelial dysfunctions exacerbated by
metabolic disturbances. Similarly, FN1, through its role
in tissue integrity and cellular adhesion, could indicate
metabolic stress within bone tissues, which is crucial
for understanding the extracellular matrix alterations in
ONFH. Transcriptomic analyses complement our pro-
teomic data, highlighting upregulations in genes associ-
ated with immune responses and inflammation, similar
to the profiles of IGHV3-23 and PRG4 observed in our
study. These findings suggest that the proteins identified
may serve as biomarkers for AVN and reflect broader
metabolic and genetic disturbances affecting the disease
process. This integrative approach enhances the potential
diagnostic value of our findings, proposing these proteins
as multifaceted biomarkers that reflect both the localized
bone pathology and systemic disease mechanisms.

Recent advances in metabolomics, particularly those
related to the metabolic profiling of bone-derived exo-
somes in ONFH, have brought significant insights into
the pathophysiology of avascular necrosis. Key path-
ways such as riboflavin metabolism, pantothenate and
CoA biosynthesis, glycerophospholipid metabolism, and
sphingolipid metabolism have been highlighted as signifi-
cantly altered in ONFH patients [72]. Intricately linked
with cellular energy metabolism and lipid homeostasis,
these pathways play a crucial role in maintaining bone
tissue integrity under ischemic conditions. Integrating
these metabolomic findings with our proteomic data pro-
vides a more comprehensive molecular picture of ONFH,
suggesting that disruptions in these metabolic pathways



Sung et al. Clinical Proteomics (2024) 21:39

could contribute to the disease’s progression by impair-
ing bone cell viability and function.

Our study had some limitations. To our knowledge,
this is the first study to identify EV biomarkers of AVN
in the femoral head. Therefore, we enrolled only patients
definitively diagnosed with AVN and scheduled them for
arthroplasty. In other words, all enrolled patients were at
the end-stage of the disease, as we aimed to differenti-
ate between those with and without the disease. Subse-
quently, we plan to conduct future research on changes
in EV biomarkers according to AVN disease stage. Fur-
ther, our study sample consisted of only 11 patients, and a
larger sample size should be analyzed in the future. Sub-
sequently, in future studies, we plan to collect samples
from >100 patients with AVN to confirm the changes in
the EV biomarkers presented in this study. Nevertheless,
this study is the first to evaluate the feasibility of develop-
ing EV biomarkers for orthopedic diseases and could be
regarded as a pilot trial for such a biomarker study. Fur-
ther studies are necessary to confirm the accuracy of the
identified biomarkers and their applicability in clinical
practice.

Conclusions

Osteonecrosis is a debilitating condition that leads to
pain, arthritis, and bone fragility. Early diagnosis is cru-
cial for effective treatment, and the identification of new
biomarkers of osteonecrosis is necessary to facilitate
rapid diagnosis and proactive treatment. Our results
show that the levels of VWF and PRG4 were upregulated
in the EVs of patients with AVN compared with those of
healthy controls. These findings suggest that EV proteins
could serve as potential biomarkers for early detection
and diagnosis of AVN. Based on these results, we hope to
collect more patient samples and prove it through addi-
tional verification in order to apply it to clinical stages.
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