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Abstract
Background  Chondrocyte homeostasis is vital for maintaining the extracellular matrix (ECM) and overall cartilage 
health. In osteoarthritis (OA), for example, oxidative stress resulting from redox imbalances can disrupt chondrocyte 
homeostasis, leading to cartilage degradation. Hydrogen peroxide (H2O2), a reactive oxygen species (ROS), is a key 
mediator of oxidative stress and contributes to chondrocyte apoptosis and ECM degradation. Previous studies 
have explored individual protein responses to oxidative stress; however, a comprehensive proteomic analysis 
in chondrocytes has not been conducted. In this study, we aimed to assess the global proteomic alterations in 
chondrocytes exposed to H2O2 using a shotgun proteomics approach, which enables the detection of a broad 
spectrum of proteomic changes.

Methods  Chondrocytes were treated with H2O2 for 1, 4, and 16 h followed by protein extraction and processing, 
including denaturation, alkylation, and trypsin digestion. The peptides were then acidified, desalted, dried, and 
resuspended for LC-MS/MS. Proteomics data were analyzed using MaxQuant software to identify and quantify 
proteins. Secretome analysis was performed to examine protein secretion changes under oxidative stress. The 
statistical significance of all proteomics and secretome data was assessed using a two-tailed Student’s t-test with a 
permutation-based FDR and an S0 parameter of 0.1 in the Perseus software. Other methods, including quantitative 
PCR, western blotting, and immunofluorescence, were employed to complement the proteomic analysis.

Results  Our findings revealed that oxidative stress primarily affected the endoplasmic reticulum (ER), causing notable 
alterations in the expression of ER-associated proteins, redox-responsive enzymes, chaperones, and sialyltransferases. 
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Background
Chondrocyte homeostasis is crucial for maintaining the 
integrity of the extracellular matrix (ECM) and, conse-
quently, cartilage health. In osteoarthritis (OA), various 
stress-inducing biochemical mediators trigger alterations 
in chondrocyte signaling and gene expression [1]. Among 
these, proinflammatory cytokines such as interleukin 
(IL)-1β have been extensively studied in the context of 
OA. These cytokines disrupt the production of key ECM 
proteins, including collagen type II and aggrecan, while 
promoting the synthesis of matrix metalloproteinases 

(MMPs), which leads to ECM degradation and further 
progression of OA [2]. In response to these inflammatory 
signals, chondrocytes adjust their physiology to the chal-
lenging microenvironment to preserve homeostasis [3, 
4], which might result in oxidative stress [5].

Oxidative stress has been defined as a disturbance in 
the pro-oxidant/antioxidant balance, in favor of the for-
mer [6]. Reactive oxygen species (ROS) are produced in 
all cell types and function as cellular messengers in sig-
nal transduction, gene expression, and cell cycle regu-
lation [7]. However, when the oxidant level exceeds the 

These changes increased intracellular accumulation of ECM proteins and decreased secretion into the extracellular 
environment, indicating impaired protein trafficking and secretion. Additionally, immune-related pathways were 
activated in the long term, with a short-term upregulation of inflammatory markers, such as interleukin (IL)-6 and 
IL-18, although the levels of matrix metalloproteinases (MMPs) remained stable, indicating that not only complex 
inflammatory stimuli, but also oxidative stress responses can disrupt ECM homeostasis.

Conclusions  Our study demonstrates a detailed proteomic view of the stress response of H2O2−treated 
chondrocytes, highlighting the significant changes in ER function, cytoskeletal remodeling, protein secretion, and 
immune responses. These changes suggest that oxidative stress impacts ECM balance and can contribute to cartilage 
disorders, such as OA, through different mechanisms than what is usually observed with inflammatory stimulus, 
offering new insights into the molecular mechanisms underlying oxidative stress in chondrocytes.
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reducing abilities of cells, ROS can lead to cellular dam-
age through the oxidation of biomolecules, such as pro-
teins, lipids, and DNA [8]. For instance, oxidative stress 
disrupts redox-sensitive organelles, including the endo-
plasmic reticulum (ER) [9], leading to the accumula-
tion of misfolded proteins, which triggers ER stress and 
impairs protein folding, modification, and transport [10]. 
In addition to ER dysfunction, oxidative stress can trig-
ger cytoskeletal remodeling and disrupt secretory path-
ways, which could further impair chondrocyte function 
[11, 12]. These disruptions contribute to the pathologi-
cal remodeling of the ECM, though the exact mecha-
nisms behind these effects remain to be elucidated [13]. 
Understanding how oxidative stress-induced disruptions 
alter the proteome of chondrocytes is essential for iden-
tifying the molecular mechanisms contributing to ECM 
degradation.

Due to limited oxygen availability, chondrocytes pre-
dominantly rely on glycolysis rather than mitochondrial 
oxidative phosphorylation for energy production [14]. 
Nonetheless, mitochondrial respiration continues to 
play a significant role by generating reactive oxygen spe-
cies (ROS), which are critical for maintaining redox bal-
ance and cellular signaling in chondrocytes [15–17]. ROS 
can also be produced in chondrocytes through NADPH 
oxidase and xanthine oxidase [18, 19]. One such ROS, 
hydrogen peroxide (H2O2), is a key molecule in redox 
signaling and is produced in response to various stimuli, 
including growth factors, chemokines, and physical stress 
[20–22]. Cartilage exposed to H2O2 exhibits impaired 
regenerative capacity, contributing to chondrocyte apop-
tosis and ECM degradation [23]. Moreover, oxidative 
stress-induced disruptions in secretory organelles may 
alter the secretome of chondrocytes, impacting extra-
cellular signaling and contributing to pathological tissue 
remodeling.

While previous research has predominantly focused on 
the role of individual proteins in response to H2O2 expo-
sure [16, 24], only one proteomic study examined the 
global changes in chondrocytes exposed to both H2O2 
and hyaluronic acid in 2014, identifying a limited num-
ber of protein targets [25]. Shotgun proteomics enables 
a comprehensive profiling of the proteome, including 
intracellular and secreted proteins [26, 27]. This approach 
is especially suited to capturing the complex remodeling 
of protein levels and pathways involved in chondrocyte 
responses to oxidative stress. Given the growing recog-
nition of the relationship between OA, inflammatory 
signaling, and oxidative stress, the present study seeks 
to investigate the stress response of chondrocytes cul-
tured in vitro under H2O2 exposure using a shotgun pro-
teomics approach.

Methods
Experimental model
Commercial primary cells from human knees, Normal 
Human Articular Knee Chondrocytes (NHAC-Kn), were 
obtained from Lonza (USA) and cultured in DMEM-
F12/Ham’s medium (#11320033; Gibco, Netherlands) 
supplemented with 15 mM HEPES (#1003098482, Sigma 
Aldrich, USA), 10% fetal bovine serum (FBS; 12657029, 
Gibco, Brazil), 1 U/mL penicillin and 1  µg/mL strepto-
mycin (#15140122, PenStrep, Gibco, USA), at 37  °C, 5% 
CO2, and mycoplasm free.

NHAC-Kn cells were exposed to 100 µM of H2O2 
(#1003461059, Millipore, USA), a sub-lethal dose 
commonly used in the literature [28–31]. Given the 
short-lived nature of H2O2, we examined its effects on 
chondrocyte protein levels through a time-series pro-
teomics approach at 1, 4, and 16  h post-exposure, with 
each time point having a corresponding control.

For H2O2 treatment, 100 µM H2O2 was added to 
RPMI 1640 growth medium (#1003461059, Sigma 
Aldrich, United Kingdom), without FBS and phenol 
red, supplemented with 15 mM HEPES (#1003098482, 
Sigma Aldrich, USA), 27.9 mM sodium bicarbonate 
(#101920550, Sigma Aldrich, Japan), 0.2 mM sodium 
pyruvate (#1002136564, Sigma Aldrich, Japan), 1 U/mL 
penicillin, and 1 µg/mL streptomycin. The control group 
(without H2O2 exposure) was incubated with RPMI 1640 
growth medium, without FBS and phenol red, for 1, 4, 
and 16  h. For each experiment, a new vial of cryopre-
served cells was thawed and utilized for both control and 
treated cells to ensure biological consistency while mini-
mizing batch effects. All cells were plated at passage 6 for 
consistency. Cell vials from a single patient were used for 
proteomics assays, while cell vials from at least two dif-
ferent patients were used for complementary techniques.

Cell lysate sample preparation
For proteomics experiments, H2O2-treated cells were cul-
tured in 150 × 20 mm dishes until they reached 90% con-
fluency. Afterwards, the cells were washed 3 times with 
PBS, scraped in 500 µL of a lysis solution, containing 100 
mM ammonium bicarbonate (Sigma Aldrich, Germany) 
and 1% (w/v) sodium deoxycholate (Sigma Aldrich, Italy), 
and lysed on ice to prevent protein degradation by intra-
cellular proteases. Protein concentration was measured 
using a Pierce™ BCA Protein Assay Kit (#23227, Thermo 
Fisher Scientific, USA), following the manufacturer’s 
instructions.

Secretome sample preparation
For secretome analysis, 5 mL of conditioned medium 
was collected from both treated and control cell cultures. 
The medium was concentrated using 0.5 mL Amicon® 
Ultra 10 kDa molecular weight cut-off filters (Millipore, 
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Ireland), in accordance with the manufacturer’s instruc-
tions. The samples were concentrated to a final volume of 
27 µL, and protein concentrations were determined using 
the Bradford assay (##B6916, Sigma Aldrich, USA), fol-
lowing the manufacturer’s protocol.

Protein digestion
For cell lysates, 60 µg of protein per sample were reduced, 
alkylated, and digested. In the secretome experiment, 
30 µg of protein per sample followed the same protocol. 
Reduction was performed with 5 mM dithiothreitol for 
1 h at room temperature (25 °C) with agitation (800 rpm). 
Subsequently, proteins were alkylated with 15 mM iodo-
acetamide in the dark for 30  min at room temperature. 
Digestion was carried out overnight by adding two ali-
quots of trypsin (first at a 1:40 w/w ratio of trypsin and 
second at a 1:50 w/w ratio, with a 4-hour interval between 
additions) at 37  °C with agitation (800  rpm). Digestion 
was stopped by adding 4% trifluoroacetic acid (TFA) (#​​
#12191502, Sigma Aldrich, USA) to each sample to a final 
concentration of 1%. Sodium deoxycholate (##3581950, 
Sigma Aldrich, Italy) was precipitated by TFA addition, 
and the samples were centrifuged for 15  min at 14,000 
x g; the supernatants containing tryptic peptides were 
collected. Subsequently, peptides were desalted using 
in-house made stage-tips containing SDB-XC mem-
branes (#66884-U, Supelco, USA), and the samples were 
vacuum-dried using a centrifugal concentrator (Eppen-
dorf, USA). Briefly, the samples were washed three times 
with water and eluted in 70% acetonitrile (##741857, 
Sigma Aldrich, USA). Finally, the peptides were dissolved 
in 25 µL of aqueous buffer containing 0.1% formic acid 
(##1209246, Sigma Aldrich, Germany) for LC-MS/MS 
analysis.

LC-MS/MS measurements
LC-MS/MS analysis was performed for each sample 
using a nanoLC EASY 1200 system (LC-030378, Thermo 
Scientific, USA) coupled to a Q Exactive Plus mass spec-
trometer (03893 L, Thermo Scientific, USA) at the Mass 
Spectrometry Unit of CENTD (Instituto Butantan, Bra-
zil). Peptide mixtures from each sample were injected 
into an Acclaim PepMap100 C18 trap column (3 μm par-
ticle size, 100 Å pore size, 75 μm internal diameter, and 
20 mm column length), which was connected to an ana-
lytical Acclaim PepMap column (2 μm particle size, 100 
Å pore size, 150  mm length, and 50  μm internal diam-
eter), with a flow rate of 200 nL/min. A linear gradient of 
mobile phases was employed, where solvent A comprised 
0.1% (v/v) formic acid (##1209246, Sigma Aldrich, Ger-
many) and solvent B consisted of 80% (v/v) acetonitrile 
(##741857, Sigma Aldrich, USA) with 0.1% (v/v) formic 
acid. The gradient was applied as follows: 5–30% B over 
50  min, 30–60% B over 13  min, and 60–100% B over 

2  min, followed by a 5-minute isocratic step at 100% B. 
The mass spectrometer was operated in positive, data-
dependent acquisition mode, initiating with a full MS 
scan across an m/z range of 300–2000 at a resolution of 
75,000. MS/MS acquisition was performed via higher-
energy collisional dissociation (HCD) for the ten most 
intense precursor ions, with quadrupole isolation set to a 
1.4 m/z width. Fragmentation was conducted with a nor-
malized collision energy of 30, and MS/MS scans were 
acquired at a resolution of 30,000. For the full MS scans, 
an automatic gain control (AGC) target value of 3 × 10⁶ 
was utilized, with a maximum injection time of 200 ms. 
For the MS/MS scans, the AGC target was set to 2 × 10⁵, 
with a maximum injection time of 120 ms.

Protein identification and quantification
Raw data files were processed using MaxQuant soft-
ware [32]. Protein identification was carried out employ-
ing the Andromeda search algorithm [33] against the 
Homo sapiens Uniprot database (downloaded in 2022; 
UP000005640). The mass tolerances for precursor ions 
and fragment ions were set at 4.5 ppm and 0.05 Da, 
respectively. Cysteine carbamidomethylation was speci-
fied as a fixed modification, while methionine oxidation 
and N-terminal acetylation were considered variable 
modifications. Trypsin was selected as the digestion 
enzyme, with a maximum allowance of two missed cleav-
ages. A false discovery rate (FDR) threshold of 1% was 
applied for both peptide and protein identifications. Pro-
tein abundances were quantified using the MaxQuant 
label-free quantification (LFQ) algorithm [34], which 
normalizes chromatographic peak integrations. Default 
settings were applied for all other parameters.

Statistical analysis for the proteomics datasets
Before statistical analysis, the proteomics datasets 
were log-transformed. Contaminants, reverse data-
base matches, proteins identified solely by modification 
sites, and proteins containing any missing values were 
excluded. For two-group comparisons, statistical sig-
nificance was assessed using a two-tailed Student’s t-test 
implemented in Perseus software [35], with a permuta-
tion-based FDR set at 5% and an S0 parameter of 0.1.

Time-course analysis was conducted using two 
approaches: (i) Hotelling’s T statistic, combined with a 
multivariate empirical Bayes method, as implemented 
in the Timecourse R package [36], and (ii) a compos-
ite method based on three polynomial regression mod-
els, as implemented in the RolDE R package [37]. Both 
methods have been benchmarked for analyzing time-
course proteomics datasets [37]. These methods gener-
ated ranked lists of features based on probabilities for 
differential expression over time. The ranks were then 
aggregated using the Robust Rank Aggregation method 
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[38]. Differences in protein abundance over time were 
considered statistically significant if the p-value from the 
Robust Rank Aggregation method was less than 0.05.

Resulting plots were generated in the R statistical com-
puting environment using standard libraries, includ-
ing ggplot2 for general plotting, factoextra for Principal 
Component Analysis, corrplot for correlation matrices, 
and pheatmap for Hierarchical Clustering.

Pathway enrichment analysis was performed using the 
web-based tool EnrichR [39] (​h​t​t​p​​s​:​/​​/​m​a​a​​y​a​​n​l​a​​b​.​c​​l​o​u​d​​
/​E​​n​r​i​c​h​r​/), leveraging both Reactome and Gene Ontol-
ogy annotations. As a complementary approach, we 
employed a statistical framework specifically designed to 
detect global alterations in the subcellular proteomes, as 
described by [40].

To investigate whether proteins contained signal pep-
tides indicative of conventional secretion, we utilized 
Uniprot annotations. Additionally, the presence of secre-
tory signal peptides was predicted using SignalP [41].

Indirect immunofluorescence, acquisition, and analysis
Cells were seeded into 96-well Microplate, PS, F-Bottom, 
µClear® plates (#655986; Greiner Bio-One GmbH, Baden-
Württemberg, Germany), at a density of 0.8 × 104 cells/
cm2 and cultured in DMEM-F12 for three days. Follow-
ing this, the cells were treated as described in the Experi-
mental Model section. After 16  h, the cells were fixed 

with 4% paraformaldehyde for 30  min at 4°C and then 
washed twice with 1× PBS. Permebilization was achieved 
using a 0.1% Triton™ X-100 (X100-500ML; Sigma-
Aldrich, MO, USA) solution for 15 min, at 4°C, followed 
by two washes with 1×PBS. The cells were then blocked 
with 5% bovine serum albumin (BSA; A7906-50G; 
Sigma-Aldrich, MO, USA) for 40 min at room tempera-
ture. After blocking, cells were incubated overnight with 
the primary antibody β-Catenin primary monoclonal 
Rabbit antibody (1:250; Cell Signaling #8480, MA, USA). 
The next day, the cells were incubated for 1 h with Alexa 
Fluor™ 488-conjugated goat anti-rabbit IgG (A21245) sec-
ondary antibody. Afterward, the cells were washed with 
PBS, and the nuclei were stained with Hoechst 33,342 
(0.1  mg/mL; H3570, Life Technologies Corporation, 
NY, USA). The cells were imaged using an SP8 confo-
cal microscope (Leica Microsystems, Hesse, Germany) 
scanning along the x, y, and z axes. Images were acquired 
using the ImageXpress® Micro Confocal system (Molec-
ular Devices, San Jose, CA, USA) with an S Plan Fluor 
40x/0.6 NA objective lens. DAPI was imaged using DAPI 
filters (Excitation 377/50 nm and Emission 447/60 nm) 
with a 15 ms exposure time, while β-Catenin was imaged 
using FITC filters (Excitation 475/34 nm and Emis-
sion 536/40 nm) with a 1000 ms exposure time. Image 
analysis was performed using CellProfiler™ version 4.2.5 
(www.cellprofiler.org) to segment the nuclei, β-Catenin, 
and cytoplasm, and quantify cell area, eccentricity, and 

Table 1  Antibodies used in this study
Antibody Dilution Secondary 

Antibody
Company 
(Reference)

BiP Antibody 1:500 Goat 
Anti-rabbit

Cell Signaling Tech-
nology (#3183S)

LAMP-2 (H4B4) 1:1000 Goat 
Anti-mouse

Santa Cruz Biotech-
nology (#sc-18822)

Calreticulin 1:5000 Goat 
Anti-rabbit

Abcam (#ab2907)

Cathepsin L 1:5000 Goat 
Anti-rabbit

Abcam 
(#ab133641)

Cathepsin B 1:1000 Goat 
Anti-rabbit

Abcam 
(#ab214428)

HSP90 1:1000 Goat 
Anti-rabbit

Cell Signaling 
(#C45G5)

alpha-Tubulin 1:10000 Goat 
Anti-mouse

Sigma-Aldrich 
(#B512)

Anti-Ubiquitin 
(linkage-specific 
K48) antibody 
[EP8589])

1:1000 Goat 
Anti-rabbit

Abcam 
(#ab140601)

PDI Monoclonal 
Antibody (RL90)

1:1000 Goat 
Anti-mouse

Thermo 
(#MA3-019)

Goat Anti-Mouse 
IgG Antibody, HRP 
conjugate

1:500 - Millipore (12–349)

Goat Anti-Rabbit 
IgG Antibody, 
HRP-conjugate

1:500 - Millipore (12–348)

Table 2  Primers used in this study. “F” indicates the forward 
primer and “R” indicates the reverse primer
Gene Symbol Orientation sequence (5’ à 3’)
ST3 beta-galac-
toside alpha-2,3-
sialyltransferase 1

ST3GAL1 GCGACAGGATGGGAAAGAA
CGAAGGAAGGGTGTTGGTATAG

F
R

ST6 beta-galac-
toside alpha-2,6-
sialyltransferase 1

ST6GAL1 GTCCTTAGACTGGGTGCTTATG
CCGTAGCAACTTGAGGATAGAC

F
R

Collagen Type I 
Alpha 1 Chain

COL1A1 AGAGCATGACCGATGGATTC
TGTAGGCCACGCTGTTCTTG

F
R

Collagen Type II 
Alpha 1 Chain

COL2A1 CTGAAACTCTGCCACCCTGA
TAGACGCAAGTCTCGCCAGT

F
R

Aggrecan ACAN AAGACGGCTTCCACCAGTGT
ATGCCATACGTCCTCACACC

F
R

Interleukin 6 IL6 TGGCTGAAAAAGATGGATGC
CACAGCTCTGGCTTGTTCCT

F
R

Interferon Regula-
tory Factor 8

IL8 TGGACATTTCCGAGCCATAC
TCCTTGATCAGCTCGTCGAT

F
R

Interleukin 18 IL18 CGGCCTCTATTTGAAGATATGAC
CCATACCTCTAGGCTGGCTA

F
R

Matrix Metallo-
peptidase 1

MMP1 TGTTTTCTGGCCACAACTGC
CTTGGGGTATCCGTGTAGCA

F
R

Matrix Metallo-
peptidase 13

MMP13 TGGTCCGATGTAACTCCTCTG
CCCAGGAGGAAAAGCATGAG

F
R

Glyceraldehyde-
3-Phosphate 
Dehydrogenase

GAPDH TGCACCACCAACTGCTTAGC
GGCATGGACTGTGGTCATGAG

F
R

https://maayanlab.cloud/Enrichr/
https://maayanlab.cloud/Enrichr/
http://www.cellprofiler.org
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perimeter. Immunofluorescence was assessed across two 
independent experiments. Statistical comparisons were 
conducted using the Mann–Whitney U-test in Prism 
version 8 (GraphPad Software, CA, USA). Data are pre-
sented as mean ± standard deviation and statistical sig-
nificance was determined at a p-value of less than 0.05.

Western blot analysis
Western blot analysis was performed as described before 
[42]. Proteins extracted from cell lysates using lysis buffer 
were quantified using the Pierce™ BCA Protein Assay Kit 
(Thermo Fisher Scientific, USA), following the manufac-
turer’s instructions. A total of 20 µg of protein per sample 
was separated using SDS-PAGE and electro-transferred 
onto Immuno-Blot® PVDF Membrane (##1620177, Bio-
Rad,. CA, USA). Membranes were blocked with 5% BSA 
(##9048-46-8, Sigma-Aldrich, MO, USA) in Tris-buffered 
saline (##1610716, Bio-Rad, CA, USA) containing 0.05% 
Tween-20 (##9005-64-5, Sigma-Aldrich, MO, USA) 
(TBST) for 1 h at room temperature. Subsequently, mem-
branes were incubated overnight at 4 °C with the respec-
tive primary antibodies diluted in a blocking solution 
(Table 1).

Following overnight incubation, membranes were 
washed three times with TBST and then incubated with 
secondary antibodies diluted in a blocking solution for 
1  h at room temperature. Protein bands were detected 
using SuperSignal TM West Pico PLUS Chemilumines-
cent substrate kit (##77-86-1, Thermo Scientific, ON, 
CA) and images were obtained using the ChemiDoc XRS 
Imaging System. After image background adjustment, 
protein levels were determined by calculating the che-
miluminescent bands’ volume density using ImageJ soft-
ware (National Institutes of Health). Statistical analysis of 
protein band intensities between groups was conducted 
using an unpaired t-test (**** p < 0.0001; *** p < 0.001; ** 
p < 0.005; *p < 0.05) after the normality test. Graphs were 
generated using GraphPad Prism version 8.1 software.

Quantitative real-time PCR (qPCR) analysis
Total RNA was extracted from cultured cells using the 
Illustra™ RNAspin Mini kit (GE Healthcare, Germany) 
following the manufacturer’s protocol. cDNA was syn-
thesized from 0.5 µg of total SuperScript™ III First-Strand 
Synthesis SuperMix™ (#18080400, Invitrogen, USA) and 
gene-specific primers designed by the CENTD group 
(Table  2). The qPCR assays were performed on the 
QuantStudio 3 FLEX Real-Time PCR system (#A23131, 
Life Technologies, USA) in an 8 µL reaction volume. 
Each reaction contained 4 µL of PowerUp™ SYBR Green 
Master Mix (#4385612, Applied Biosystems, USA) 2 µL 
of diluted cDNA (50 ng), and 2 µL of a mix containing 
gene-specific forward and reverse primers (400 nM). The 
standard thermal cycling conditions for all transcripts 

were as follows: an initial denaturation at 95 °C for 20 s, 
followed by 40 cycles of 95 °C for 1 s, 60 °C for 20 s, and 
1 cycle of 95 °C for 1 s. A post-PCR melt curve analysis 
was performed to assess amplification specificity. For 
analysis of the expression data, the gene expression data 
was captured and normalized by the expression level of 
the housekeeping gene GAPDH. The gene expression 
levels of different conditions were then compared by the 
nonparametric Mann–Whitney U-test using GraphPad 
Prism version 8.1 software, p-Values less than 0.05 were 
considered significant. The experiment was repeated 
three times to ensure reproducibility.

Results
Characterization of the chondrocyte phenotype at passage 
6 (P6) with mass spectrometry
To address potential concerns regarding chondrocyte 
dedifferentiation in monolayer culture, we performed 
an initial phenotypic characterization of the cells used 
in this study. qPCR and immunofluorescence analyses 
confirmed COL2 expression at P3 and P6, with fibro-
blasts serving as negative controls. Although COL2 levels 
declined and COL1 increased at P6, the continued pres-
ence of COL2 supports the retention of essential chon-
drocytic features. These results are shown in Figure S1 of 
the Supplementary File– Chondrocyte Phenotype.

To complement this characterization, we analyzed the 
raw mass spectrometry data using both MaxQuant and 
Proteome Discoverer. In both searches, we incorporated 
oxidized proline as a variable modification due to its 
established role in collagen structure. Including proline 
oxidation enabled confident identification of COL2A1 
using both softwares. Additionally, given that phenotypic 
identity relies on the combined expression of multiple 
markers, we identified additional chondrocyte-associated 
proteins in our proteomics datasets. Supporting tables 
including full details about the markers are provided in 
the Supplementary File - Chondrocyte Phenotype (Tables 
S1–S2). Detection of chondrocytic markers was further 
improved in Proteome Discoverer relative to MaxQuant, 
likely due to its more efficient utilization of MS/MS spec-
tra during peptide and protein identification (see the per-
centagens of MS/MS used for peptide identification by 
each software in the Supplementary File - Chondrocyte 
Phenotype, Tables S3–S4). Overall, these results support 
the chondrocyte-like phenotype of the cultured cells.

An overview of temporal proteomic changes induced by 
H2O2 in human chondrocytes
We identified and quantified 2918 protein groups in all 
samples, using MaxQuant and considering an FDR of 1% 
at the peptide and protein levels (the number of proteins 
identified and quantified per sample are shown in Addi-
tional file 1; Figure S1A). The measurement of protein 



Page 7 of 21Toledo et al. Cell Communication and Signaling          (2025) 23:282 

abundance exhibited high reproducibility, with correla-
tion coefficients exceeding 0.9 within replicates of the 
same group (Additional file 1; Figure S1B). To ensure 
the quality of the quantitative dataset, all missing values 
inherent in data-dependent acquisition proteomics data-
sets were filtered out before statistical analysis. Principal 
component analysis demonstrated homogeneity between 
replicates and heterogeneity between time points (Addi-
tional file 1; Figure S1C).

Investigation of general patterns of time-dependent 
alterations in protein abundance using the Timecourse 
and RolDE R packages [36, 37] showed 39 proteins with 
significantly altered levels over time. Unsupervised 

hierarchical clustering of these proteins revealed two 
main clusters of differentially regulated proteins (Fig. 1A). 
Detailed time-dependent alterations in abundance for 
the most significantly regulated proteins are presented 
in Fig.  1B, highlighting the change in protein dynam-
ics over time, particularly for those associated with the 
response to redox imbalance (e.g., PRDX5, GSTP1, and 
SOD2). The complete list of significantly altered proteins, 
along with enriched pathways and cellular components is 
shown in Additional file 2; Table S1.

Next, we conducted an enrichment analysis based on 
Reactome terms for the significantly modulated proteins 
to systematically evaluate the biological implications of 

Fig. 1  Time-dependent alterations in protein abundance triggered by 100 µM of hydrogen peroxide in human chondrocytes. A. Hierarchical clustering 
of time-dependent alterations (p-value < 0.05) in NHAC-Kn cells after exposure to hydrogen peroxide (n = 3). The color gradient represents z-scored fold 
changes and columns represent replicates of the different time points. B and C. Enrichment analysis based on Reactome and Gene Ontology (GO; Cellular 
Component) terms, respectively, for the differentially modulated proteins displayed in the hierarchical clustering analysis. The bar plot shows the 7 most 
enriched Reactome pathways and GO terms and their respective FDRs. D. Line plots of the log2 LFQ intensities of proteins showing time-dependent 
alterations in treated samples relative to controls (n = 3, top 10 proteins with the lowest p-values). LFQ, label-free quantification
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the observed changes. The analysis revealed that the most 
enriched pathways were associated with the immune sys-
tem, encompassing terms such as “Neutrophil degranu-
lation”, “Innate immune system”, and “Interleukin-12 
Family Signaling” (the seven most enriched processes 
are shown in Fig.  1C as an example). Proteins associ-
ated with these processes predominantly included those 
involved in the redox response (e.g., GSTP1, TXNDC5, 
PRDX6, and SOD2), which reflects the cellular response 

typically triggered by H2O2 treatment [43]. We also iden-
tified PPIA upregulated over shorter time-points (1 h and 
4 h) and downregulated at 16 h, a protein more directly 
associated with inflammation, upon oxidative stress this 
protein is secreted via vesicular pathways mediated by 
cytoskeleton remodeling, contributing to proinflamma-
tory signaling [44, 45]. Additionally, enrichment analysis 
based on GO terms related to subcellular localization 
confirmed that the significantly regulated proteins were 

Fig. 2  Gene expression analysis in chondrocyte monolayer cells stimulated by H2O2 using quantitative real-time PCR (qPCR). A, B, and C. Bar plot shows 
a differential expression of ECM genes, including collagen (COL1A and COL2A), aggrecan (ACAN), matrix metalloproteinase (MMP1, MMP13, and ADMTS4), 
and cytokines (IL6, IL11, and IL18). GAPDH was used as an endogenous control. Data are expressed as the mean ± SD from three independent experiments; 
* p < 0.05, compared with the control group (without stimulation by H2O2)
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enriched in secreted structures and focal adhesion com-
ponents (Fig. 1D).

H2O2 alters cellular metabolism and the production of ECM 
in chondrocytes
In healthy cartilages, the balance between ECM produc-
tion and breakdown is tightly controlled [46]. Both col-
lagen and aggrecan (ACAN) are key components of the 
ECM and hallmarks of chondrocyte phenotype. In this 
study, we observed a significant decrease in the expres-
sion of ACAN after 1 h of H2O2 stimulation, while that 
of collagen type II alpha (COL2A) showed no significant 

alteration (Fig. 2A). Furthermore, the expression levels of 
MMP1, MMP13, and ADAMTS4 showed no alterations 
(Fig.  2B). This finding indicated that H2O2 can induce 
ACAN degradation, as previously reported [47], but 
does not influence the expression of MMPs, suggesting 
that ECM degradation by proteolytic activity might not 
be directly dependent on H2O2-induced oxidative stress. 
Therefore, we assessed the effects of H2O2 exposure on 
the expression of pro-inflammatory cytokines, such as 
IL-6, IL-11, and IL-18. The results revealed significant 
increases in the expression of all three cytokines after 
1 h of exposure to H2O2 (Fig. 2C), an inflammatory effect 

Fig. 3  Time point-specific changes in protein levels triggered by hydrogen peroxide in human chondrocytes. A, B, and C. Volcano plots showing dif-
ferentially abundant proteins in NHAC-Kn cells after treatment with 100 µM of hydrogen peroxide for 1, 4, and 16 h, respectively (ncontrol = 3, nH2O2 = 5). 
Significantly up- and downregulated proteins are highlighted in red and blue, respectively. Significance was defined by Perseus software with an FDR 
value of 0.05 and S0 = 0.1. Labels displaying gene names are shown for proteins with the highest fold changes. D and E. Enrichment analysis based on Re-
actome and GO (Cellular Component) terms, respectively, for the down-regulated proteins 16 h post-exposure to hydrogen peroxide. The bar plot shows 
the 7 most enriched Reactome pathways and GO components, as well as their respective FDRs. F and G. Enrichment analysis based on Reactome and GO 
(Cellular Component) terms for the up-regulated proteins 16 h post-exposure to hydrogen peroxide. The bar plot shows the 7 most enriched Reactome 
pathways and GO components, as well as their respective FDRs
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Fig. 4 (See legend on next page.)
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that is not typically observed at later time points follow-
ing hydrogen peroxide exposure [1]. Instead, inflamma-
tory mediators have been described to induce metabolic 
stress in chondrocytes [48].

To gain a more detailed understanding of the pro-
teome remodeling induced by H2O2 in chondrocytes, we 
investigated changes in protein levels that were specific 
to each time point. Analysis of the protein abundances 
between treated samples and controls (FDR-corrected 
p-value < 0.05; S0 parameter = 0.1) revealed no signifi-
cant changes in cells lysed 1  h after exposure to H2O2 
(Fig.  3A). However, at 4  h post-exposure, three pro-
teins — PCK2, SERPINE2, and IGFBP3 — were signifi-
cantly downregulated (Fig.  3B). A more extensive effect 
was observed at 16  h post-exposure, with 54 proteins 
upregulated and 79 proteins downregulated (Fig. 3C). A 
complete list of these significantly altered proteins, along 
with their enriched pathways and cellular components, is 
shown in Additional file 3; Table S2.

Enrichment analysis of the altered proteins revealed 
that the downregulated proteins were associated with 
Reactome terms such as “metabolism”, “innate immune 
system”, “neutrophil degranulation”, and “gluconeogen-
esis” (Fig.  3D), corroborating the previously observed 
roles of altered metabolism and immune response in 
H2O2-exposed chondrocytes. The proteins enriched for 
immune-related pathways included metabolic and redox-
responsive enzymes (PRDX5, GSTP1, ALDOC, PYGB, 
and PYGL) as well as cytoskeletal proteins (CNN2, 
CNN3, VCL, and CAPN1). Additionally, LGALS3 
and HMGB1, directly related to acute inflammatory 
responses [49, 50], were also present in this subset. GO 
term enrichment analysis for the downregulated proteins 
revealed changes in cellular junctions, focal adhesion, 
and secretory granules (Fig. 3E).

Conversely, the upregulated proteins were enriched 
for pathways related to “ECM organization” and “elastic 
fiber formation”, reinforcing the role of H2O2 in modulat-
ing ECM components (Fig.  3F). This subset of proteins 
included well-known ECM proteins (FBN1 and FN1), and 
ECM modulators (LOX and ADAMTS1). Moreover, BSG 
and CD44 were also identified in this subset. BSG func-
tions as a receptor for PPIA [51], identified as responsive 
to H2O2 in the time-series analysis, while CD44 promotes 
chondrocyte adhesion to ECM components and actin-
mediated cytoskeleton reorganization [52, 53].

Furthermore, we explored a network of significantly 
modulated proteins related to the cytoskeleton, cell sur-
face signaling, and adhesion (Fig.  4). These processes 
were significantly enriched in both our time-series and 
time-point-specific analyses, including terms such as 
‘Cell-substrate junction,’ and ‘Focal Adhesion’.

To investigate whether the changes in cytoskeletal 
proteins affecting plasma membrane interactions led to 
morphological alterations, we conducted immunofluo-
rescence assays using fibronectin, vinculin, and vimentin 
(Fig. 4). Fibronectin levels were elevated in treated cells 
compared to controls, consistently with our proteomics 
findings. Although proteomics indicated differential reg-
ulation of vimentin, immunofluorescence intensity quan-
tification did not show statistical significance between 
control and treated conditions (p = 0.0529) (Fig.  4). This 
may be due to the low statistical power of the nonpara-
metric test used for the immunofluorescence dataset, 
indicating that experiments with a larger number of 
patients are needed to elucidate the role of this specific 
protein in this context.

Additionally, β-Catenin was stained to delineate the 
plasma membrane (Additional file 4; Figure S2). How-
ever, analysis of cell area, perimeter, and eccentricity 
revealed no significant differences between control and 
H2O2-treated cells, suggesting that the observed cyto-
skeletal changes might not manifest in broad morpho-
logical alterations.

The upregulated proteins were also enriched for terms 
like “cargo concentration in the ER”, “integrin cell sur-
face interactions”, “metabolism of proteins”, and “post-
translational phosphorylation of proteins”, suggesting 
distinctive changes in proteostasis, ER function, and cell 
surface signaling 16 h post-H2O2 exposure Furthermore, 
GO enrichment analysis confirmed that the upregulated 
proteins were primarily associated with the ECM and the 
ER (Fig. 3G).

ER is the main organelle affected by H2O2 in chondrocytes
Given that chondrocytes, as secreting cells, are par-
ticularly susceptible to ER stress [54], we conducted a 
STRING network analysis to examine proteins modu-
lated by H₂O₂ that are associated with the ER according 
to GO. Our analysis identified stress-responsive pro-
teins, such as TXNDC5, CALU, CANX, ERP44, PARK7, 
and CAPN2 in this set (Fig.  5A). These proteins have 
been implicated in the response to protein unfolding/

(See figure on previous page.)
Fig. 4  Hydrogen peroxide contributes to cytoskeleton remodeling in human chondrocytes. Immunofluorescence of chondrocytes was used to visualize 
morphology aspects after H2O2 treatment. A. Image of chondrocytes stained with DNA probe DAPI to visualize nuclei (blue) and Alexa fluor 488 second-
ary antibody to visualize Fibronectin (green). Scale bar 100 μm. B. Image of chondrocytes stained with DNA probe DAPI to visualize nuclei (blue) and Alexa 
fluor 488 secondary antibody to visualize Vinculin (green). Scale bar 100 μm. C. Image of chondrocytes stained with DNA probe DAPI to visualize nuclei 
(blue) and Alexa fluor 488 secondary antibody to visualize Vimentin (green). Scale bar 100 μm. D. String network displaying protein-protein interactions 
between cytoskeleton proteins with altered fold changes across time or differential abundance between biological conditions at specific time points. The 
selection of cytoskeleton and cell adhesion proteins was based on GO annotation



Page 12 of 21Toledo et al. Cell Communication and Signaling          (2025) 23:282 

misfolding during oxidative stress [55]. Changes in com-
ponents of the ER-Golgi intermediate compartment 
(ERGIC) region, such as LMAN1 and LMAN2, as well 
as ER transport vesicles, including TMED2, TMED9, 
and TMED10, were also detected. Additionally, a clus-
ter of extracellular proteins secreted through conven-
tional and unconventional mechanisms, including FN1, 
FBN1, IGFBP3, and TNC, was identified. This cluster is 

connected to the network through interactions with BSG 
and MAPK1, a signaling kinase responsive to oxidative 
stress [56].

Parca et al. [40]. conducted a comprehensive analy-
sis of multiple proteomics datasets and demonstrated 
that proteins associated with specific subcellular com-
partments collectively change abundance when a given 
biological condition induces morphological alterations 

Fig. 5  Hydrogen peroxide leads to ER stress in human chondrocytes. (A) Compartment-specific proteomic analysis of the log2 fold changes in hydrogen 
peroxide-treated NHAC-Kn cells relative to controls. Proteins were assigned to their respective compartments according to GO-terms and each compart-
ment was tested for difference against the whole proteome (Wilcoxon rank sum test with 5% FDR correction). The y-axis displays − log10Adjusted p-value 
and the x-axis shows the mean log2 fold change shift. (B) Box plots showing the distributions of fold changes across different subcellular compartments. 
The fold changes were utilized for the compartment-specific proteomic analysis. (C) STRING network displaying protein-protein interactions between ER 
proteins with altered fold changes across time or differential abundance between biological conditions at specific time points. The selection of ER pro-
teins was based on GO annotation on the STRING website. (D) Bar plots represent the densitometric quantification of Western blot bands for Calreticulin. 
Protein levels were normalized to the corresponding loading control (alpha Tubulin) and are expressed as arbitrary units in each group (ncontrol = 3, n 
H2O2 = 3). Data are presented as mean ± SD from three independent experiments. Statistical significance was assessed using an unpaired student’s t-test, 
where p < 0.05 was considered significant. Significant differences between control and treated groups are indicated by asterisks (*p < 0.05, **p < 0.01). (E) 
Gene expression profiles of sialyltransferases ST3Gal1 and ST6Gal1 were determined after 1–16 h of incubation in the presence or absence of hydrogen 
peroxide. Data are represented as mean ± SD from three independent experiments and asterisks indicate significant differences between groups (p < 0.05)
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in the corresponding organelles. To complement the 
enrichment and STRING analysis, we used the statistical 
framework of Parca et al., specifically designed to iden-
tify global changes in subcellular proteomes of cells [40]. 
Using the framework, we assigned cellular localization to 
each quantified protein in the dataset through GO anno-
tations and compared the fold changes of proteins within 
each subcellular compartment to those of the entire 
proteome.

A statistically significant shift was identified only 
in the ER proteome relative to all proteins 16  h post-
H₂O₂ treatment, showing a log2FC mean shift of 0.07 
with an adjusted p-value of 9.6 × 10− 6 (calculated using 
Student’s t-test; Fig.  5A). The global log2FC distribu-
tions for each subcellular compartment in our dataset 
are shown in Fig. 5B. These findings corroborate earlier 
observations that the delayed response of chondrocytes 
to H2O2 involves the upregulation of proteins enriched 

in pathways like “cargo concentration in the ER,” high-
lighting the role of H2O2 in perturbing ER function in 
chondrocytes.

To further analyze the role of the ER in the cellular 
response to H2O2, we performed western blot analyses 
to assess canonical oxidative stress markers and ER stress 
sensors. Since the degradative functions of lysosomes 
and the proteasome are crucial for managing ER stress by 
eliminating unfolded or aggregated proteins [57–59], we 
examined the levels of BiP, CATL, CATB, LAMP2, and 
ubiquitin.

We did not observe significant changes in ubiquitin 
levels, though there were alterations in the levels of a 
specific ubiquitin substrate (Additional file 5; Figure S3). 
For calreticulin, a key mediator of oxidative stress in the 
ER [60], we observed a subtle and significant change in 
abundance as early as 1  h post-H2O2 exposure. CALR 
was well detected in our proteomic analysis but did not 
exhibit significant differential abundance between the 

Fig. 6  Alterations in secretome composition resulted from the hydrogen peroxide-triggered intracellular changes in human chondrocytes. (A) Volcano 
plots displaying differentially abundant proteins in the conditioned medium of NHAC-Kn cells after treatment with 100 µM of hydrogen peroxide for 16 h 
(ncontrol = 3, nH2O2 = 4). Significantly up- and downregulated proteins are shown in red and blue, respectively. Significance was defined using the Perseus 
software with an FDR value of 0.05 and S0 = 0.1. Labels showing gene names are shown for proteins with the highest fold changes. (B) Enrichment analysis 
based on Reactome terms for proteins upregulated in the secretome of NHAC-Kn cells 16 h post-exposure to hydrogen peroxide. The bar plot shows the 
7 most enriched Reactome pathways and their respective FDRs. (C) Enrichment analysis based on Reactome terms for proteins downregulated in the 
secretome of NHAC-Kn cells 16 h post-exposure to hydrogen peroxide. The bar plot shows the 7 most enriched Reactome pathways and their respective 
FDRs. (D) Box plots of the log2 LFQ intensities of differentially abundant proteins (Student’s t-test, 0.05 FDR correction) in the secretome of hydrogen 
peroxide-treated NHAC-Kn cells
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two biological conditions. This may be due to the strin-
gent statistical thresholds required to control for false 
positive rates in proteomics experiments.

For BiP, CATL, CATB, and LAMP2, we only observed 
subtle changes in expression levels, with a tendency 
toward upregulation. However, statistical significance 
was not achieved for these proteins, aligning with our 
proteomics findings for these proteins. These results sug-
gest that while oxidative stress may induce subtle fluc-
tuations in canonical ER and lysosomal stress markers, 
alternative proteins identified in our network analysis 
may play a more prominent role.

We also explored whether ER stress induced by H₂O₂ 
affects glycosylation-related gene expression in chondro-
cytes, considering that glycosylation is dependent on ER-
Golgi function [61] and can be influenced by ER stress 
[62], which may modify cell surface proteins and inflam-
mation [63]. Our results showed alterations in ST3GAL1 
and ST6GAL1 expression at 16 and 1  h post-exposure, 
respectively. Altogether, these findings indicate that oxi-
dative stress modulates specific ER-associated pathways 
in chondrocytes.

Intracellular alterations triggered by H2O2 in chondrocytes 
result in modified protein secretion
Recognizing the established role of chondrocytes as 
secretory cells, along with our observation of ER stress 
and altered production of extracellular proteins by chon-
drocytes over time, we conducted a chondrocyte secre-
tome analysis to elucidate the effect of H2O2 on protein 
secretion.

In total, we identified and quantified 1458 protein 
groups in the conditioned medium of chondrocytes. The 
number of proteins identified and quantified per sample 
was generally higher in H2O2-treated samples compared 
to controls (Additional file 6; Figure S4A). The correlo-
gram indicated high reproducibility, with Pearson cor-
relation coefficients exceeding 0.9 when compared with 
samples from the same condition (Additional file 6; 
Figure S4B). In contrast, low Pearson correlation coef-
ficients (0.2–0.4) were observed in comparison samples 
from different biological conditions, indicating substan-
tial changes in secretome composition between biologi-
cal conditions. The principal component analysis further 
confirmed this, showing a clear separation of samples 
from distinct conditions (Additional file 6; Figure S4C).

A total of 166 proteins were quantified across all sam-
ples, excluding missing values. Of these, 84 were anno-
tated as “secreted” in Uniprot, while 156 were annotated 
as “extracellular” in GO. After 16 h H2O2 treatment, 117 
proteins exhibited significant changes in secretion—53 
were downregulated and 64 were upregulated (Student’s 
t-test, adjusted p-value < 0.05, S0 = 0.1; Fig. 6A).

Upregulated proteins were enriched in Reactome terms 
such as “neutrophil degranulation” and “immune system” 
(Fig.  6B). Conversely, downregulated proteins exhibited 
significant enrichment in terms related to ECM dynam-
ics, including “ECM organization” and “ECM proteogly-
cans” (Fig. 6C).

The upregulated proteins included cytoskeletal com-
ponents (VCL, ACTG1, TUBB4B, SPTAN1, FASCN1), 
and redox-responsive proteins and chaperones (GSTP1, 
HSPA1B, HSPA8, HSP90B1, TXNDC5). Proteins 
more directly associated with inflammation, including 
LGALS1, LGALS3, PPIA, and ANXA1, were also upregu-
lated (Fig. 6D). Moreover, multiple subunits of the 14-3-3 
protein were upregulated in the secretome and associated 
with pathways such as “SARS-CoV-2 Targets Host Intra-
cellular Signaling and Regulatory Pathways” and “Trans-
location of SLC2A4 (GLUT4) to Plasma Membrane”. A 
specific 14-3-3 subunit (YWHAE) has been implicated as 
an alarmin in extracellular environments and is known to 
sustain OA inflammation [64].

The downregulated proteins included inhibitors of 
metalloproteinases (TIMP1 and TIMP2), and ECM pro-
tein modifiers (LOX, PCOLCE, QSOX1). Several struc-
tural ECM components such as fibronectin, aggrecan, 
decorin, lumican, osteonectin, fibromodulin, and fibu-
lin-1 were also downregulated in response to H2O2 expo-
sure (Fig. 6D). Additionally, proteins associated with the 
“Regulation of IGF transport”, including multiple insulin-
like growth factors binding proteins (IGFBP6, IGFBP4, 
IGFBP3, IGFBP5, and IGFBP7) were consistently 
downregulated.

Even though collagen II was not consistently identi-
fied in our proteomics dataset, qPCR data showed that 
its expression was maintained despite monolayer cul-
ture and H2O2 stimulation (Supplementary File - Chon-
drocyte Phenotype). Meanwhile, proteomics showed the 
downregulation of subunits from collagens I, III, V, and 
XII. The complete list of significantly altered proteins, 
along with their enriched pathways and cellular compo-
nents, is shown in Additional file 7; Table S3.

A total of 115 proteins were detected both in our intra-
cellular and extracellular proteomics analysis. A nega-
tive correlation (r² = -0.44, p-value < 0.001) was observed 
between the fold changes in these datasets (Fig.  7A). 
Proteins exhibiting decreased intracellular abundance 
(fold-changes [FC] < 1) but increased secretion (FC > 1) 
suggest a depletion within the chondrocytes, likely due to 
active secretion. Conversely, proteins that accumulated 
intracellularly (FC > 1) but showed decreased secretion 
(FC < 1), indicated potential intracellular accumulation 
of unfolded or misfolded proteins, aligning with the 
observed ER stress. These findings also suggest that the 
potential moonlighting functions of certain proteins 
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inside and outside cells result in their differential regula-
tion in these microenvironments [65].

To further explore these patterns, we conducted an 
enrichment analysis on two protein subsets: those that 
accumulated intracellularly (Proteome FC > 1 and Sec-
retome FC < 1) and those efficiently secreted (Proteome 
FC < 1 and Secretome FC > 1). A detailed list of these pro-
teins is provided in Additional file 8; Table S4. Proteins 
that accumulated intracellularly were enriched for ECM 
and ER (Fig.  7B), consistent with impairments in secre-
tion due to ER stress. Specifically, 16 out of 28 proteins 
were classified as part of the ER in the GO database. In 
contrast, proteins that were efficiently secreted were sig-
nificantly enriched for “Cell-substrate Junction”, “Focal 
Adhesion” and “Secretory Granule Lumen” (Fig. 7C).

Additionally, we examined whether proteins from these 
two subsets contained signal peptides indicative of con-
ventional secretion through the ER and Golgi. Most of 

the proteins that accumulated intracellularly contained 
a signal peptide, according to UniProt (Fig.  7D). More-
over, a high likelihood of containing a signal peptide tar-
geting them to the extracellular environment was also 
identified using SignalP [41] (Fig.  7D). Conversely, both 
the UniProt and SignalP analyses revealed that most pro-
teins that were efficiently secreted lacked a signal peptide 
(Fig.  7E), suggesting potential unconventional secretion 
mechanisms.

Discussion
In this study, we conducted a comprehensive proteomic 
analysis to elucidate the molecular responses of chon-
drocytes to H2O2-induced oxidative stress, revealing 
the temporal dynamics of proteome remodeling. A pre-
vious study examining proteome changes in chondro-
cytes exposed to H2O2 identified only 13 differentially 
regulated proteins [25]. However, this study employed 

Fig. 7  Secretome analysis suggests a negative correlation between the fold changes of intracellular and extracellular proteins. (A) Correlation analysis be-
tween proteome and secretome fold changes for proteins detected and quantified in both datasets. The color of each data point represents the p-value 
of secreted protein changes compared with the control and H₂O₂-treated samples, as indicated by the color gradient. (B) GO term enrichment analysis 
for proteins with a proteome FC > 1 and a secretome FC < 1. The bar plot shows the top seven enriched terms along with their respective FDRs. (C) Enrich-
ment analysis based on GO terms for proteins found to have a proteome FC < 1 and a secretome FC > 1. The bar plot shows the 7 most enriched terms as 
well as their respective FDRs. (D) Pie charts representing the proportion of proteins with a proteome FC > 1 and a secretome FC < 1 that contain a signal 
peptide according to Uniprot and the likelihood of containing a signal peptide based on SignalP predictions. (E) Pie charts representing the proportion 
of proteins with a proteome FC < 1 and a secretome FC > 1 that contain a signal peptide according to Uniprot and the likelihood of containing a signal 
peptide based on SignalP predictions
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two-dimensional gel electrophoresis (2DE), a tech-
nique with known limitations, including low sensitivity, 
restricted dynamic range, and gel-to-gel variability. The 
previous study primarily focused on the apoptotic effects 
of H2O2 and the protective role of hyaluronic acid. In 
contrast, our study broadens the scope by highlighting 
key changes in ER function, immune responses, cytoskel-
etal organization, and protein secretion that were further 
explored by western blotting, qPCR, and immunofluo-
rescence. These findings offer a detailed characterization 
of cellular responses to oxidative stress, enhancing our 
understanding of H2O2-mediated damage.

The focus of this study was a time-dependent analysis 
of oxidative stress in human chondrocytes, combined 
with secretome characterization. To enable the simulta-
neous study of both the secretome and proteome, which 
required substantial amounts of cellular material, we 
opted for a monolayer cell culture strategy using pas-
sage 6 chondrocytes. However, this approach is known 
to lead to partial loss of the native phenotype of these 
cells, particularly when the cells are cultured in matrix-
free cultures, as described by von der Mark et al. [66]. 
This process likely occurs because chondrocytes are 
sensitive and responsive to mechanical cues from their 
native ECM microenvironment in articular cartilage. 
Alternative strategies, such as matrix-mimicking sys-
tems or spheroid cell culture models using low-passage 
chondrocytes, which better replicate physiological condi-
tions, could provide new insights into their response to 
oxidative stress, and offer advantages for studying ECM 
dynamics. Additionally, expanding the cohort of patients 
in terms of gender, age, and cell source would increase 
the genetic background, potentially revealing a broader 
range of responses. In this study, despite the limitations 
described, our observations highlight significant pro-
teomic changes in chondrocytes under oxidative stress, 
including ER dysfunction and impaired ECM protein 
secretion, offering a deeper understanding of how redox 
imbalances affect chondrocyte function.

Despite this partial loss of native phenotype associ-
ated with extended in vitro culture, there is a growing 
interest in the use of higher-passage chondrocytes for 
cartilage tissue engineering [67, 68]. Therefore, we con-
ducted a thorough characterization of the chondrocyte 
phenotype and demonstrated that cells at P6, although 
exhibiting reduced levels of COL2 compared to P3, still 
produce considerable levels of this protein relative to a 
fibroblastic negative control. Moreover, other important 
chondrocyte-specific proteins, such as Cartilage Oligo-
meric Matrix Protein, Aggrecan and Cartilage-associated 
Protein, are produced and secreted at significant levels 
by chondrocytes at P6. These findings provide further 
insights into the behavior of cultured chondrocytes and 
support our subsequent analysis.

When comparing unstimulated and hydrogen perox-
ide-exposed chondrocytes, our protein interaction net-
work revealed altered levels of actin-binding proteins and 
those regulating interactions between actin filaments and 
the plasma membrane, as well as between cells and the 
ECM. Also, both proteomics and immunofluorescence 
analysis showed differential regulation for fibronectin 
16  h after exposure to H2O2. Despite no broad altera-
tions in cellular morphology, the changes in protein lev-
els could still be part of the cellular response to oxidative 
stress [69, 70].

For instance, protein disulfide isomerase (PDI) defi-
ciency, which induces misfolding stress in the ER, has 
been linked to disruptions in focal adhesions and cyto-
skeleton organization, particularly through the downreg-
ulation of MSN and CNN3 [70] — both of which were 
observed to be downregulated in our proteomic analysis. 
Additionally, changes in cell surface protein glycosyl-
ation, such as reduced sialylation and increased galec-
tin-3 binding, are known to increase cytokine release in 
rheumatic diseases, linking cell surface alterations and 
inflammation [63].

Chondrocytes are subject to metabolic stresses, includ-
ing oxidative stress, due to low oxygen levels and limited 
nutrient availability [71]. These conditions lead to the 
accumulation of misfolded proteins and activation of the 
unfolded protein response (UPR) [9], impairing protein 
synthesis and increasing chaperone production [72]. The 
buildup of mutant ECM proteins in the ER further dis-
rupts chondrocyte function and contributes to OA pro-
gression [73]. Given that a substantial portion of proteins 
are secreted or transported from the ER to other organ-
elles, maintaining ER function is crucial for proper pro-
tein secretion [74]. Impaired ER-associated degradation 
can lead to cartilage damage similar to OA pathology 
in mice, primarily due to the abnormal accumulation of 
ECM proteins [75].

Our proteomic analysis highlights the ER as a key tar-
get of oxidative stress in chondrocytes exposed to H2O2. 
We observed significant changes in ER-associated pro-
teins, including redox-responsive enzymes and chap-
erones (e.g., TXNDC5, CALU, CANX, ERP44, and 
PARK7). Additionally, alterations in proteins involved in 
ER and ERGIC vesicles (e.g., TMED2, TMED9, TMED10, 
LMAN1, and LMAN2) suggest disruptions in protein 
trafficking and secretion. The secretome analysis corrob-
orated these findings, showing intracellular accumulation 
of ER proteins, consistent with markers of ER stress.

We further explored the induction of ER stress by mea-
suring additional ER stress markers such as calreticulin, 
using Western blotting. Calreticulin and PDI, in par-
ticular, have been associated with the misfolded protein 
accumulation in the ER and oxidative stress [60]. While 
we observed subtle fluctuations in canonical ER and 
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lysosomal stress markers, in principle H2O2 does not 
seem to lead to a robust activation of these pathways in 
chondrocytes. Instead, alternative proteins associated 
with protein trafficking, secretion and folding identified 
in our network analysis may play a more prominent role.

Importantly, signs of ER dysfunction identified in our 
proteomics dataset might contribute to broader changes 
in cellular function, as suggested by previous studies on 
glycosylation changes in chondrocytes under inflamma-
tory stimuli, particularly involving sialic acids. Our gene 
expression analysis of sialyltransferases, ST3GAL1 and 
ST6GAL1, along with our secretome data, further cor-
roborated these findings [76–78].

Our temporal and time-point-specific proteomic analy-
sis revealed that chondrocytes exposed to H2O2 modulate 
the production of ECM proteins and immune media-
tors. In terms of ECM protein production, we observed 
upregulation of proteins associated with OA progres-
sion, such as LOX, which is known to drive a catabolic 
shift in chondrocytes and promote cartilage degeneration 
[79]. Similarly, we observed the intracellular upregulation 
of ADAMTS1 in chondrocytes 16  h post-exposure to 
H2O2. ADAMTS1 is upregulated in OA cartilage, which 
promotes the degradation of ACAN [80]. Additionally, 
CD44, another upregulated protein, is involved in regu-
lating chondrocyte dedifferentiation under mechanical 
stress [52].

The secretome analysis revealed a negative regulation 
of proteins essential for maintaining healthy cartilage. 
For example, ECM proteins crucial for cartilage structure 
and maintenance, such as ACAN, DCN, HSPG2, BGN, 
and FBLN1 were downregulated in the conditioned 
medium of H2O2-treated cells compared to those in con-
trol cells. This finding is consistent with previous stud-
ies reporting the downregulation of ACAN and COL2A 
following H2O2 exposure [81, 82]. Further contributing 
to the context of ECM remodeling, TIMP1 and TIMP2, 
key inhibitors of MMPs, were also downregulated in the 
secretome of stressed cells. The downregulation of these 
proteins has been associated with OA progression [83]. 
H2O2 has previously been shown to reduce TIMP1 and 
TIMP3 expression [81].

SPARC, crucial for ECM homeostasis due to its cal-
cium richness and interaction with collagen [84], was 
downregulated in the secretome of stressed cells. 
Reduced SPARC secretion has been linked to collagen 
instability and cartilage weakening [84]. Interestingly, low 
SPARC secretion has been observed in LRP1 knockdown 
models, which are associated with the progression of OA 
and rheumatoid arthritis [85]. Our study revealed nega-
tive regulation of LRP1-binding proteins (e.g., TIMP2, 
FN1, SERPINE2, MMP2, DCN, C1S, C1R, and CTSD) in 
chondrocytes exposed to H2O2, corroborating findings 
from LRP1 knockdown models [85], except for PSAP, 

which was downregulated in our study but upregulated 
in LRP1 knockdown models.

In terms of the immune response, our secretome analy-
sis revealed enrichment of immune-related pathways 
under oxidative stress, with qPCR confirming increased 
expression of inflammatory mediators IL-6, IL-11, and 
IL-18 shortly after H2O2 treatment. While previous stud-
ies have not observed enhanced NF-κB activation or 
IL-6 production in chondrocytes at later time points [1, 
28], our proteomic data reveal immune pathway enrich-
ment 16  h post-treatment, suggesting the involvement 
of alternative inflammatory mediators. Our temporal 
analysis revealed the upregulation of PPIA, a key pro-
tein associated with inflammation. PPIA is known to be 
secreted under oxidative stress by endothelial cells, acti-
vating pro-inflammatory signaling pathways [86]. Fur-
thermore, PPIA was also upregulated in the secretome 
of H2O2-exposed chondrocytes and a receptor for this 
protein (BSG) was upregulated at 16 h post-exposure to 
stress [87]. In addition, other proteins such as ANXA1, 
HMGB1, MIF, YWHAE, and LGALS3 emerge as poten-
tial mediators influencing the impact of oxidative stress 
on pro-inflammatory signaling in chondrocytes. A few 
of these proteins, such as HMGB1, MIF, ANXA1, and 
LGALS3 are secreted via unconventional pathways [88–
90], which may explain why their secretion remains unaf-
fected by ER stress.

Additionally, our data suggest a negative correlation 
between intracellular and extracellular protein FCs. This 
could reflect disruptions in the secretion of proteins that 
depend on the ER, as well as intracellular depletion of 
proteins secreted through alternative pathways. These 
findings emphasize the importance of studying intracel-
lular and extracellular protein dynamics to fully under-
stand how chondrocytes respond to oxidative stress.

Conclusions
In conclusion, our study elucidates the molecular 
responses of chondrocytes to H2O2-induced oxidative 
stress, highlighting the interconnected roles of ER stress, 
cytoskeletal remodeling, protein secretion, and immune 
response that are key factors associated with the pro-
gression of OA. This comprehensive analysis identifies 
pathways and regulatory mechanisms that contribute 
to the degradation of ECM integrity and the inflamma-
tory phenotype observed in stressed chondrocytes. Our 
findings reveal alterations in IL expression due to oxida-
tive stress over a short period (1 h), while MMPs remain 
unchanged during this timeframe. However, ER stress 
and secretome analysis demonstrated disruptions in 
ECM protein production and secretion, suggesting that 
oxidative stress impairs ECM homeostasis. This disrup-
tion may contribute to poor ECM recovery and exacer-
bate cartilage degeneration driven by inflammatory cues 
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in OA. Further investigations are warranted to elucidate 
the specific mechanisms underlying cytoskeleton remod-
eling and the role of oxidative stress in driving inflamma-
tion, particularly through alterations in glycosylation and 
galectin-mediated pathways. These insights could pave 
the way for novel therapeutic strategies aimed at mitigat-
ing oxidative damage and preserving chondrocyte func-
tion in OA.
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