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A B S T R A C T

The immunomodulatory, anti-inflammatory and regenerative properties of the human amniotic mesenchymal 
stromal cells (hAMSCs) secretome are acknowledged but the understanding of the specific bioactive components 
remains incomplete. To address these limitations, the present investigation aimed to profile the proteins and 
peptides content of the hAMSC secretome through sample pretreatment and fractionation on 10 kDa molecular 
cut-off FASP (Filter Aided Sample Preparation) device and LC-MS analysis. The filter retained protein fraction 
underwent trypsin digestion, while the unretained was collected unchanged for intact small proteins and pep-
tides analysis. This combined approach (C-FASP) collects in a single step two complementary fractions, ad-
vantageously saving sample volume and time of analysis. The bottom-up analysis of the C-FASP proteins fraction 
>10 kDa confirmed our previous findings, establishing a set of proteins consistently characterizing the hAMSC 
secretome. The analysis of the fraction <10 kDa, never been investigated to our knowledge, identified peptide 
fragments of thymosin beta 4 and beta 10, collagen alpha 1 chains I and III, alpha-enolase, and glyceraldehyde-3- 
phosphate dehydrogenase, involved in wound healing, anti-inflammatory response, tissue repair and regenera-
tion, key biological activities of the secretome. C-FASP provided a comprehensive molecular profile of the 
hAMSC secretome offering new insights for enhanced therapeutic applications in regenerative medicine.
Significance: In this investigation we originally present the comprehensive proteomic investigation of the human 
amniotic mesenchymal stromal cell secretome by combining the analysis of the proteome and of the peptidome 
following sample pretreatment and fractionation by Filter Aided Sample Preparation (FASP) with 10 kDa mo-
lecular cut-off in coupling with LC-MS analysis. The proteome fraction retained by FASP filter was analyzed after 
enzymatic digestion, while the unretained fraction, below 10 kDa molecular mass, was analyzed unchanged in its 
intact form. This dual approach provides novel insights, previously unexplored, into the molecular components 
potentially responsible for the immunomodulatory and anti-inflammatory properties of the hAMSC secretome. 
These findings could significantly enhance the therapeutic potential of hAMSCs in regenerative medicine.

1. Introduction

The secretome of human amniotic mesenchymal stromal cells 
(hAMSCs) is renowned for its immunomodulatory, anti-inflammatory, 
and regenerative properties [1]. However, our understanding of the 

specific contributing factors remains incomplete [2]. The unique char-
acteristics of hAMSCs are attributed to the secretion of several bioactive 
molecules, including growth factors, extracellular matrix proteins, 
remodeling enzymes, pro-inflammatory and anti-inflammatory cyto-
kines, chemokines, and angiogenic factors [1–5]. Despite their 
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acknowledged significance and previous proteomic investigations 
[6–9], studies focusing on the small proteins and peptides composition 
of the hAMSCs secretome have been not reported still, to the best of our 
knowledge, creating a gap in deciphering its complete proteomic profile.

Our study addresses this gap by integrating proteomic and peptido-
mic characterization of the hAMSCs secretome applying different 
analytical approaches to the proteome fractions obtained by Field Aided 
Sample Preparation (FASP) with 10 kDa filter molecular cut-off.

FASP is one commonly employed protocol for digesting protein 
mixtures [10,11]. This method utilizes molecular mass cut-off filter 
membranes for purifying, digesting, and concentrating the retained 
protein fraction, thereby enhancing analysis sensitivity. However, it 
simultaneously discards the protein fraction not retained by the filter. In 
a prior investigation [9], we successfully applied FASP to characterize 
the hAMSCs secretome's supernatant proteome fraction >10 kDa after 
digestion, potentially missing relevant information on small proteins 
and peptides in the fraction not retained by the filter.

A previous study [12] suggested that molecules influencing the 
immunomodulatory effect of the hAMSCs secretome reside in molecular 
mass fractions below 3 kDa and above 100 kDa. Notably, the fraction 
below 3 kDa was able to significantly inhibit T cell proliferation, 
prompting an extension of the proteomic investigation to a lower mo-
lecular mass range, an area that to the best of our knowledge is largely 
unexplored.

In pursuit of a comprehensive proteomic characterization of the 
hAMSCs secretome across the entire molecular mass range, we applied a 
modified FASP protocol. This modification enables the analysis of both 
the proteome and the peptidome of the hAMSCs secretome in one step. 
We termed this approach Combined-FASP (C-FASP) because it combines 
the preparation of the same sample aliquot for both proteomic analysis 
of the retained fraction using a bottom-up approach with trypsin 
digestion, and direct analysis of the unretained fraction for small pro-
teins and peptides in their intact form using a top-down approach. 
Moreover, the two fractions can be advantageously analyzed under the 
same LC-MS operative conditions because, after enzymatic digestion of 
the FASP supernatant, they share a similar molecular mass range, either 
characterized by proteolytic protein fragment (FASP filter retained 
fraction) or by naturally occurring peptides and small proteins (FASP 
filter unretained fraction). Therefore, C-FASP, by processing the same 
aliquot for both proteomic and peptidomic analyses, and eliminating the 
need for column changing and preconditioning, significantly reduces the 
total analysis time and conserves sample volume. Additionally, it en-
ables direct qualitative and quantitative comparison of the resulting 
proteo-peptidomic data, facilitating their integration in a single step. 
The LC-MS analysis across four hAMSCs secretome batches by C-FASP is 
illustrated in separate paragraphs describing the results of the proteome 
fractions analyzed with the proper analytical approach. It is noteworthy 
that, unlike the broad proteomic goal of maximizing protein identifi-
cations, our study aimed to identify the protein and peptide components 
that consistently characterize the hAMSC secretome and its biological 
activities. Consequently, the data were processed with stringent filters 
following the Human Proteome Project (HPP) Mass Spectrometry Data 
Interpretation Guidelines [13], to ensure high-confidence identifica-
tions, even though this approach significantly reduced the number of 
identified proteins and peptides.

2. Materials and methods

2.1. Preparation of hAMSCs secretome

Mesenchymal stromal cells from the amniotic membrane (hAMSC) 
were obtained as previously reported [14]. The study adhered to the 
principles of the Declaration of Helsinki, and informed consent was 
obtained following the guidelines outlined by the Brescia Provincial 
Ethics Committee (number NP 2243, 19/01/2016). hAMSCs were 
phenotypically characterized after isolation [14] and met the minimal 

criteria required for mesenchymal stromal cells (MSCs) [15,16]. 
hAMSCs at passage 1 were cultured for 5 days in 24-well plates (Corning, 
NY, USA) at a density of 5 × 105 cells/well in 0.5 mL of DMEM-F12 
medium (Sigma-Aldrich) without serum, supplemented with 2 mM L- 
glutamine (Sigma-Aldrich) and 1 % P/S, as described [14]. After culture, 
the cell conditioned medium (referred to as the hAMSCs secretome), was 
collected, centrifuged, filtered through a 0.2 μm sterile filter (Sartorius 
Stedim, Florence, Italy), and stored at − 80 ◦C. A 2500 μL aliquot was 
lyophilized, as previously reported. Each 2500 μL aliquot of secretome 
was obtained from 2.5 × 10^6 cells [17]. Four distinct pools (Pools I-IV) 
of hAMSCs secretomes were generated for this study. Pools I, II, and IV 
each consisted of secretomes from 4 different donors, and Pool III con-
sisted of secretomes from 7 donors. Each pool was validated for 
immunomodulatory activity, as detailed in [17].

2.2. Secretome sample processing and protein quantification

The different batches of 2500 μL lyophilized hAMSCs secretome 
(Pools I-IV) and three samples of 2500 μL cell free lyophilized culture 
medium used as control samples (CTRL 1–3), were solubilized in 250 μL 
of water (LC-MS grade) to obtain 10× concentrated samples and gently 
vortexed to allow resolubilization. Bradford protein assay (Bio-Rad 
Laboratories, Hercules, CA, USA) was used to measure the total protein 
content of the samples by means of a UV–Vis spectrophotometer (8453 
UV–Vis Supplies, Agilent Technologies, Waldbronn, Germany) using 
Bovine Serum Albumin (BSA) protein as reference.

2.3. Proteomic analysis

2.3.1. Chemicals
Iodoacetamide (IAA), D,L-dithiothreitol (DTT), ammonium bicar-

bonate (AMBIC), urea, Tris (hydroxymethyl) aminomethane and bovine 
serum albumin were from Sigma-Aldrich (St. Louis, MO, USA). Water, 
acetonitrile (ACN) and FASP centrifugal filter units Microcon 10, were 
from Merck (Darmstadt, Germany). All organic solvents were of LC-MS 
grade. Trypsin enzyme (Gold MS Grade) was from Promega (Madison, 
WI, USA). Formic acid (FA) (≥99 %, for LC-MS) was from VWR Chem-
icals (VWR International s.r.l., Milan, Italy). Protease inhibitor cocktail 
(PIC) was from Sigma-Aldrich (St. Louis, MO, USA).

2.3.2. Combined-FASP (C-FASP) sample pretreatment for proteomic 
analysis

C-FASP was performed by using centrifugal Microcon filter devices 
of 10 kDa molecular mass cut-off. With respect to the FASP protocol 
previously applied for hAMSCs secretome proteomic analysis [9] in C- 
FASP we introduced few modifications in order to collect the unretained 
filtrate free of urea for direct LC-MS analysis and characterization. 
Specifically, a secretome volume corresponding to a total protein con-
tent of 50 μg for each secretome pool was mixed with 0.1 % FA water 
solution (v/v), rather than urea buffer [9] up to reach the 200 μL loading 
volume, transferred to the filter device and centrifuged at 14000 ×g for 
15 min. The replacement of urea buffer loading solution with 0.1 % FA 
water solution allowed to collect the C-FASP filtrate for direct proteomic 
analysis of small proteins and peptides, avoiding further steps of pre-
cipitation and purification. The filtrate, representing the <10 kDa pro-
teome fraction, was compatible for intact form analysis, following a top- 
down approach, after the addition of the protease inhibitor (PIC) 1:20 
(v/v, of 20× concentrated solution). The C-FASP supernatant, repre-
senting the proteome fraction >10 kDa retained by the filter, underwent 
instead to enzymatic digestion by bottom-up approach, following the 
procedure previously applied [9] after repeated cycles of filter washing 
with urea buffer to ensure efficient filter reconditioning from FA loading 
solution to proceed with trypsin protein digestion after disulfide bonds 
reduction and alkylation.

Both the proteome fractions resulting from C-FASP protocol were 
lyophilized and redissolved in 50 μL volume of 0.1 % FA solution before 
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LC-MS analysis, thus making their quali- and quantitative proteomic 
data fully comparable. Furthermore, the two fractions, since they are 
characterized by a similar molecular mass range, make use of the same 
LC-MS operating conditions for their analysis both for the character-
ization of the tryptic digested peptides in the fraction retained with C- 
FASP and for the small proteins and peptides in their intact form in the 
C-FASP filtrate, advantageously avoiding long time procedures of col-
umn change and reconditioning procedures and saving the total analysis 
time. Fig. 1 summarizes the workflow applied following application of 
C-FASP protocol to hAMSCs secretome proteomic analysis.

2.3.3. LC-MS analysis
LC-MS analyses were performed for each hAMSCs secretome pool in 

triplicate runs on UltiMate 3000 RSLCnano System coupled to Orbitrap 
Elite MS detector with EASY-Spray nanoESI source (Thermo Fisher 
Scientific, Waltham, MA, USA). The instrumental operation and data 
acquisition were carried out with the Thermo Xcalibur 2.2 computer 
program (Thermo Fisher Scientific). Chromatographic separations were 
performed on PepMap C18 EASY-Spray column (2 μm particles, 100 Å 
pore size) 15 cm in length x 50 μm of internal diameter (i.d.) (Thermo 
Fisher Scientific). The column was coupled to an Acclaim PepMap100 
nano-trap cartridge (C18, 5 μm, 100 Å, 300 μm i.d. x 5 mm) (Thermo 
Fisher Scientific). Separation were performed at 40 ◦C in gradient 
elution using 0.1 % FA water solution as eluent A and ACN/FA solution 
(99.9:0.1, v/v) as eluent B as follows: (i) 5 % B (7 min), (ii) from 5 % to 
35 % B (113 min), (iii) from 35 % B to 99 % (2 min), (iv) 99 % B (3 min), 
(v) from 99 % to 1.6 % B (2 min), (vi) 1.6 % B (3 min), (vii) from 1.6 % to 
78 % B (3 min), (viii) 78 % B (3 min), (ix) from 78 % to 1.6 % B (3 min), 
(x) 1.6 % B (3 min), (xi) from 1.6 % to 78 % B (3 min), (xii) 78 % B (3 
min), (xiii) from 78 % B to 5 % B (2 min), (xiv) 5 % B (20 min). The 
mobile phase flow rate was 0.3 μL/min. The injection volume was 5 μL. 
The Orbitrap Elite instrument operated in positive mode of ionization at 
full scan resolution of 60,000 in 350–2000 m/z acquisition range, per-
forming MS/MS fragmentation by collision-induced dissociation (CID, 
35 % normalized collision energy) of the 20 most intense signals of each 
MS spectrum in Data-Dependent Scan (DDS) mode. The minimum signal 
was set to 500.0, the isolation width to 2 m/z and the default charge 
state to +2. MS/MS spectra acquisition was performed in the linear ion 
trap at normal scan rate. MS/MS spectra acquisition in top-down anal-
ysis was at resolution of 60,000 and isolation width to 5 m/z.

2.3.4. Data analysis
LC-MS data were elaborated by the Xcalibur apparatus management 

software (Xcalibur 2.0.7 SP1, Thermo Fisher Scientific), and the Prote-
ome Discoverer 1.4 software (version 1.4.1.14, Thermo Fisher 

Scientific) for protein characterization based on SEQUEST HT cluster as 
search engine against the Swiss-Prot Homo Sapiens proteome (UniProt 
knowledgebase Reviewed-Swiss-Prot, organism Homo sapiens, released 
in February 2022), and organism Bos Taurus (UniProt knowledgebase 
Reviewed-Swiss-Prot, organism Bos Taurus, released in April 2021) to 
identify proteins/peptides that may be present in the culture medium. 
The signal to noise ratio (S/N) threshold was set to 1.5. The set enzyme 
was trypsin with a maximum of 2 missed cleavage sites for LC-MS data 
elaboration obtained by bottom-up approach, while “no enzyme” was 
set for top-down analyses; minimum and maximum peptide length was 6 
and 144 residues, respectively. Mass tolerance was 10 ppm; fragment 
mass tolerance was 0.5 Da and 0.02 Da; use average precursor mass 
False. Methionine oxidation (+15.99 Da) and acetylation N-Terminus 
(+42.011 Da) were set as dynamic modifications. For bottom-up anal-
ysis the carbamidomethylation of cysteine (+57.02 Da) was additionally 
set as static modification. Protein and peptide identification was vali-
dated by means of a decoy database search and calculation of the False 
Discovery Rate (FDR) statistical value by the Percolator node in Prote-
ome Discoverer workflow by setting the FDR strict and relaxed target 
values at 0.01 and 0.05, respectively. Bottom-up identification results 
were filtered setting high confidence level of identification of at least 2 
rank 1 peptides per protein with a minimum length of 9 amino acid 
residues, according to the HPP Mass Spectrometry Data Interpretation 
Guidelines [13]. The data obtained from the analysis of the <10 kDa 
fraction in the intact form were filtered by setting high confidence level 
of identification and peptide rank 1. Gene ontology (GO) analysis and 
classification was performed by PANTHER tool [18], using Fisher's Exact 
test type with false discovery rate (FDR) correction, the Reactome tool 
[19], and The Human protein Atlas database [20,21]. Functional protein 
interaction networks were analyzed by means of STRING tool [22] and 
Cytoscape (version 3.10.2) [23]. Grouping analysis was performed by 
Venn diagram tool (https://bioinfogp.cnb.csic.es/tools/venny/index.ht 
ml) [24].

3. Results

3.1. Characterization of the hAMSCs secretome proteome fraction <10 
kDa

The proteome fraction unretained by the C-FASP filter was analyzed 
in its intact form. The molecular mass range of this fraction, below 10 
kDa, was in fact suitable for application of a top-down proteomic 
approach investigating small proteins and peptides without previous 
enzymatic digestion. This approach is particularly interesting for char-
acterizing isoforms and proteoforms of small proteins and peptides and 

Fig. 1. Workflow of proteomic analysis and data elaboration by applying the C-FASP protocol.
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to study and localize their post-translational modifications (PTMs).
The proteomic analysis of this fraction primarily focused on char-

acterizing the peptidome of the hAMSC secretome, although the iden-
tification of small proteins below 10 kDa cannot be excluded. The study 
of the peptidome is an intriguing area of research, although it is 
generally proteomics that often serves as the initial step in the explo-
ration of new biological matrices and materials. Beyond identifying 
endogenous peptides with relevant biological functions, peptidomic 
analysis includes the characterization of peptide fragments, referred to 
as the protein “fragmentome,” which are generated by the intra- or 
extracellular proteins degradation occurring in vivo. This process is 
strongly influenced by different physiological and pathological condi-
tions and aids in understanding specific protease activities and molec-
ular processes associated with various states. Additionally, this includes 
the fascinating class of cryptides [25], which are peptide fragments with 
unique biological activities distinct from those of their parent proteins. 
Another important objective of peptidomic analysis is the character-
ization of peptides derived from non-coding RNAs, which are under 
investigation for their functions, roles in disease, and therapeutic po-
tential [26,27].

The LC-MS analysis of the proteome fraction below 10 kDa of the 
hAMSC secretome, after data filtering for high confidence following the 
HPP Mass Spectrometry Data Interpretation Guidelines [13], identified 
43, 22, 38 and 114 protein uniprot accessions in Pool I-IV, respectively. 
Each accession corresponding to a variable number of naturally occur-
ring peptide fragments identified, 90, 39, 58 and 254, respectively (see 
Table S1 for identification data). Grouping analysis revealed a common 
set of 162 unique Uniprot accessions totally identified across all Pools 
with varying distributions across Pools I-IV (see Fig. 2), and represented 
by a variable number of naturally occurring peptide fragments. Partic-
ularly noteworthy is the consistent identification in all secretome Pools 
of six Uniprot accessions, namely Thymosin beta-4 and beta-10, Glyc-
eraldehyde-3-phosphate dehydrogenase, alpha-Enolase, Collagen alpha- 
1(III), and alpha-1(I) chains (refer to Table 1). Importantly, these pro-
teins and peptides were identified not in their full sequence, suggesting 
that they underwent proteolytic events pre- or post-secretion.

As shown in Table 1, the analysis identified different fragments of 
Thymosin beta-4 (TMSB4X) and beta-10 (TMSB10) peptides, two 
members of the Thymosins' family with an intact molecular mass around 
5 kDa and characterized by non-conventional secretion, since lacking a 
signal peptide. Given their dual intracellular and extracellular location, 
their identification in the hAMSCs secretome is consistent and it 

potentially aligns with their known roles in cytoskeletal organization, 
cell motility, and biological functions encompassing wound healing, 
inflammation, tissue repair, and regeneration [28–31]. It is worthy of 
mention that specific sequence traits of Thymosin beta-4 peptide, such 
as AcSDKP and AcSDKPDMAEIEKFDKS (fragments 2–5 and 2–16, 
respectively, both N-terminal acetylated), are associated with anti- 
inflammatory and antiapoptotic properties, as well as the LKKTETQ 
sequence is linked to cell migration, wound healing, and pro-angiogenic 
activities [29]. The fact that Thymosin beta-4 undergoes successive 
hydrolyses steps by the action of meprin-α and prolyl oligopeptidase 
before generating the anti-inflammatory N-terminal peptide AcSDKP 
[32], could explain the extensive fragmentation frequently observed in 
biological matrices for this peptide. The peptide fragments of Thymosin 
beta-4 identified in the hAMSCs secretome interestingly include, 
partially or totally, these bioactive sequence traits. Of note, several of 
these peptide fragments have been already identified in other biological 
samples [33], therefore they could exhibit potential biological functions 
that should be further investigated.

Always in Table 1 we report the identification of several peptide 
fragments of Collagen alpha-1(I) chain (CO1A1), Collagen alpha-1(III) 
chain (CO3A1) and alpha-Enolase (ENOA), that are among the most 
abundant proteins identified by bottom-up approach in the retained 
fraction FASP [9] and C-FASP (see following paragraph 3.2). CO1A1 and 
CO3A1 are known substrates of metalloproteinases (MMPs) [34,35], 
therefore their extensive fragmentation observed in the <10 kDa 
hAMSCs secretome fraction could align with the prior identification of 
MMP1, MMP2, and MMP10 in the same secretome through the bottom- 
up approach [9]. Interestingly, the literature reported that recombinant 
Thymosin beta-4 has been found to regulate the expression of MMP-2 
and metalloproteinase inhibitor 2 (TIMP-2) to promote tissue repair 
[36] and that the MMPs catalytic activity is necessary for Thymosin 
beta-4 to promote epithelial cell migration [37]. Speculatively, it could 
be hypothesized an interactive network involving beta-Thymosin pep-
tides and Collagens, including MMPs, considering their roles in tissue 
repair and their MMPs regulation [34–37].

Interestingly alpha-Enolase (ENO1) and Glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH), identified in this hAMSCs secre-
tome fraction through their fragment peptides, have functional in-
teractions as resulting by STRING network analysis and, moreover 
relevant, are substrates of MMP2, thus the previously hypothesized 
interactive network can be enlarged also to them (Fig. 3). TMSB4X and 
TMSB10 results a separate cluster of the network, although the previ-
ously described connection to MMP2 proteolytic activity [36,37]. 
Particularly, the Glyceraldehyde-3-phosphate dehydrogenase peptide 
fragments 201–215 and 324–335 are reported in Merops database [38] 
as generated by MMP2 enzyme proteolysis.

Recent studies [39,40] have identified new roles for both ENO1 and 
GAPDH in immunogenicity and immunomodulation, which align with 
their presence in the hAMSC secretome, known for its immunomodu-
latory properties. Specifically, alpha-enolase (ENO1) has been identified 
as a potential immunogenic molecule in human adipose tissue-derived 
mesenchymal stromal cells during allotransplantation [39]. Mean-
while, exogenous administration of GAPDH has been reported to 
modulate macrophage function by significantly reducing tumor necrosis 
factor (TNF)-α levels and inducing interleukin (IL)-10 production in 
response to LPS challenge. This suggests that extracellular GAPDH may 
promote the differentiation of macrophages into an intermediate M1/ 
M2 phenotype, contributing to the resolution of inflammation [40].

3.2. Characterization of the hAMSCs secretome proteome fraction >10 
kDa

The proteome fraction of the hAMSC secretome >10 kDa, which was 
retained by the FASP filter, underwent protein digestion with trypsin 
enzyme to enable in-depth proteomic exploration using a bottom-up 
approach. The LC-MS analysis conducted in triplicate for each sample 

Fig. 2. Venn diagram grouping analysis of the proteins Uniprot accessions 
identified in Pools I-IV of the hAMSCs secretome by C-FASP by top- 
down approach.
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Table 1 
List of the protein Uniprot accessions and relative fragment peptides repeatedly identified in the <10 kDa proteome fractions of the hAMSCs secretome Pools I-IV 
analyzed in intact form by LC-MS analysis.

Uniprot Accession Protein name Fragment Sequence Modifications MH+ [Da]

P62328
Thymosin beta-4

2–15 SDKPDMAEIEKFDK N-Term(Acetyl) 1694.810
20–39 KTETQEKNPLPSKETIEQEK 2357.241
20–44 KTETQEKNPLPSKETIEQEKQAGES 2829.421
2–17 SDKPDMAEIEKFDKSK N-Term(Acetyl) 1909.939
33–44 ETIEQEKQAGES 1348.631
21–44 TETQEKNPLPSKETIEQEKQAGES 2701.327
21–32 TETQEKNPLPSK 1371.709
21–39 TETQEKNPLPSKETIEQEK 2229.116
26–44 NPLPSKETIEQEKQAGES 1984.977

P63313
Thymosin beta-10

2–17 ADKPDMGEIASFDKAK N-Term(Acetyl) 1764.864
27–40 NTLPTKETIEQEKR 1686.897
2–17 ADKPDMGEIASFDKAK N-Term(Acetyl); M6(Oxidation) 1780.859
2–9 ADKPDMGE N-Term(Acetyl) 904.375

27–39 NTLPTKETIEQEK 1530.796
P06733

alpha-Enolase
316-326 VGDDLTVTNPK 1158.603
315–326 VVGDDLTVTNPK 1257.680
258–269 DLDFKSPDDPSR 1391.648
200–221 YGKDATNVGDEGGFAPNILENK 2309.103
65–80 AVEHINKTIAPALVSK 1690.981
81–92 KLNVTEQEKIDK 1444.795

203–221 DATNVGDEGGFAPNILENK 1960.921
203–228 DATNVGDEGGFAPNILENKEGLELLK 2743.377
254–269 SGKYDLDFKSPDDPSR 1826.850

P02452
Collagen alpha-1(I) 
Chain

613–631 DGEAGAQGPPGPAGPAGER 1690.776
1142–1154 GPPGSAGAPGKDG 1067.520
613–624 DGEAGAQGPPGP 1052.466
539–552 GLTGSPGSPGPDGK 1226.600
848–862 GPPGPIGNVGAPGAK 1288.712

1043–1062 GPPGAPGAPGAPGPVGPAGK 1608.864
287–304 GEPGSPGENGAPGQMGPR 1694.770
560–572 GQDGRPGPPGPPG 1188.586

1042–1062 AGPPGAPGAPGAPGPVGPAGK 1679.896
893–903 GPPGPPGPAGK 931.506
686–697 GVQGPPGPAGPR 1089.588
649–672 AGPPGEAGKPGEQGVPGDLGAPGP 2112.056

1118–1131 GPPGPPGSPGEQGP 1230.587
557–568 GPAGQDGRPGPP 1105.538
605–622 GAVGPAGKDGEAGAQGPP 1535.748
599–622 GVPGPPGAVGPAGKDGEAGAQGPP 2040.026
911–925 GETGPAGRPGEVGPP 1377.681

1178–1190 GPPGPPGPPGPPG 1080.551
1178–1196 GPPGPPGPPGPPGPPSAGF 1636.815
1015–1026 EGAPGAEGSPGR 1084.503
145–154 

1181–1190
GPPGPPGPPG 829.427

P02461
Collagen alpha-1(III) 
chain

597–610 GGPGGPGPQGPPGK 1159.584
546–568 GSDGKPGPPGSQGESGRPGPPGP 2071.984
537–568 GMPGSPGGPGSDGKPGPPGSQGESGRPGPPGP 2809.323

1013–1024 DGNPGSDGLPGR 1141.524
1025–1054 DGSPGGKGDRGENGSPGAPGAPGHPGPPGP 2633.231
841–854 VAGPPGGSGPAGPP 1117.573
945–956 GPLGIAGITGAR 1082.635
543–568 GGPGSDGKPGPPGSQGESGRPGPPGP 2283.082
183–194 GPPGTSGHPGSP 1047.484
552–568 GPPGSQGESGRPGPPGP 1530.733
552–566 GPPGSQGESGRPGPP 1376.659
837–854 GPPGVAGPPGGSGPAGPP 1425.717
606–620 GPPGKNGETGPQGPP 1389.674
369–383 GEPGPQGHAGAQGPP 1356.631

1173–1195 GSEGSPGHPGQPGPPGPPGAPGP 1987.932
623–637 TGPGGDKGDTGPPGP 1309.606
537–568 GMPGSPGGPGSDGKPGPPGSQGESGRPGPPGP M2(Oxidation) 2825.302
558–568 GESGRPGPPGP 1007.492
467–485 DGSPGEPGANGLPGAAGER 1708.784

1035–1054 GENGSPGAPGAPGHPGPPGP 1706.795
537–562 GMPGSPG GPGSDGKPGPPGSQGESGR 2307.052

1035–1060 GENGSPGAPGAPGHPGPPGPVGPAGK 2216.092
1151–1166 DGTSGHPGPIGPPGPR 1498.736
177–186 GPPGPPGPPG 829.427

P04406
Glyceraldehyde-3- phosphate dehydrogenase

281–294 VVSSDFNSDTHSST 1482.648
198–215 DGRGALQNIIPASTGAAK 1739.935
201–215 GALQNIIPASTGAAK 1411.787
324–335 VVDLMAHMASKE 1330.647
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identified a total of 1043, 1212, 890, 1092 proteins in Pools I-IV, 
respectively. Adhering to stringent criteria of the HPP Data Interpreta-
tion Guidelines [13], we achieved high-confidence protein identifica-
tions, albeit resulting in a more concise yet reliable list. On average, 
proteomic analysis therefore identified 353 ± 44 proteins across Pools I- 
IV (see Table S2). A comprehensive grouping analysis revealed a total of 
597 unique protein elements totally identified and differentially 
distributed among the Pools. A group of 163 proteins have been 
consistently identified across all pools (Fig. 4, left panel). Comparative 
analysis between the results obtained using the C-FASP approach and 
those from the previously applied FASP method [9] showed substantial 
overlap (Fig. 4, right panel), reflecting robust similarity in the identifi-
cation capabilities of the two protocols. The observed 12–15 % variance 
is consistent with the biological variability inherent in biomaterials. 
Notably, 137 proteins were identified by both methods (listed in 
Table S3), collectively defining the repeatable core protein profile of the 
hAMSCs secretome.

Considering the protein area values obtained by label-free relative 
quantitation, resulting from Proteome Discoverer elaboration of the LC- 
MS raw data (data in supplementary Table S2), the following proteins 
resulted the most abundant in the hAMSCs secretome (considering 
protein area values >5 × 107), namely, albumin (ALBU), collagen alpha- 
1(I) chain (CO1A1), metalloproteinase inhibitor 1 (TIMP1), fibronectin 
(FINC), collagen alpha-1(III) chain (CO3A1), calmodulin-3 (CALM3), L- 
lactate dehydrogenase A (LDHA), triosephosphate isomerase (TPIS), 
SPARC (SPRC), calreticulin (CALR), peptidyl-prolyl cis-trans isomerase 
B (PPIB), cathepsin B (CATB), peroxiredoxin-1 (PRDX1), galectin-1 
(LEG1), alpha-enolase (ENO1), transgelin (TAGL), follistatin-related 
protein 1 (FSTL1) and protein disulfide-isomerase A3 (PDIA3).

3.2.1. Gene ontology and protein-protein functional interaction analysis
The group of 137 common proteins robustly identified in hAMSCs 

secretome by bottom-up approach was explored for protein-protein 
functional interactions and pathway overrepresentation analysis by 
STRING tool (high confidence analysis 0.7) and exported to Cytoscape. 
The resulting network showed only few disconnected nodes (Fig. 5), 
evidencing strong functional interactions between the analyzed pro-
teins. Yellow nodes represent the extracellular proteins in the network, 
which are predominant. Additional node colors highlight various func-
tional categories and localizations, including extracellular space, 
extracellular region, extracellular vesicle, extracellular membrane- 
bounded organelle, and extracellular organelle. Table S4 shows the re-
sults of the functional enrichment analysis of the network nodes. 
Different protein domains were significantly enriched in the network, 
including the Intermediate filament protein, Calponin homology 
domain, Thrombospondin N-terminal-like domains, Filamin-type 
immunoglobulin domains, Fibrillar collagens C-terminal domain, 
Epidermal growth factor-like domain and Tissue inhibitor of metal-
loproteinase family, already described in our previous investigation [9].

It is noteworthy that many of these domains characterize cytoskel-
etal proteins and have a role in cytoskeletal signaling and dynamics, and 
in extracellular matrix [41,42]. One hundred and twenty-two Reactome 
pathways resulted significantly enriched in the network and, interest-
ingly, the Immune System, Metabolism of proteins, Signal Transduction, 
Innate Immune System, Extracellular matrix organization and Hemo-
stasis, showing the highest protein counts.

Considering instead the 163 proteins totally identified by C-FASP 
and bottom-up approach, the enrichment analysis by Reactome tool 
confirmed the pathways of Immune System, Hemostasis, and Extracel-
lular Matrix Organization pathways, mostly related to the biological 
activities of the hAMSCs secretome, as included in the top 25 over- 
represented, also showing the highest number of protein counts 
(Table S5).

Interestingly, the Gene Ontology (GO) over-representation analysis 
of the Biological process by PANTHER tool showed the negative regu-
lation of angiogenesis (GO:0016525), glycolytic process (GO:0006096), 
regulation of response to wounding (GO:1903034), regulation of wound 
healing (GO:0061041), cellular response to reactive oxygen species 
(GO:0034614), hexose biosynthetic process (GO:0019319), regulation 
of angiogenesis (GO:0045765) and the regulation of vasculature devel-
opment (GO:1901342), as significantly enriched (Fig. 6). The over- 
representation analysis of the Molecular functions (Fig. 7) showed the 
fold enrichment of the protein disulfide isomerase activity 
(GO:0003756), collagen binding (GO:0005518), protease binding 
(GO:0002020), extracellular matrix binding (GO:0050840), protein- 
disulfide reductase activity (GO:0015035), disulfide oxidoreductase 
activity (GO:0015036), metalloaminopeptidase activity (GO:0070006), 

Fig. 3. Protein-protein functional network of the proteins identified through 
their fragment peptides in the proteome fraction <10 kDa of the hAMSCs 
secretome by LC-MS intact form analysis.

Fig. 4. Venn diagram grouping analysis of the proteins identified by bottom-up approach in the >10 kDa proteome fraction of the hAMSCs secretome Pools I-IV 
obtained after the modified C-FASP protocol applied in the present study (left panel). In the right panel the list of the secretome Pools l I-IV common proteins (i.e. 163 
elements) have been compared by grouping analysis with the common proteins identified in our previous investigation by FASP (i.e. 157 elements) [11].
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aminopeptidase activity (GO:0004177), oxidoreductase activity, acting 
on a sulfur group of donors (GO:0016667), extracellular matrix struc-
tural constituent (GO:0005201), isomerase activity (GO:0016853), 
antioxidant activity (GO:0016209) and actin filament binding 
(GO:0051015), consistent with the biological properties of the hAMSCs 
secretome.

3.3. C-FASP analysis of control samples

To eliminate the influence of components of the medium on the 
characterization of the hAMSCs secretome, three distinct control sam-
ples consisting of DMEM-F12 media (CTRL 1–3) were analyzed by C- 
FASP, and the results compared with the hAMSCs secretome following 
LC-MS data elaboration against both the Homo sapiens and Bos taurus 
databases. Concerning the bottom-up data of the >10 kDa proteome 
fraction, the proteins consistently identified in all CTRL samples 
included only Albumin and various Keratins, aligning with prior ob-
servations from FASP analysis [9]. These identifications were attributed 
to potential contaminations commonly encountered in proteomic ana-
lyses. In the context of top-down identification data, the grouping 
analysis conducted on CTRL samples 1–3 revealed no proteins shared 
with those identified in the secretome pools (data in supplementary File 
S1). This outcome excluded contributions from the medium components 
to protein identification in the hAMSCs secretome.

4. Discussion

The secretome of human amniotic mesenchymal stromal cells 
(hAMSCs) is emerging as a promising alternative to cell therapy in tissue 
regeneration, owing to its potent immunomodulatory and pro- 
regenerative effects [1]. While proteomic analyses of hAMSC and 
other MSC secretomes have been extensively studied [9,43,44], this 
study introduces a modified method for analyzing the hAMSC secretome 
with a focus on both high- and low-molecular-mass fractions of the same 
sample aliquot analyzed. The hAMSCs secretome possesses immuno-
modulatory capabilities involving molecules both below 3 kDa and 
above 100 kDa [12]. Proteomic analysis of the molecular mass fraction 
above 100 kDa employs a bottom-up approach, where enzymatic 
digestion precedes mass spectrometry characterization. In contrast, the 
molecular mass fraction below 3 kDa can be directly examined intact 
using a top-down approach, although this strategy is mostly referred to 
the analysis of intact small proteins. In our previous study [9], we used 
FASP with a 10 kDa molecular cut-off to profile the hAMSCs secretome 
proteome. However, this method discarded the fraction not retained by 
the molecular mass filter membrane, focusing only on the proteome 
fraction above the 10 kDa cut-off. This led to the possible omission of 
crucial information on small proteins and peptides, including the <3 
kDa fraction essential for immunomodulatory activity [12]. To address 
this limitation, we applied a Filter Aided Sample Preparation (FASP) 
protocol with few modifications, that we named Combined-FASP (C- 
FASP), in order to combine different proteomic approaches to the FASP 

Fig. 5. Visualization of a protein interaction network generated with STRING and Cytoscape (version 3.10.2) in high confidence 0.7. Nodes represent the 137 
hAMSCs secretome core proteins identified by bottom-up approach, while edges indicate physical interactions between them. Node colors denote functional cate-
gories and localization: light blue “extracellular space,” blue “extracellular region,” light green “extracellular vesicle,” dark green “extracellular membrane-bounded 
organelle,” pink for “extracellular organelle.” Yellow nodes indicate extracellular proteins. In the lower part of the figure, disconnected nodes are shown separately. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

A. Muntiu et al.                                                                                                                                                                                                                                 Journal of Proteomics 310 (2025) 105339 

7 



filter retained and the unretained proteome fractions following same 
sample preparation in one-step and to complement their data, fully 
comparable from quali- and quantitative point of view, for a compre-
hensive characterization covering low and high molecular mass range.

To facilitate LC-MS analysis of the smaller proteome fraction not 
retained by the filter, the C-FASP protocol replaces the urea loading 
buffer [9] with a 0.1 % formic acid water solution (v/v). This modifi-
cation allows the collection of the filtrate (i.e., the fraction <10 kDa) 
resulting from first centrifugation of the loaded sample, enabling its 
direct LC-MS analysis. Simultaneously, the protein fraction retained by 
the filter (>10 kDa) undergoes the FASP digestion protocol, following 
the same procedure as described previously [9]. Furthermore, an 
increased number of urea buffer washing steps after sample loading are 
implemented to ensure efficient buffer exchange and filter pre- 
conditioning for subsequent steps of protein reduction, alkylation, and 
enzymatic digestion.

By processing the same sample aliquot, we generated a low molec-
ular fraction of intact small proteins and peptides and a high molecular 
fraction of enzymatically digested proteins, resulting in proteolytic 
peptides. Both fractions can be analyzed using the same LC-MS instru-
mentation and operating conditions. Therefore, in addition to saving 
sample quantity, C-FASP significantly reduces the total analysis time for 
a comprehensive proteomic investigation. However, it's important to 
note that the use of the C-FASP approach is limited to protein samples 
that do not contain surfactants or urea, as these compounds do not end 
up in the filtrate after the initial centrifugation. This limitation makes C- 

FASP particularly advantageous for proteomic analysis of conditioned 
media, such as the hAMSCs secretome, which was the focus of the pre-
sent investigation.

Our analysis of the four secretome pools using a bottom-up approach 
identified an average of 1059 ± 133 proteins. However, this number was 
significantly reduced after applying the stringent criteria recommended 
by the Human Proteome Project Data Interpretation Guidelines of HUPO 
[13], ensuring high-confidence identifications. As a result, a total of 597 
unique proteins were identified across the four analyzed pools, with 
varying distributions. The number of identified proteins ranged from 
291 in Pool III to 391 in Pool IV (see Table S2 for details).

Regarding the number of total proteins identified, our results are 
aligned with those from other proteomic studies on MSC-derived 
secretomes from various sources [44–46]. These findings underscore 
the influence of cell type, culture conditions, and experimental factors 
on secretome protein composition.

Furthermore, we observed donor-associated variability in the pro-
teomic profiles of MSC secretomes. While this issue has been addressed 
in several other studies [44–46], only one study has reported the specific 
individual data documenting the proteomic differences in individual 
BM-MSC secretomes related to different donors [43]. These individual 
differences likely reflect the inherent heterogeneity of MSC populations, 
which include progenitor cells, committed progenitors, and differenti-
ated cells in varying proportions across donors [47]. Factors such as 
donor age, gender, and medication use further contribute to this vari-
ability, affecting not only the MSCs themselves but also their secretomes. 

Fig. 6. Biological processes resulted significantly enriched by PANTHER tool analysis of the 137 proteins repeatedly identified in the hAMSCs secretome following 
the bottom-up approach. Results were filtered for a fold enrichment value ≥10.
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For example, recent single-cell RNA-seq studies have shown that MSC 
cytokine secretion varies based on tissue origin and donor characteris-
tics [48].

However, despite the observed proteomic differences among hAMSC 
secretome pools, their immunomodulatory potential remained consis-
tent (data not shown). We hypothesize that the key molecules driving 
this activity reside among the 163 proteins common to all tested pools, 
suggesting that pooling secretomes from multiple donors could mitigate 
variability and preserve therapeutic efficacy.

Furthermore, the analysis of the hAMSC secretome proteome frac-
tion below 10 kDa allowed to first investigate the naturally occurring 
peptidome of the hAMSCs secretome, revealing specific peptide frag-
ments of proteins and peptides involved in wound healing, anti- 
inflammatory response, tissue repair and regeneration processes, such 
as fragments of Thymosin beta-4 and beta-10, Glyceraldehyde-3-phos-
phate dehydrogenase, alpha-Enolase, and Collagen alpha-1(III) and 
alpha-1(I) chains, with biological significance to be deeply investigated 
in future studies. The consistent identification of these entities across 
different pools indicates their potential relevance in the biological ac-
tivities mediated by the hAMSC secretome. Moreover, the detection of 
peptide fragments rather than intact sequences of these entities implies 
proteolytic events, highlighting the dynamic nature of the secretome. 
This dynamic nature underscores the importance of considering both 
full-length proteins and their fragments in understanding the functional 
properties of the hAMSC secretome. The identification of beta- 
Thymosins, known for diverse biological functions, underscores their 
potential role in the immunomodulatory and regenerative properties of 
the hAMSCs secretome. Specific sequence traits associated with anti- 
inflammatory, antiapoptotic, cell migration, wound healing, and pro- 
angiogenic activities provide a basis for further exploration of the 
functional significance of these peptide fragments identified, which 

could exert specific biological roles. Furthermore, the identification of 
collagen fragments, particularly those of Collagen alpha-1(I) and alpha- 
1(III) chains, along with alpha-Enolase and GAPDH, suggests a complex 
interplay within the secretome. The involvement of metalloproteinases 
(MMPs) in the proteolytic processing of collagen substrates aligns with 
the identification of MMPs in the bottom-up approach. The potential 
interactive network involving beta-Thymosins, collagens, alpha- 
Enolase, Glyceraldehyde-3-phosphate dehydrogenase and MMPs pro-
vides a plausible mechanism for the observed biological activities, 
linking tissue repair and immumodulation with potential regulation of 
MMPs expression. The identification of beta-Thymosin peptides and 
collagens, along with their extensive fragmentation observed, might 
result from MMPs activity in the hAMSCs secretome. Interestingly, 
MMPs' catalytic activity is reported to be necessary for thymosin beta-4 
to promote epithelial cell migration [37].

The integration of proteomic data from both the retained and unre-
tained fractions of the FASP filter membrane provides a comprehensive 
overview of the hAMSC secretome's protein phenotype, setting the stage 
for deeper exploration into the molecular mechanisms that drive its 
immunomodulatory, anti-inflammatory, and tissue regeneration capa-
bilities, all of which hold significant promise for regenerative medicine. 
Our bottom-up proteomic analysis of the FASP-retained fraction iden-
tified 137 core proteins, reinforcing our earlier findings [9].

Protein-protein functional interaction mapping identified a network 
enriched with key protein domains, prominently featuring cytoskeletal 
proteins. This underscores the pivotal roles of cytoskeletal dynamics, 
signaling pathways, and extracellular matrix interactions in the hAMSC 
secretome's functionality. The proteins identified play significant roles 
in immune response, hemostasis, and extracellular matrix organization, 
highlighting their potential contributions to the secretome's therapeutic 
effects.

Notably, the identified proteins include intracellular components, an 
unexpected finding given the stringent filtration of the hAMSC secre-
tome through 0.2 μm sterilizing filters, specifically designed to exclude 
cell debris. It has been suggested that apoptotic bodies and membrane 
fragments typically exceed 0.2 μm, making their presence in the filtered 
secretome improbable [49]. Nonetheless, intracellular proteins have 
been detected, likely encapsulated within extracellular vesicles (EVs), 
despite the removal of larger debris such as apoptotic bodies and 
microvesicles. For example, tumor-derived EVs have been shown to 
contain cytoskeletal proteins, including actin and tubulin, which are 
typically classified as intracellular and play critical roles in maintaining 
cellular structure and transport, as well as heatshock proteins (Hsp 70 
and 90) and other type of proteins involved in extracellular matrix 
processes as well as markers of proliferation such as Mib1 and CTGF 
[50]. Others have identified proteins such as Syntenin and Aquaporin 1 
in EV fractions, indicating that intracellular proteins involved in 
signaling and water transport can also be secreted through EVs [51]. 
Similarly, another group reported the presence of pathological proteins 
associated with amyotrophic lateral sclerosis (ALS) being transported by 
EVs, such as FUS or TDP43 that are prevalently localized in the nucleus 
or cytoplasm, highlighting their role in disseminating disease-associated 
intracellular proteins [52].

These findings are in line with our recent work, in which we char-
acterized the proteomic profile of vesicular fractions isolated from the 
hAMSC secretome using Field-Flow Fractionation (FFF [53]. Interest-
ingly, EVs isolated from the hAMSC secretome contained proteins such 
as SPARC, annexins, serpins, heat shock proteins and others that are 
typically considered intracellular molecules [53]. Our results suggest 
that intracellular proteins are most likely transported through EVs and 
exosomes, which serve as key mediators of intercellular communication, 
carrying diverse biomolecules such as mRNA, miRNA, and proteins 
crucial for cellular metabolism and structural organization. Our inves-
tigation not only catalogs the full spectrum of proteins present in the 
hAMSC secretome but also emphasizes the critical need to understand 
the entire proteome profile to elucidate protein interactions and their in 

Fig. 7. Molecular functions resulted significantly enriched by PANTHER tool 
analysis of the 137 proteins repeatedly identified in the hAMSCs secretome 
following the bottom-up approach. Results were filtered for a fold enrichment 
value ≥10.
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vivo activities. This study provides valuable insights into the unique 
properties of the hAMSC secretome, which, unlike those from other MSC 
sources, is distinguished by its diverse profile of proteins and peptides, 
including those under 3 kDa and over 100 kDa. This distinctive molec-
ular composition is likely responsible for its enhanced regenerative and 
immunomodulatory effects [9,43,44].

Employing the Combined-FASP (C-FASP) protocol allowed for the 
simultaneous analysis of both retained and unretained secretome frac-
tions, leading to the discovery of hAMSCs peptidome including inter-
esting fragments of Thymosin beta-4 and beta-10 peptides, of collagen 
and of enzymes like alpha-Enolase and Glyceraldehyde-3-phosphate 
dehydrogenase, less commonly found in the secretomes of other MSCs 
and not been identified in other studies [43,45,46], suggesting that the 
hAMSC secretome may have enhanced immunomodulatory and regen-
erative properties. This potential is further supported by the presence of 
proteins and peptides crucial for immune modulation and tissue repair. 
Moreover, the dynamic nature of the hAMSC secretome, characterized 
by extensive proteolytic processing, underscores the necessity of 
considering both intact proteins and their fragments to fully understand 
its functional properties. This comprehensive characterization not only 
sheds light on the molecular mechanisms driving the therapeutic po-
tential of hAMSCs but also paves the way for future research aimed at 
harnessing these unique properties for regenerative medicine 
applications.

5. Conclusions

The proteomic characterization of cell secretomes presents signifi-
cant challenges due to the typically low concentrations of proteins and 
peptides involved [54]. Traditionally, using the Filter-Aided Sample 
Preparation (FASP) method for secretome analysis has been particularly 
demanding, as it necessitates purification, digestion, and concentration 
prior to liquid chromatography-mass spectrometry (LC-MS) analysis. In 
this study, we adapted the FASP protocol with slight modifications from 
our previous work to enable combined proteomic and peptidomic 
characterization from the same sample aliquot. This innovative 
approach, termed Combined-FASP (C-FASP), integrates different pro-
teomic analytical approaches within a single streamlined processing 
step, facilitating a comprehensive characterization of the proteome and 
peptidome across a broad molecular mass range. This not only optimizes 
analysis time but also significantly reduces the sample volume re-
quirements, an essential advantage when working with limited sample 
quantities.

Our study provides several novel contributions to the field. Firstly, 
we successfully identified by bottom-up approach a group of core pro-
teins in the hAMSCs secretome which repeatedly characterize the FASP 
retained fraction. More importantly, we conducted a pioneering pepti-
domic analysis of the hAMSC secretome by examining the FASP unre-
tained fraction below 10 kDa, an area previously unexplored except for a 
single metabolomic study [55]. This dual approach allows for the first- 
time identification of naturally occurring peptides and protein frag-
ments which characterize the biological matrix, providing a more 
complete understanding of the secretome's composition.

These findings advance the current scientific literature by estab-
lishing a consistent and reproducible molecular profile that defines the 
hAMSC secretome and its biological activity. The identification of both 
protein and peptide components enhances our understanding of the 
molecular mechanisms underlying its potent immunomodulatory and 
anti-inflammatory actions. This enriched knowledge base is pivotal for 
developing innovative therapeutic strategies in regenerative medicine 
and offers new avenues for treating inflammatory-based diseases, 
highlighting the hAMSC secretome's potential as a distinctive and 
valuable resource in medical research and application.
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