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Abstract

Mesenchymal Stem/ Stromal Cells assume a supporting role to the intrinsic mechanisms of

tissue regeneration, a feature mostly assigned to the contents of their secretome. A compar-

ative study on the metabolomic and bioactive molecules/factors content of the secretome of

Mesenchymal Stem/ Stromal Cells derived from two expanding sources: the umbilical cord

stroma and the dental pulp is presented and discussed. The metabolic profile (Nuclear Mag-

netic Resonance Spectroscopy) evidenced some differences in the metabolite dynamics

through the conditioning period, particularly on the glucose metabolism. Despite, overall

similar profiles are suggested. More prominent differences are highlighted for the bioactive

factors (Multiplexing Laser Bear Analysis), in which Follistatin, Growth Regulates Protein,

Hepatocyte Growth Factor, Interleukin-8 and Monocyte Chemotactic Protein-1 dominate in

Umbilical Cord Mesenchymal Stem/ Stromal Cells secretion, while in Dental Pulp Stem/

Stromal Cells the Vascular Endothelial Growth Factor-A and Follistatin are more evident.

The distinct secretory cocktail did not result in significantly different effects on endothelial

cell populations dynamics including proliferation, migration, tube formation capacity and in

vivo angiogenesis, or in chemotaxis for both Mesenchymal Stem/ Stromal Cells

populations.
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1. Introduction

Mesenchymal Stem/ Stromal Cells (MSCs) are at the forefront of research for the development

of cell-based therapies, due to their capacity to self-renew and differentiate into several cell

types, to secrete soluble factors with paracrine actions, as well as due to their immunosuppres-

sive and immunomodulatory properties [1–6].

MSCs have been described to reside on nearly every body tissue [7–9] since Friedenstein

and colleagues firstly described the bone marrow derived population [10, 11].

Currently, the umbilical cord stroma (Whärton jelly) and the dental pulp may come to gain

ground as sources for MSCs-based therapies, due to the non/ minimally invasive and ethically

accepted collection procedures (umbilical cords and extracted healthy teeth were previously

considered medical waste), as well as for the increasingly available private and public banking

options worldwide [12].

The first evidence of the MSCs contribution to the healing processes was assigned to their

specific differentiation skills, replacing the damaged native cells in their functions [13, 14].

However, current trends demonstrate that in some instances MSCs remain undifferentiated at

the lesion site or in its vicinity, for limited periods of time, or even that only minimal percent-

ages of the MSCs would effectively differentiate and integrate host tissues [15]. Regardless of

their differentiation into tissue specific phenotypes, MSCs are often correlated to improved

regenerative outcomes [16].

These observations were then attributed to the secretion products of those MSCs [17–19]

and, in recent years, research has focused on deepening the knowledge on the effective compo-

sition of the MSCs secretion, in the form of soluble molecules or extracellular vesicles [6, 20–

23].

In most tissues, the key for regenerative efficiency is the re-vascularization of the lesion site

and MSCs have been associated with improved angiogenesis in a number of models of disease

[24, 25]. As such, MSCs assume a supporting role to the intrinsic mechanisms of tissue regen-

eration, promoting the re-vascularization processes, providing adequate perfusion to active

healing sites, as well as urging resident regenerative populations to home towards these loca-

tions [26].

Further, some groups investigated the extent to which the presence of the cells themselves

was absolutely essential to the observation of beneficial effects, since regenerative benefit can

be observed by the application of MSCs secretion products alone, conventionally designated as

the secretome [8, 17–19, 27].

The secretome comprises a range of bioactive molecules/factors secreted to the extracellular

space. Its composition is particular to individual cells and tissues, and is modulated in response

to physiological and/or pathological stimuli [24]. The application of these cell-based products

may bring several advantages to the advanced therapies field, namely the decreased cell num-

ber requirements and allocated cell storage necessities, ease of tailoring, quality control and

dosing, reduced risk of rejection and malignancy, as well as the ready availability for adminis-

tration in acute scenarios [28].

Therefore, studies on the composition of the MSCs secretome through metabolic analysis

are a valuable tool to the comprehension of the underlying mechanisms to MSCs dynamics

and therapeutic effects [29–32].

Metabolomic profiling techniques [33–37] yield information on targeted metabolites’ struc-

ture and quantitative distribution [33, 34], and despite the significant progress made in the

field of structural biology and bio-chemistry, the development and application of these tech-

niques towards the MSCs secretome are still sparse [8].

A comparative analysis on secretome profile of MSCs
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We recently demonstrated the application of proton NMR spectroscopy and implementa-

tion of appropriate one (1D) and two (2D) dimensional NMR techniques to the analysis of the

metabolic composition of Umbilical Cord Stem/ Stromal Cells (UC-MSCs) conditioned media

and changes in the metabolic profile of the culture media in the process of conditioning [21].

Alongside the metabolite content, a wide range of growth factors, cytokines, chemokines

and extracellular matrix components have already been identified in the CM obtained from

differently sourced MSCs [38, 39], and many of them are known to impact on most tissues

structure, function and regeneration [25, 40, 41]. Beyond modulating their surrounding envi-

ronment MSCs are sensitive themselves to signaling factors, altering their secretory profile in

response to, as an example, the presence of inflammatory cytokines. This evidence may con-

tribute to the understanding of the eventual difference in the tissue response to cells or to their

secretome alone [42], and to the development of strategies to manipulate secretion profiles

towards specific needs.

In a recent study, we determined that UC-MSCs CM becomes rich in a range of prolifer-

ative and anti-apoptotic factors, particularly in transforming growth factor beta 1 (TGF-β1),

epidermal growth factor (EGF), granulocyte and granulocyte-macrophage colony-stimulating

factor (G-CSF and GM-CSF), platelet derived growth factor (PDGF-AA) and vascular endo-

thelial growth factor (VEGF). Also, several other chemokines such as monocyte chemotactic

protein-1 e 3 (MCP-1 and MCP-3), chemokine (C-C motif) ligand 5 (CCL5 or RANTES),

GRO, and interleukin 8 (IL-8) were observed in increasing levels [21]. This previous analysis

enabled the primary definition of UC-MSCs CM composition [21], which we herein expand

and compare to Dental Pulp Stem/ Stromal Cells (DPSCs) CM profile.

The first part of the present study focuses on a comparative analysis of the metabolomic

and bioactive factors secretion profile of UC-MSCs and DPSCs secretome, through the condi-

tioning process. This aimed to characterize the metabolite profile of the collected CM and to

enlighten on the metabolic pathways presiding to the process. Further, the bioactive factors

content of the CM was analyzed, focusing on a series of growth factors, cytokines and chemo-

kines, aiming at the comparison of the regenerative potential of the two MSCs population.

Finally, the effects of the characterized CMs were addressed on in vitro and in vivo models of

angiogenesis.

2. Materials and methods

2.1. Human Mesenchymal Stem/ Stromal Cells characterization and

conditioning protocol

Umbilical Cord -MSCs [PromoCellTM (C-12971; Lot No. 1112304.2)] and DPSCs [AllCells,

LLC (DP0037F, Lot No. DPSC090411-01)] were cultured with MEM-α, GlutaMAXTM

(32561–029, Gibco1) supplemented with MSCs certified FBS (04-400-1A, Biological Indus-

tries Israel Beit-Haemek Ltd)(10% v/v), penicillin (100 U/mL)-streptomycin (100 μg/mL)

(151140–122, Gibco1), and amphotericin B (2.5 μg/mL)(15290–026, Gibco1). Both cell types

were maintained at 37 ˚C in a 5% CO2 humidified atmosphere. Passage 4 cells were seeded in

75 cm3 T-flasks until confluence was reached. Detachment of confluent cells was achieved by a

5 minutes incubation in 0,05% Trypsin-EDTA (Trypsin-EDTA 0.25%, 25200–072, Gibco1).

Cells were re-suspended and counted using 0.4% Trypan Blue (T8154-20ML, Sigma-

Aldrich1) and the Countess II FL Automated Cell Counter (InvitrogenTM).

2.1.1. Mesenchymal Stem/ Stromal Cells phenotype identity. The surface marker pro-

files of UC-MSCs and DPSCs were confirmed though Flow Cytometry, with anti-positive

(CD90, CD105, CD44) and negative marker (CD34, CD11b, CD19, CD45, MHC class II) anti-

bodies (Human MSC Analysis Kit, 562245, BD Biosciences), as described in detail in [43].
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Data was acquired using BD FACSCalibur™ 3 CA Becton Dickinson, BD Biosciences, and data

was processed using FlowJo Engine X10.4 (v3.05478, LLC).

2.1.2. Reverse transcriptase polymerase chain reaction. Reverse transcriptase Polymer-

ase chain reaction (RT-PCR) and qPCR targeting specific genes expressed by pluripotent stem

cells was performed. Gene DNA sequences were downloaded from GenBank (www.ncbi.nlm.

nih.gov/genbank) and aligned using the Clustal Omega bioinformatic tool from EMBL-EBI

(http://www.ebi.ac.uk/Tools/msa/clustalo). The primers sequences are listed in Table 1.

Cultures were harvested and pelleted for total RNA extraction (High Pure RNA Isolation

kit (RocheTM)). DNA traces were eliminated with DNase I, and RNA quantity and quality

assessed by Nanodrop ND-1000 Spectrophotometer, reading from 220 nm to 350 nm, and

stored at -80˚C. After, cDNA was synthesized from the purified RNA (kit Ready-To-Go You-

Prime First-Strand Beads (GE Healthcare1)).The synthesized cDNA, corresponding to the

mRNA present in the sample, was run for the expression of six genes: two housekeeping genes

(β-actin and GAPDH) and four genes used as pluripotent stem cells markers (c-kit, Oct-4,

Nanog and ALP). Quantitative PCR (qPCR) was performed in a CFX96TM (BioRad1) appara-

tus using the iQTM SYBR1 Green Supermix (BioRad1). Each pair of primers targeting a gene

was used to analyze its expression in the UC-MSCs and DPSCs cDNA, in duplicate, along with

a negative control, through defined temperature cycles [95˚C for 4 minutes, 35 cycles compris-

ing 95˚C for 20 seconds, 55˚C for 20 seconds and 72˚C for 30 seconds ending with Real-Time

acquisition, and final extension of 72˚C for 7 minutes], and the number of cycle threshold for

each well were recorded. The plate containing the amplified genes or qPCR products was kept

in ice and observed in a 2% agarose gel (NuSieve1 3:1 Agarose (Lonza)) to check and reinforce

the identity of the amplicons, in horizontal electrophoresis apparatus. Under 120 V potential

difference for 40 minutes to separate the amplicons. Gel was then observed under UV light

and pictures recorded using the GelDoc1 2000 (BioRad1) and Quantity One1 software

(BioRad1).

2.1.3. Multilineage differentiation. Multilineage differentiation of the UC-MSCs and

DPSCs was induced towards Osteogenic, Adipogenic and Chondrogenic phenotypes using

specific differentiation media. Differentiation efficiency was assessed by Alizarin Red S, Oil

Red O and Alcian Blue/ Sulfated Glycosaminoglycans (GAGs) quantification, as detailed in

[43].

2.2. Metabolomic and bioactive factors secretion profiles

2.2.1. Conditioned medium collection and analysis. For the production of CM, both cel-

lular populations were plated at 6000 cells/ cm2, in triplicates, and cultured in standard culture

medium (αMEM 10% FBS) until approximately 80% confluence was reached. Then, the cul-

tures were washed to remove any trace of FBS and other supplements and placed in plain

DMEM/F12 GlutaMAX™ (10565018, Gibco1) for 24 and 48 hours. Conditioned media sam-

ples were collected at both time-points, centrifuged 1800 xg for 10 min to remove any cellular

debris and preserved at -80˚C until analysis.

2.2.2 Metabolomic analysis. Proton NMR spectroscopy was used to identify and quantify

metabolites in plain/unconditioned and conditioned media collected at two time-points (24

and 48 hours) of UC-MSCs and DPSCs in proliferation. A total 600 μL aliquot of each sample

was placed into 5 mm NMR tubes and 50 μL deuterium oxide (D2O) containing 0.05 mM

sodium trimethylsilyl-[2,2,3,3-d4]-propionate (TSP) was added as a chemical shift and quanti-

tation standard. All NMR spectra were recorded at 300K on a Bruker Avance III 600 HD spec-

trometer, equipped with CryoProbe Prodigy. 1H NMR spectra with water suppression using a

1D NOESY (noesygppr1d) and a Carr-Purcell-Meiboom-Gill (CPMG, cpmgpr1d) pulse
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sequences [44, 45] were acquired with spectral width of 10000 Hz, 32 K data points and 32

scans. The 1D NOESY spectra were collected using 5 s relaxation delay and mixing time of 100

ms. The CPMG experiments (cpmgpr1d) were acquired with relaxation delay 4 s, spin-echo

delay between 0.4 and 0.6 ms, and a loop for T2 filter of 20 was used. All free induction decays

(FIDs) were processed by 0.3 Hz line broadening and zero filling to 64 K, manually phased,

and baseline corrected. Two dimensional 1H/1H COSY and TOCSY spectra were recorded in

phase sensitive mode and with water suppression; a relaxation delay of 2 s, 16 or 32 scans, a

total 2K data points in F2 and 256 or 512 data points in F1 over a spectral width of 10000 Hz.

Two dimensional 1H/13C heteronuclear single quantum coherence (HSQC) experiments

were carried out with a spectral width of 10000 Hz for 1H and 27000 Hz for 13C, relaxation

delay 1,5 s, Fourier transform (FT) size 2K × 1K. The quantitative distribution of NMR-detec-

tible metabolites in the samples was determined from the integral intensity of characteristic

signals in 1H NMR spectra of the samples referenced to the integral intensity of TSP signal,

considering the number of the contributing nuclei for that particular resonance signal [46].

2.2.3. Bioactive factors detection and quantification. Multiplexing LASER Bead Analy-

sis was performed by Eve Technologies (Calgary, Alberta, Canada) using the Bio-Plex™ 200

system (Bio-Rad Laboratories, Inc., Hercules, CA, USA), similarly to previously described in

[47]. The multiplexing technology is based on color-coded polystyrene beads with unique

color / fluorophore signatures, and a dual-laser system and a flow-cytometry system. One laser

activates the fluorescent dye within the beads which identifies the specific analyte, the second

laser excites the fluorescent conjugate (streptavidin-phycoerythrin), and the amount of the

conjugate detected by the analyzer is in direct proportion to the amount of the target analyte.

The results are quantified according to a standard curve.

A broad panel of 57 bioactive factor was assayed [Discovery Assay1 TGFβ 3-Plex Cytokine

Array (Eve Technologies Corp); Milliplex Human Angiogenesis / Growth Factor kit Discovery

Assay1 and the Human Cytokine Array / Chemokine Array (Millipore, St. Charles, MO,

USA)], including angiopoietin-2 (Ang), bone morphogenetic protein 9 (BMP-9), EGF, endo-

glin (ENG), endothelin-1 (EDN1), eotaxin-1, fibroblast growth factor 1 and 2 (FGF-1 and -2),

fms-related tyrosine kinase 3 ligand (Flt-3L), follistatin (Fst), fractalkine, G-CSF, GM-CSF,

GRO(pan), heparin-binding-EGF (HB-EGF), hepatocyte growth factor (HGF), interferon-

alpha 2 (IFNα2), interferon-gama (IFNγ), several interleukins (IL-1α, IL-1β, IL-1ra, IL-2, IL-3,

Table 1. List of primers used, target gene and size of the PCR product.

Primer GenBank target gene PCR product
Pluripotent Stem Cells Markers genes

ALP human Fwd: 5’-CCTAAAAGGGCAGAAGAAGGAC-3’ NM_001632.4 444 bp

Rev: 5’-TCCACCTAGGATCACGTCAATG-3’

c-Kit human Fwd: 5’-AACGCTCGACTACCTGTGAA-3' NM_000222 401 bp

Rev: 5’-GACAGAATTGATCCGCACAG-3’

Nanog human Fwd: 5’-CTTCCTCCATGGATCTGCTTATTC-3’ XM_011520851.1 265 bp

Rev: 5’-AGGTCTTCACCTGTTTGTAGCTGAG-3’

Oct4 human Fwd: 5’-GAAGCTGGAGAAGGAGAAGCT-3’ NM_002701.5 243 bp

Rev: 5’-CAAGGGCCGCAGCTTACACAT-3’

Housekeeping genes
β-actin human Fwd: 5’-GGCACCCAGCACAATGAAGA-3’ NM_001101.3 100 bp

Rev: 5’-CTGGAAGGTGGACAGCGAGGC-3’

GAPDH human Fwd: 5’-AGCCGCATCTTCTTTTGCGTC-3’ NM_002046.5 815 bp

Rev: 5’-TCATATTTGGCAGGTTTTTCT-3’

https://doi.org/10.1371/journal.pone.0221378.t001
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IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17A, IL-18),

interferon gama-induced protein 10 (IP-10), leptin, MCP-1, MCP-3, macrophage-derived che-

mokine (MDC), macrophage inflammatory protein-1 alpha (MIP-1α), macrophage inflamma-

tory protein-1 beta (MIP-1β), platelet-derived growth factor-AA (PDGF-AA) and -AB/BB

(PDGF-AB/BB), placental growth factor (PLGF), RANTES/ CCL5, soluble CD40 ligand

(sCD40L), transforming growth factor alpha (TGFα), transforming growth beta 1, 2 and 3

(TGF-β 1, -2, and -3), tumor necrosis factor alpha (TNFα), tumor necrosis factor beta (TNFβ),

VEGF-A, -C, and -D.

2.3. Effects of MSCs CM on angiogenesis

2.3.1. Conditioned medium concentration protocol. Conditioned Medium obtained

from the UC-MSCs and DPSCs was concentrated 5 times (5x), using Pierce™ Protein Concen-

trator, 3k MWCO, 5–20 mL (88525, Thermo Scientific). Tubes were sterilized as per manufac-

turer’s instructions, through immersion in 70% (v/v) ethanol for 30 minutes, followed by 2

cycles of 70% ethanol and DPBS (14190144, Gibco1) centrifugations at 3000 xg, for 10 min-

utes each). Tubes were air dried for 10 minutes and CM placed ate the top compartment. Sam-

ples were centrifuged until 5x concentration of sample volume in the upper compartment was

achieved.

2.3.2. Human umbilical vein endothelial cells expansion and maintenance. Human

Umbilical Vein Endothelial Cells (UVECs) were obtained from Sigma1 (200P-05N; Lot No.

3257, Cell Applications, Inc) and expanded using specific expansion medium (211–500, Cell

Applications, Inc). Cells were maintained at 37˚C and 95% humidified atmosphere with 5%

CO2 environment. Passage 4–5 cultures were utilized in the presented assays.

2.3.3. Cell viability assay. Cells were seeded in 24 well plate at 6000 cells/cm2. The cells

were allowed to adhere in UVECs expansion medium, overnight. After this period, culture

media was replaced by CM supplemented culture media [composed of 80% UVECs expansion

medium and 20% 5x concentrated UC-MSCs’ CM or DPSCs’ CM; control medium was com-

posed of 80% UVECs expansion media and 20% DPBS].

At every time point (0, 24, 48, 72 and 96 hours), the culture media was removed and fresh

adequate culture media was added to each well, with 10% (v/v) of 10x PrestoBlue1 cell viability

reagent (A13262, Thermo Fisher Scientific, Molecular Probes, Invitrogen), and UVECs were

incubated for 1 hour at 37˚C, 5% CO2. The absorbance of the cell culture supernatant was read

at 570 nm and 595 nm in a Thermo Scientific Multiskan FC plate reader, to assess for changes

in cell viability. Absorbance readings were normalized, and data corrected to unseeded control

wells’ readings.

2.3.4. Senescence and apoptosis assays. To assess for signs of senescence in the cellular

populations, β-Galactosidase activity was assayed. Cells were plated in 96-well plates, similarly

as described for the cell viability assessment. After 48 hours in CM-supplemented and control

media, culture media was removed, and cells were washed once with DPBS and incubated

with β-Galactosidase Assay Reagent (75705, Thermo Fisher Scientific), for 30 minutes at 37˚C.

Absorbance was read at 405 nm.

Cultured UVECs were further assessed for apoptosis events, through the detection of

Annexin V and Propidium Iodine (PI) staining (BMS500FI, eBioscience). For such, cells cul-

tured for 2 days in each condition were harvested using Trypsin-EDTA, counted and resus-

pended in provided Binding Buffer. Cells were incubated with Annexin V-FITC and PI, as per
manufacturer’s protocol, and FACS analysis was performed using a Coulter Epics XL Flow

Cytometer (Beckman Coulter Inc., Miami, FL, USA). Flow cytometry data was processed

using FlowJo Engine X10.4 (v3.05478, LLC).
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2.3.5. Migration assays. Human UVECs, UC-MSCs and DPSCs were plated at 10000

cells/cm2 in a 12 well-plate. Cells were further allowed to expand up to 90% confluency and

the centre of the well scratched using a P200 sterile pipette tip.

Wells were individually photographed, and standard culture medium was replaced by

defined experimental conditions and appropriate controls [UVECs assay—CM media 80%

UVECs expansion medium and 20% 5x concentrated UC-MSCs’ CM or DPSCs’ CM; Control

Medium: 80% UVECs expansion media and 20% DPBS; Complete Medium: 100% UVECs

expansion media; MSCs assay—CM media 80% αMEM 10% FBS and 20% 5x concentrated

UC-MSCs’ CM or DPSCs’ CM; Control Medium: 80% αMEM 10% FBS and 20% DPBS; Com-

plete Medium: 100% αMEM 10% FBS].

Cells were cultured in the conditions above described and observed for migration and pro-

liferation into the scratched area. Photographs were taken at 0, 10, 14 and 16 hours (for

UVECs) and 0, 6 and 24 hours (for MSCs) after experimental media addition and media was

changed after each procedure. Photographs were obtained from marked areas along each

scratch line, allowing for the monitoring of cell response in multiple areas (Axiovert 40 CFL,

Zeiss1).

Photographs were then analysed using the ImageJ Software (ImageJ 1.51k, NIH, USA) and

the scratched area was measured in time sequenced images, using the ‘MRI Wound Healing

Tool’ (http://dev.mri.cnrs.fr/projects/imagej-macros/wiki/Wound_Healing_Tool). Six mea-

surements per condition were considered and the results were presented as ‘percentage

decrease in scratched area’.

2.3.6. In vitro endothelial tube formation assay. For the evaluation of the effect of the

CMs on the in vitro endothelial tube formation capacity of the UVECs, cells were plated on

Matrigel1 (Growth Factor Reduced Matrigel1, Cat. 354230, Corning1) coated 96-well culture

plates. A final density of 16000 cells per well were plated and specific media added to each

group. Endothelial tubes formation was accompanied for up to 12 hours, and photographic

record at 40x magnification was obtained at this timepoint (Axiovert 40 CFL, Zeiss1).

Recorded images were then analysed using the ImageJ Software (ImageJ 1.51k, NIH, USA).

Recorded measurements concerned covered area (%), branching points (#), total tubes (#)

and total tube length (px), total loops (#), total loop area (px2) and total loop perimeter (px).

2.3.7. In vivo vascularization assay. For the in vivo assessment, adult male Sasco Sprague

Dawley rats [300-350g body weight (b.w.)] were selected. Experimental animals were housed

in environmentally controlled facilities, under 12h light-dark cycles. Standard rodent chow

and water were provided ad libitum. Normal cage activities were allowed, under standard labo-

ratory conditions. All experimental procedures were approved by the Organism Responsible

for Animal Welfare (ORBEA) of the Abel Salazar Institute for Biomedical Sciences (ICBAS),

University of Porto (UP) (project 165/2016) and by the Veterinary Authorities of Portugal

(DGAV) (project DGAV: 2018-07-11 014510), complying with Directive 2010/63/EU of the

European Parliament and the European Communities Council Directive 86/609/EEC.

Humane Endpoints were considered as recommended by the OECD Guidance Document on

the Recognition, Assessment and Use of Clinical Signs as Humane Endpoints for Experimental

Animals Used in Safety Evaluation (2000). Before surgical procedure, animals were maintained

for two weeks under normal routine, for acclimation.

Anaesthesia protocol consisted on intraperitoneal (IP) injection of xylazine-ketamine mix-

ture (Rompun1 20 mg/mL, Bayer1, 12 mg/kg b.w., and Imalgene 10001, Merial1, 100 mg/kg

b.w.). The dorsum of each animal was clipped, and the skin asepsis performed with iodopovi-

done 10% solution (Betadine1).

Matrigel1 was thoroughly mixed with the Control, Complete and Conditioned Media

(80% Matrigel1 and 20% of the respective medium). The formulation was maintained in ice,
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to prevent Matrigel1 gelation. The dorsum was virtually divided into four quadrants (each

assigned to an experimental group) and a final volume of 500 μL was injected subcutaneously.

Upon injection, the formation of a protruding plug was confirmed. Animals were recovered

from anaesthesia. After 7 days, animals were placed again under general anaesthesia and sacri-

ficed by lethal intraperitoneal injection of 5% sodium pentobarbital (Eutasil1 200 mg/mL,

Ceva).

Injection sites were confirmed and dorsal subcutaneous tissue enclosing the vascularised

plug were collected and preserved in paraformaldehyde (3.7–4% buffered to pH 7, Panreac

AppliChem1).

Collected tissues were processed for routine histopathologic analysis. Sequential sections

(3 μm) were prepared and stained with haematoxylin-eosin (H&E) and assessed for the pres-

ence and pattern of endotheliocyte/ capillary penetration into the matrix plug. For the immu-

nohistochemical study, sections were deparaffinized in xylene and rehydrated in sequential

graded alcohols. Antigen retrieval was performed in EDTA, pH 8,0 for 30 minutes in water

bath 100º C. The NovolinkTM Max-Polymer detection system (Novocastra, Newcastle, UK)

was used for visualization, according to the manufacturer’s instructions. Slides were then incu-

bated with anti-VEGFR2 antibody (clone 55B11; Cell Signaling Technology, Boston, USA),

diluted 1:300, overnight at 4ºC. Colour was developed with 3.3- diamino-benzidine (DAB;

Sigma, St. Louis, MO, USA) and sections were then counterstained with haematoxylin, dehy-

drated and mounted. Sections of normal rat skin were used as positive control and negative

controls were performed by replacing the primary antibody with another of the same immu-

noglobulin isotype.

The tissue areas containing Matrigel1 plugs and the surrounding tissue were microscopi-

cally evaluated in order to identify the regions of highest vascular density. Vessels which

showed unequivocal brown VEGFR2 immunostaining were counted manually at higher mag-

nification (×40) in at least 10 different regions of each sample.

2.4. Statistical analysis

Data was plotted and treated using GraphPad Prism version 6.00 (GraphPad Software, La Jolla

California USA). Data was further analyzed for significant differences. Multiple comparison

tests were performed by one-way ANOVA supplemented with Tukey’s HSD post-hoc test. Dif-

ferences were considered statistically significant at P < 0.05. Significance of the results is indi-

cated according to P values with one, two, three or four of the symbols (�) corresponding to

0.01�P<0.05; 0.001�P< 0.01; 0.0001�P<0.001 and P<0.0001, respectively.

3. Results

3.1. Mesenchymal Stem/ Stromal Cells characterization and conditioning

protocol

Mesenchymal Stem/ Stromal Cells populations depicted characteristic phenotypical markers

(Fig 1), presenting� 92% positive population for CD90, CD105 and CD44, and� 2% negative

marking for CD34, CD11b, CD19, CD45 and MHC II. Exception was noted for DPSCs popu-

lation with regard to CD90, which marked positive for only 87–91% of assessed population

(Positive population: UC-MSCs—CD90+: 99.23 ± 0.12; CD105+: 99.07 ± 0.09; CD44+:

95.70 ± 1.65; NEG+�: 0.13 ± 0.08; DPSCs: CD90+: 90.50 ± 0.35; CD105+: 99.30 ± 0.06; CD44+:

99.80 ± 0.00; NEG+�: 0.13 ± 0.04; �NEG+ cocktail corresponds to anti-CD34; -CD11b; -CD19;

-CD45; and -MHC II antibodies).
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RNA was purified from both UC-MSCs and DPSCs and converted to cDNA using adequate

procedures. Primers targeting two housekeeping genes (β-actin and GAPDH) and four typical

pluripotency markers (c-kit, Oct-4, Nanog and ALP) were used to support its identity. Table 2

details on the average of Threshold cycle (Ct) values. Total RNA was successfully purified from

UC-MSCs and DPSCs using the High Pure RNA Isolation kit (Roche), obtaining a concentra-

tion of 883.2 ng/μl from UC-MSCs and 158.7 ng/μl from DPSCs. Volumes were adjusted to

use only 1.5 μg of total RNA to synthetize corresponding cDNA. This cDNA was used as tem-

plate in the qPCR reaction. The Ct values show a reasonable amplification of the target genes,

in both cell types, resulting in an active expression of these genes in both UC-MSCs and

DPSCs. The agarose gel confirms the identity of the genes from the observed molecular

weight.

The strongest expression is observed in the housekeeping genes, while the lowest expression

was observed for the Oct-4 sequence (as evidenced by the lowers and higher ΔCt values deter-

mined for the amplification cycles, respectively) (Table 2).

The differentiation capacity of MSCs towards three mesodermal lineages was confirmed

(Fig 2). Macroscopic observation revealed calcified matrix formation, evidenced by ARS stain-

ing in both UC-MSCs and DPSCs under osteodifferentiation conditions. Semi-quantitative

Fig 1. Surface marker expression for MSCs’ identity of UC-MSCs and DPSCs. Positivity for CD90, CD105 and CD44,

negativity for a cocktail including CD34, CD11b, CD19, CD45 and MHC II, assessed by Flow cytometry.

https://doi.org/10.1371/journal.pone.0221378.g001

Table 2. Average of Delta Threshold cycle (Ct) values. Of the amplification of the selected genes from UC-MSCs

and DPSCs.

Gene ΔCt value
UC-MSCs DPSCs

Pluripotent Stem Cells Markers genes
ALP 6.03 ± 0.03 6.36 ± 0.01

c-kit 1.96 ± 0.01 1.49 ± 0.02

Nanog 6.41 ± 0.06 6.15 ± 0.02

Oct-4 7.95 ± 0.00 7.26 ± 0.01

https://doi.org/10.1371/journal.pone.0221378.t002
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analysis confirmed observed differentiation, further indicating an increased efficiency and

osteogenic propensity of DPSCs when compared to UC-MSCs (2299.31 ± 7.35 μM and

1449.57 ± 0.00 μM of ARS, respectively). In adipogenic differentiation, microscopic observa-

tion of ORO stained cells evidenced comparable lipid droplets accumulation in differentiated

UC-MSCs and DPSCs. Spectrophotometric quantification of ORO staining confirmed

observed differentiation and indicate no significant difference between UC-MSCs and DPSCs

efficiency. Chondrogenic differentiation groups presented marked light blue staining under

macroscopic and microscopic observation, indicating proteoglycan deposition by Alcian Blue

staining, confirmed by sGAGs production quantification. UC-MSCs and DPSCs presented no

Fig 2. Multilineage differentiation. A) Qualitative evaluation—Osteogenic differentiation: Alizarin Red S (ARS)

staining after 21 days (scale bar = 6000 μm); Adipogenic differentiation: Oil Red O (ORO) staining after 14 days (scale

bar = 100 μm); Chondrogenic differentiation: Alcian blue staining after 14 days (scale bar = 400 μm). B) Semi-

Quantitative evaluation—Osteogenic differentiation: ARS concentration (μM) after 21 days; Adipogenic

differentiation: Oil Red O (OD570nm) after 14 days; and C) Chondrogenic differentiation: Sulfated GAGs production

(μg/ml) after 14 days, assessed by Blyscan™ Glycosaminoglycan Assay (Biocolor, UK). Control: Undifferentiated

control; Results presented as Mean ± SEM. a: significantly different from undifferentiated group; b: UC-MSCs

differentiated group significantly different from DPSCs differentiated group; c: UC-MSCs undifferentiated group

significantly different from DPSCs undifferentiated group (P<0.05).

https://doi.org/10.1371/journal.pone.0221378.g002
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difference in terms of sGAGs production within the differentiated and the undifferentiated

wells.

3.2. Metabolomic and bioactive factors secretion profiles

3.2.1. Conditioned medium collection and analysis

Populations from both tissue sources were successfully seeded and reached the desired density

within 3 to 4 days. For conditioning time, cells remained well attached and preserved their

characteristic spindled shape, although a decrease in the proliferation rate could be empirically

observed.

3.2.2. Metabolomic analysis

Proton NMR spectroscopy was used to define the metabolic profiles of UC-MSCs and DPSCs

through the analysis of produced CMs. To identify metabolite changes induced by DPSCs and

UC-MSCs conditioning, various 1D and 2D NMR experiments were performed, and 1H NMR

spectra acquired using appropriate NMR techniques for suppression of the solvent and other

interfering signals. The same experimental conditions (temperature, sample/solvent volume,

standard (TSP) concentration, NMR acquisition and processing parameters) were used in

order to avoid external interferences and to identify particular metabolite variations. The

assignment of the proton resonances in NMR spectra and the assessment of the metabolite

composition of the samples were achieved by high resolution 1H NMR spectra analysis, con-

sidering specific NMR parameters which reflect structural characteristics of the respective spe-

cies. The results were verified by the implementation of appropriate 2D NMR (1H/1H COSY,
1H/1H TOCSY, 1H/13C HSQC) spectroscopic techniques and compared to available data in

the literature [33, 34]. The assignment of the resonance signals of metabolites in 1H NMR spec-

tra of the samples studied is presented in Table 3. Characteristic resonance signals of metabo-

lites identified in 1H NMR spectra of Plain (unconditioned), UC-MSCs and DPSCs CM are

labelled in Fig 3.

The visual inspection of the 1H NMR spectra (Fig 3) suggests similar profile shapes but dif-

ferent concentration distribution of the metabolites. To assess characteristic metabolic changes

Table 3. 1H NMR chemical shifts and multiplicity. Of the main metabolites observed in the spectra of Plain,

UC-MSCs and DPSCs CM.

Metabolites Abbrev. Chemical Shifts (ppm) multiplicity
Acetate Ace 1.92(s, CH3)

Alanine Ala 1.48(d, bCH3), 3.78(q, aCH)

Choline Cho 3.19 (s, CH3), 3.51(dd, CH2), 4.06(dd, CH2),

Ethanol Et 1.19 (t, CH3), 3.57 (q, CH2)

Formate For 8.46 (CH)

Glutamate Glu 2.36(t, gCH2), 2.08(m, bCH2), 3.74(dd, aCH)

Glutamine Gln 2.44(t, gCH2), 2.51/2.04(m, bCH2), 3.76(dd, aCH)

Lactate Lac 1.34(d, bCH3), 4.13(q, aCH)

Nicotinamide NA 7.58 (dd, CH), 8.24 (dd, CH), 8.70 (dd, CH), 8.94 (s, CH)

Pyruvate CH3 2.39(s)

Tyrosine Tyr 3.05/3.18 (bCH2), 3.93 (aCH), 7.19(d, H2,6), 6.90(d, H3,5)

α-Glucose α−Γλυ 5.24(d, H1), 3.54(dd, H2), 3.72(t, H3), 3.41(t, H4), 3.47(ddd, H5), 3.91/3,72 (dd, H6)

β-Glucose β−Γλυ 4.65(d, H1), 3.24(t, H2), 3.49(t, H3), 3.42(t, H4), 3.84(m, H5,6), 3.78(dd, H6)

https://doi.org/10.1371/journal.pone.0221378.t003

A comparative analysis on secretome profile of MSCs

PLOS ONE | https://doi.org/10.1371/journal.pone.0221378 November 27, 2019 11 / 33

https://doi.org/10.1371/journal.pone.0221378.t003
https://doi.org/10.1371/journal.pone.0221378


occurring during hMSCs conditioning, comparative quantitative analysis using 1H NMR spec-

tra of the samples from the three groups was performed.

The metabolites concentration was determined from the integral intensity of characteristic

signals in 1H NMR spectra of the samples referenced to the integral intensity of TSP signal

used as an internal standard and considering the number of the contributing nuclei for that

particular resonance signal. The concentration of the metabolites identified in the 1H NMR

Fig 3. Average 600 MHz 1H NMR spectra. (in H2O with 10% D2O) of Plain Medium (A), UC-MSCs CM collected

after 24 (B) and 48 hours (C), and of DPSCs CM collected after 24 (D) and 48 hours (E). The intensity in the aromatic

spectral area (6.5–8.6 ppm) incremented by 10x; the water signal is excluded from the spectra.

https://doi.org/10.1371/journal.pone.0221378.g003

Table 4. Metabolite concentration (μM). Calculated from 1H-NMR spectra of unconditioned (Plain Medium), and UC-MSCs and DPSCs conditioned media, after 24

and 48 hours. Data presented in Mean ± SD.

Metabolite Group Chem. Shift (ppm) Concentration (μM)
Plain Medium UC-MSCs 24h UC-MSCs 48h DPSCs 24h DPSCs 48h

Acetate CH3 1.93 2.91 ± 0.02 6.16 ± 0.81 5.15 ± 0.34 2.03 ± 1.17 2.00 ± 0.06

Alanine CH3 1.48 16.34 ± 0.52 120.65 ± 1.76 165.76 ± 2.75 46.42 ± 0.89 141.99 ± 6.17

Choline N(CH3)3 3.21 2.53 ± 0.09 4.60 ± 0.89 3.87 ± 0.17 3.93 ± 0.14 4.20 ± 0.52

Ethanol CH3 1.19 0.84 ± 0.13 8.22 ± 0.18 16.13 ± 0.07 8.47 ± 0.56 21.00 ± 0.30

Formate CH 8.46 0.39 ± 0.19 1.58 ± 0.27 1.92 ± 0.77 1.07 ± 0.09 1.48 ± 0.26

GlutaMAX I (L-Ala) CH3 1.42 94.64 ± 1.24 77.09 ± 0.18 4.97 ± 1.94 88.83 ± 1.77 25.39 ± 9.74

GlutaMAX II (L-Glu) CH2 2.34 153.38 ± 4.29 160.99 ± 4.52 29.72 ± 0.36 160.17 ± 5.22 62.61 ± 8.03

Glutamine CH2 2.45 6.62 ± 0.44 134.98 ± 4.32 175.09 ± 2.54 37.85 ± 0.60 157.38 ± 15.51

Lactate CH 4.12 11.36 ± 0.44 111.44 ± 8.04 131.75 ± 6.58 87.20 ± 1.45 137.52 ± 11.95

Nicotinamide CH 8.94 0.44 ± 0.37 2.55 ± 0.72 2.04 ± 1.77 1.14 ± 0.13 1.16 ± 0.13

Pyruvate CH3 2.37 14.40 ± 0.15 15.67 ± 1.07 7.53 ± 0.37 12.49 ± 4.69 6.97 ± 0.22

Tyrosine 2CH 7.19 21.59 ± 0.26 35.59 ± 1.07 27.51 ± 0.44 26.61 ± 2.11 27.36 ± 1.39

α-Glucose CH 5.24 773.63 ± 1.52 1 112.15 ± 58.57 813.21 ± 16.77 805.17 ± 25.38 860.69 ± 15.68

β-Glucose CH 4.65 945.19 ± 14.00 1 307.92 ± 9.58 1 038.61 ± 63.04 913.16 ± 2.84 998.30 ± 19.05

https://doi.org/10.1371/journal.pone.0221378.t004
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spectra of the samples was calculated using the equation [48]:

Wx ¼
Ix�Nstd�Mx�mstd

Istd� Nx�Mstd

Where:

• Wx represent the mass of the metabolite;

• Mx andMstd are the molar masses of the metabolite and the standard (TSP was used),

respectively;

• Ix and Istd are the integrated signal area of the metabolite and the standard, respectively;

• Nx and Nstd are the number of protons in the integrated signal area of the metabolite and

the standard;

• mStd represent the mass of the standard.

The concentration of the metabolites (μM) identified in each group, as well as the chemical

shift and assignment of the signal used for quantification are presented in Table 4. Statistical

significance of encountered differences in Metabolite concentration (μM) is presented in S1

Table.

All 1H NMR spectra are dominated by the proton resonance signals of glucose but several

low molecular weight compounds such as amino acids (e.g. alanine, tyrosine), organic acids

(e.g. lactate, acetate, citrate, formate) and choline are identified (Fig 3).

Additionally, in the spectra of the Plain Medium, resonance signals characteristic for L-ala-

nyl-L-glutamine (GlutaMAXTM I (L-Ala) at 1.42 and GlutaMAXTM II (L-Glu) at 2.37 ppm)

dipeptide from GlutaMAXTM are clearly observed. The intensity of these resonances signifi-

cantly decreases through the cell conditioning process, which is especially evident after 48

hours of culture conditioning. Glutamine and alanine, the resulting compound from Gluta-

MAXTM and glutamate’s metabolism, expectedly rise through culturing times. Remarkably,

UC-MSCs’ CM increase in these metabolites’ content occurs at 24 hours, before significant

GlutaMAXTM consumption can be observed. For the DPSCs population, this process appears

to occur at a slower rate (Fig 4A and Fig 4B).

Glucose is the most prominent metabolite identified in the spectra and therefore in greatest

concentration. In the media collected after 24 hours of conditioning of UC-MSCs, a significant

increase of α and β-Glucose content is observed, when compared to the Plain Medium (which

was supplied to the culture at the start of the conditioning period), as well as when compared

to the DPSCs at the same conditioning time. This initial spike in glucose content decreases in

the following hours, reaching back to values not significantly different from the Plain Medium.

Human DPSCs present no significant variation in glucose content throughout the study

period.

Pyruvate is an energetic compound that is catabolised through aerobic or anaerobic path-

ways. The analysis of the Plan Media confirms it is one of the supplemented metabolites. Both

cell types appear to present a tendency for pyruvate consumption in the 48 hours of condition-

ing (Fig 4C and Fig 4D), but significance in such reduction is only found for UC-MSCs.

Catabolites resulting from its metabolism are also detected in the spectra, such as acetate, lac-

tate and ethanol. Acetate accumulated in UC-MSCs cultures, particularly in the first 24h (Fig

4C). In DPSCs CM, Acetate concentrations remained stable though the evaluation (Fig 4D).

Lactate, on the other hand, accumulated strongly within the first 24 hours in both cases, with

little increase afterwards, reaching maximum concentration at 48 hours of incubation. Ethanol
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presented a steady rate of accumulation in the culture supernatant for both UC-MSCs and

DPSCs.

Other compounds such as choline, formate, tyrosine and nicotinamide are also detected at

low levels in both Plain and Conditioned media.

3.2.3. Bioactive factors detection and quantification. Multiplexing LASER Bead Analy-

sis was performed for the detection of a total of 57 Bioactive factors in the CM obtained from

UC-MSCs and DPSCs, after 24 and 48 hours of conditioning. Obtained measurements were

normalized to the Unconditioned/ Plain medium (naturally devoid of artificial bioactive fac-

tors), run as blank sample. Fluorescent readings were plotted against a standard curve and cal-

culated concentrations are presented in Table 5. Statistical significance of encountered

differences in the detected Bioactive factors (pg/mL) is presented in S2 Table.

After 24 hours of conditioning most factors presented no or little expression. Some of the

factors gained expression after 48 hours, becoming detectable and, occasionally, in significant

concentrations. Overall, none to minimal signal intensity was detected in 36 of the 57 assayed

factors, combining the two timepoints.

Fig 4. Metabolite dynamics. Dynamics of GlutaMAXTM breakdown to glutamine and alanine of UC-MSCs (A) and

DPSCs (B) populations; and Dynamics of Pyruvate catabolism into acetate, lactate and ethanol of UC-MSCs (C) and

DPSCs (D) populations. Statistical significance of observed differences available in S1 Table, as Supporting

Information.

https://doi.org/10.1371/journal.pone.0221378.g004
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Table 5. Bioactive factors detection and quantification (pg/mL). Calculated from Multiplexing LASER Bead Analysis of UC-MSCs and DPSCs CM after 24 and 48

hours of conditioning. Data presented in Mean ± SEM. Bioactive factors presenting no to minimal signal intensity in grey. ND, not detected.

Bioactive Factor Concentration (pg/mL)
UC-MSCs 24h UC-MSCs 48h DPSCs 24h DPSCs 48h

Angiop-2 ND 10.66 ± 0.45 ND 1.86 ± 1.00

BMP-9 ND 0.22 ± 0.02 ND 0.00 ± 0.00

EGF 0.23 ± 0.13 0.07 ± 0.04 0.28 ± 0.02 0.68 ± 0.10

Endoglin ND 47.74 ± 3.25 0.93 ± 0.93 2.56 ± 0.39

Endothelin-1 ND 1.21 ± 0.07 ND 0.03 ± 0.03

Eotaxin-1 ND 1.50 ± 0.49 4.37 ± 2.08 3.09 ± 1.54

FGF-1 ND 1.97 ± 0.63 ND 0.26 ± 0.22

FGF-2 ND 212.27 ± 12.39 ND 7.06 ± 7.06

Flt-3L ND 1.37 ± 0.69 ND 0.76 ± 0.22

Follistatin 143.45 ± 10.69 1101.53 ± 293.83 202.04 ± 29.56 1309.40 ± 110.60

Fractalkine 3.37 ± 0.95 23.76 ± 13.03 ND ND

G-CSF ND 1041.30 ± 113.67 ND 0.49 ± 0.25

GM-CSF 1.24 ± 0.34 2.45 ± 1.07 ND 1.04 ± 0.25

GRO pan 17.80 ± 7.49 966.84 ± 177.44 ND 12.19 ± 1.45

HB-EGF 0.02 ± 0.00 0.97 ± 0.11 0.04 ± 0.04 0.10 ± 0.03

HGF 113.99 ± 7.25 4436.31 ± 516.74 0.37 ± 0.37 69.86 ± 18.50

IFNα2 3.19 ± 0.99 3.04 ± 0.41 10.95 ± 5.08 2.28 ± 1.11

IFNγ 0.27 ± 0.05 1.22 ± 0.11 0.40 ± 0.16 ND

IL-10 ND 0.29 ± 0.05 ND ND

IL-12(p40) 2.80 ± 0.89 3.49 ± 0.63 0.64 ± 0.11 ND

IL-12(p70) 0.32 ± 0.17 0.40 ± 0.04 0.38 ± 0.03 0.41 ± 0.14

IL-13 1.02 ± 0.06 0.76 ± 0.12 0.27 ± 0.04 1.15 ± 0.13

IL-15 0.65 ± 0.02 0.80 ± 0.19 0.37 ± 0.04 0.49 ± 0.03

IL-17A ND ND ND ND

IL-18 ND ND ND ND

IL-1B 0.56 ± 0.08 0.35 ± 0.05 0.50 ± 0.26 0.43 ± 0.17

IL-1RA 0.54 ± 0.14 0.78 ± 0.27 ND ND

IL-1α 4.45 ± 0.31 7.10 ± 0.73 ND ND

IL-2 ND ND ND ND

IL-3 0.38 ± 0.21 ND ND ND

IL-4 0.81 ± 0.35 ND ND ND

IL-5 ND ND 0.01 ± 0.00 0.05 ± 0.03

IL-6 31.24 ± 2.47 470.56 ± 33.61 ND ND

IL-7 0.12 ± 0.05 0.65 ± 0.10 ND ND

IL-8 48.18 ± 2.89 1863.05 ± 10.77 0.02 ± 0.01 1.23 ± 0.14

IL-9 ND 0.30 ± 0.06 ND 0.38 ± 0.29

IP-10 1.90 ± 0.10 ND ND 1.23 ± 0.10

Leptin 1.76 ± 0.00 216.56 ± 17.66 39.62 ± 24.47 12.09 ± 12.09

MCP-1 972.36 ± 83.42 2626.08 ± 236.18 N.D. 0.44 ± 0.33

MCP-3 6.84 ± 3.45 53.53 ± 6.48 2.43 ± 0.89 7.23 ± 2.77

MDC ND 32,13 ± 6,16 ND ND

MIP-1α ND ND ND ND

MIP-1β ND ND ND ND

PDGF-AA 0.14 ± 0.01 0.56 ± 0.04 ND 0,02 ± 0,01

PDGF-BB 2.06 ± 0.56 3.15 ± 1.35 2.24 ± 0.67 4.29 ± 1.97

(Continued)
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A similar pattern of superior secretion by UC-MSCs is observed throughout, highlighting

HGF, IL-8, and MCP-1 expressive quantities. Exception is appointed to follistatin and, most

significantly, to VEGF-A, where DPSCs depict increased levels when compared to UC-MSCs.

3.3. Effects of MSCs CM on angiogenesis

3.3.1. Cell viability, senescence and apoptosis assays. The CM obtained from MSCs cul-

tures was employed as culture medium supplement for in vitro culture of UVECs, to assess for

its ability to sustain the activity and proliferation of the endothelial populations. PrestoBlue1

viability was used as a metabolic indicator. Obtained corrected absorbance values are

Table 5. (Continued)

Bioactive Factor Concentration (pg/mL)
UC-MSCs 24h UC-MSCs 48h DPSCs 24h DPSCs 48h

PLGF 0.17 ± 0.04 0.11 ± 0.03 0.13 ± 0.06 4.35 ± 0.30

RANTES 12.35 ± 2.32 73.61 ± 5.56 4.52 ± 1.58 1.53 ± 1.12

sCD4L ND ND ND ND

TGF-α ND ND 0.26 ± 0.08 ND

TGF-β1 11.96 ± 2.18 582.49 ± 56.37 4.08 ± 2.08 53.01 ± 23.04

TGF-β2 0.69 ± 0.15 174.20 ± 17.52 0.13 ± 0.13 29.33 ± 5.09

TGF-β3 0.09 ± 0.09 1.77 ± 1.25 ND 0.20 ± 0.16

TNFα 0.05 ± 0.01 0.24 ± 0.07 ND 0.08 ± 0.00

TNFβ ND 0.86 ± 0.17 ND 1.38 ± 0.27

VEGF-A 17.25 ± 3.48 1.34 ± 0.28 14.31 ± 8.75 2041.55 ± 45.66

VEGF-C 1.90 ± 0.13 486.48 ± 23.48 ND 30.71 ± 1.67

VEGF-D 0.57 ± 0.22 1.90 ± 0.48 0.52 ± 0.17 ND

https://doi.org/10.1371/journal.pone.0221378.t005

Fig 5. Corrected absorbance readings of Presto Blue1 Assay of UVECs. At 0, 24, 48, 72 and 96 hours of expansion in control or

CMs supplemented media. Values are presented as Mean ± SD (A). Statistical significance of observed differences available in S3

Table, as Supporting Information; Apoptosis (Annexin-V/ PI) assay of UVECs, after 48 hours of expansion in Complete, Control or

CMs supplemented media. Results presented as percentage (%) of cells of Viable, Early Apoptotic, Late Apoptotic and Death cells, as

Mean ± SD (B). Statistical significance of observed differences available in S4 Table, as Supporting Information.

https://doi.org/10.1371/journal.pone.0221378.g005
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presented in Fig 5 and Table 6 (statistical differences on observed measurements detailed in

S3 Table).

At 24 hours, UVECs cultured in medium supplemented with DPSCs CM depict slightly

increased activity, with no other noteworthy differences. As time progresses (48 and 72 hours),

both DPCSs and UC-MSCs CM supplemented groups sustain superior cellular activity than

Complete and Control media. At about 72 hours of culture, the UVECs cultured in CM sup-

plemented media reached confluence and entered the plateau stage. The activity of Control

medium group also decreased from that point onwards, although cellular confluence was

unmatched to the CM supplemented groups. At 96 hours, only the Complete medium contin-

ued to present an increase in cellular metabolism but remained slightly inferior to that pro-

vided by DPCSs CM.

Senescent events on the cultured populations were assessed through the β-galactosidade

activity. Control medium presented increased enzyme activity when compared do the CM

supplemented groups (Corrected absorbance, as mean ± SD–Control: 0.0025±0.0030;

UC-MSCs CM 0.0003±0.0004; DPCSs CM: 0.0000±0.0000; 0.001�P< 0.01). CM supple-

mented groups presented no significant difference from the UVECs maintained in their stan-

dard Complete medium (Corrected absorbance, as mean ± SD: 0.0009±0.0007).

As for apoptosis events in the cultured population, none of the CM supplemented groups

revealed noteworthy impact in cellular viability (Fig 5B, Table 7 and S4 Table). The most

striking observation is that the Control group presented increased events of early and late

stage apoptosis, significantly decreasing the percentage of viable cells. As for the groups sup-

plemented with DPSCs or UC-MSCs CM, the first presented increased cellular viability, as

opposed to the early apoptotic and cell death events identified in the UC-MSCs CM supple-

mented group. The CM supplemented groups matched the events of each stage recorded for

UVECs cultured in their standard Complete media, except for the early apoptosis, where

DPSCs CM provided an inferior percentage.

Table 6. Corrected absorbance readings of Presto Blue1 Assay of UVECs. At 0, 24, 48, 72 and 96 hours of expansion in control or CMs supplemented media. Values

are presented as Mean ± SD.

Corrected Absorbance Complete Medium Control UC-MSCs CM DPSCs CM
0 h 0.171 ± 0.012 0.161 ± 0.015 0.165 ± 0.011 0.165 ± 0.008

24 h 0.254 ± 0.056 0.215 ± 0.014 0.284 ± 0.018 0.304 ± 0.014

48 h 0.442 ± 0.014 0.420 ± 0.015 0.477 ± 0.015 0.509 ± 0.007

72 h 0.464 ± 0.015 0.456 ± 0.012 0.546 ± 0.005 0.562 ± 0.003

96 h 0.465 ± 0.014 0.424 ± 0.010 0.459 ± 0.040 0.502 ± 0.019

https://doi.org/10.1371/journal.pone.0221378.t006

Table 7. Apoptosis (Annexin-V/ PI) assay of UVECs. After 48 hours of expansion in Complete, Control or CMs supplemented media. Results presented as percentage

(%) of cells of Viable, Early Apoptotic, Late Apoptotic and Dead cells, as Mean ± SD.

Apoptosis
(Annexin V/ PI)

Complete Medium Control UC-MSCs CM DPSCs CM

Viable Cells 95.07 ± 0.25 89.47 ± 0.41 94.33 ± 0.41 95.17 ± 0.29

Early Apoptosis 2.79 ± 0.06 5.93 ± 0.09 2.71 ± 0.06 2.47 ± 0.05

Late Apoptosis 1.97 ± 0.21 4.43 ± 0.28 2.71 ± 0.28 2.09 ± 0.16

Dead

Cells

0.17 ± 0.01 0.11 ± 0.02 0.48 ± 0.10 0.27 ± 0.07

https://doi.org/10.1371/journal.pone.0221378.t007
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3.3.2. Migration assays

After wound induction on the cellular monolayers with the pipette tip, the area of the pro-

duced defect did not differ between groups/wells, deeming them adequate for comparison

through the healing time.

In one instance, we investigated the chemotactic effect of the MSCs CMs on endothelial

populations, represented by HUVECs. No significant differences in recovered area of the

wound were identified until 14 hours into the assay, when DPSCs CM supplemented groups

depicted increased percentage of covered wound area, when compared to the Complete and

Control media (0.0001�P<0.001) (Fig 6 and Table 8). At the final assessment time (16

hours), both CM supplemented groups presented over 90% area coverage, while Complete and

Control media groups remained under 85% coverage of the originally induced ‘scratch’

(0.0001�P<0.001 to P<0.0001).

Further, we assessed the effect of the CMs on the chemotaxis of the two MSCs populations

under study. After 6 hours of ‘scratching’ and media replacement of the MSCs monolayers, no

Fig 6. Migration assay of UVECs. At 0, 10, 14 and 16 hours in control or CMs supplemented media. Values are

presented as percentage (%) of wound area coverage from the 0 hours baseline (scale bar = 200 μm).

https://doi.org/10.1371/journal.pone.0221378.g006
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differences were observed in cellular migration in Control and Complete Medium groups

between, and within the two MSCs sources (Fig 7 and Table 9). The CM supplemented groups

depicted superior area, with exception for CMs supplemented DPSCs, which did not differ sig-

nificantly from the same population cultured in αMEM 10% FBS. No differences were patent

in UC-MSCS and DPSCs supplemented with either CM (0.0001�P<0.001 to P<0.0001).

At the final assessment of 24 hours, UC-MSCs in CM supplemented media presented

increased migration into the area than the un-supplemented Control and αMEM 10% FBS

groups. They also presented increased motility than the DPSCs populations (0.0001�P<0.001

to P<0.0001). No difference in response to the two CMs was observed to within each MSCs

type, but UC-MSCs responded with superior migration when paired to the DPSCs

(0.0001�P<0.001 to P<0.0001).

3.3.3. In vitro endothelial tube formation assay. The in vitro angiogenic potential of the

CMs was evaluated through the tube formation capacity of UVECs, cultured in Complete,

Control, UC-MSCs and DPSCs CM supplemented media. Control group presented the least

effective tube formation capacity, while CM supplemented groups provided enhanced in vitro
angiogenic potential (Fig 8).

It was noticeable that UVECs exposed to UC-MSCs and DPSCs CM supplemented media

formed consistently well-defined tubular networks, with evenly distributed and regularly

shaped loops in the Matrigel1matrix. Complete medium supplementation resulted in defined

tubes, although loop distribution appears less homogeneous than in the CMs groups. Occa-

sional events of incomplete tube connection from the branching points were observed. In the

Control group, the dominant observation is the incomplete bridging attempts and short

unconnected tubes, resulting in large and hill shaped loops.

Regarding the number of branching points, no differences were encountered between

groups. In terms of total loops (formed from the connection of the branched tubes) and total

tube length, Complete medium and CM supplemented groups showed significative superior

performance, when compared to Control medium. Although both CMs provided increased

results over the Complete medium group, statistical significance was only noted for the DPSCs

CM supplemented group. No significant difference was found between the two CMs. The sur-

face area covered by UVECs reflected the tube formation efficiency observed (Fig 8 and

Table 10).

3.3.4. In vivo vascularization assay. After 7 days of subcutaneous implantation, the

Matrigel1 plugs were evidenced and collected. Discrete vascular penetration was observed

macroscopically in all groups.

Microscopically, the Complete Medium and the UC-MSCs CM groups presented apparent

increased capillary density than the Control group (Fig 9). In the CM groups, the capillary

penetration reached deeper into the matrix. These observations were further confirmed

through VEGFR2 staining of the microvessels within the subcutaneous tissue at the penetrat-

ing interface with the Matrigel1 plug (Fig 9 and Table 11).

Table 8. Migration assay of UVECs. At 0, 10, 14 and 16 hours in control or CMs supplemented media, wounded area in 105 pixels. Values are presented as Mean ± SD.

Area
(105 pixels)

Complete Medium Control UC-MSCs CM DPSCs CM

0 h 33.207 ± 2.198 33.378 ± 1.573 35.089 ± 0.718 33.486 ± 2.322

10 h 13.332 ± 1.547 15.436 ± 2.372 14.132 ± 2.694 12.431 ± 3.408

14 h 10.703 ± 3.403 10.490 ± 2.028 7.993 ± 3.641 4.366 ± 2.235

16 h 5.298 ± 1.202 5.132 ± 0.915 3.470 ± 0.295 3.244 ± 0.779

https://doi.org/10.1371/journal.pone.0221378.t008
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4. Discussion and conclusions

The disclosure of the composition of MSCs populations’ secretome is key to the comprehen-

sion of the underlying mechanisms of their therapeutic action. Therefore, it is key to under-

stand the basal profile of secretion of these MSCs populations, to grant basis for the selection

of the MSCs systems most suitable for each intended therapeutic application. For such, we

Fig 7. Migration assay of hMSCs. At 0, 6 and 24 hours of expansion in control or CMs supplemented media. Values

are presented as percentage (%) of wound area coverage from the 0 hours baseline (scale bar = 200 μm).

https://doi.org/10.1371/journal.pone.0221378.g007
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conducted an analytical study focusing on the investigation of the metabolomic and bioactive

factors composition of the secretome of hMSCs originated from two of the most promising

sources for medical applications: the UC-MSCs and the DPSCs. These sources may come to

gain ground for MSCs-based therapies due to the non-/ minimally invasive and ethically

accepted collection procedures, as well as for the increasingly available private and public

banking options worldwide.

The international scientific community has long debated the criteria for MSCs character

assignment and issued a conciliatory guiding line of features for the definition of populations

classified as MSCs [2], considering their phenotypic and differentiation capacities, which was

confirmed on the hMSCs herein explored. We observed an increased capacity for DPSCs to

differentiate towards mineralising populations, as reported by [49], but did not confirm their

decreased capacity for adipogenesis since both UC-MSCs and DPSCs displayed comparable

Oil Red O uptake. Further, a panel of specific genes has been reported to correlate with the

proliferative capacity of undifferentiated MSCs and pluripotency/ multilineage differentiation

capacity. Both UC-MSCs and DPSCs presented comparable expression of ALP, c-kit and

Nanog. ALP has been described to relate to the proliferative stage of undifferentiated stem

cells of embryonic and mesenchymal origin, while Nanog expression in MSCs is associated

with the transition from in vivo quiescence to adaptation to in vitro growth condition. Both

genes are described to downregulate as lineage commitment occurs, except for the osteoblastic

phenotype conversion, where it is characteristically upregulated [50, 51]. C-kit is the gene cod-

ing for the receptor for the stem cell factor, also observed highly proliferative populations and

related to differential lineage differentiation capacity [52]. Oct-4 was expressed to a lower

extent in both cellular populations. Oct-4, along with Nanog, is associated to MSCs popula-

tions plasticity [53]. Other authors report that Oct-4 was not identified in cultured human

adult MSCs [51].

These populations were therefore expanded in culture and elicited to secrete bioactive mol-

ecules to the surrounding media, through the conditioning process. The conditioning process

was handled under serum-free conditions, so that the only factors detected in the CM were

those produced by the UC-MSCs and DPSCs and not those bared to the system by exogenous

supplementation.

Addressing the obtained CM from a metabolomic perspective (through 1H-NMR spectros-

copy), we identified glucose as the dominant metabolite in the spectra. Nuschke et al. recently

investigated the metabolism of glucose in MSCs populations (bone marrow) and determined

this to be a major limiting factor for MSCs survival. They describe a steady consumption rate

for glucose in semi- and confluent cultures [54], a tendency that we could not observe in the

cultured UC-MSCs and DPSCs. Indeed, UC-MSCs present an increase in both α- and β-glu-

cose content, suggesting a possible engagement to gluconeogenesis and the utilization of other

Table 9. Migration assay of hMSCs. At 0, 6 and 24 hours of expansion in control or CMs supplemented media, wounded area in 105 pixels. Values are presented as

Mean ± SD.

Area
(105 pixels)

Complete Medium Control UC-MSCs CM DPSCs CM

UC-MSCs 0 h 41.42 ± 2.61 37.55 ± 4.54 35.06 ± 3.98 36.56 ± 5.14

6 h 29.13 ± 3.82 27.80 ± 2.73 19.62 ± 2.98 18.83 ± 2.11

24 h 8.72 ± 3.45 12.64 ± 2.43 3.17 ± 1.08 2.97 ± 1.97

DPSCs 0 h 42.51 ± 5.87 41.26 ± 3.27 41.42 ± 2.87 42.74 ± 2.05

6 h 25.30 ± 3.71 28.55 ± 3.53 22.34 ± 2.28 21.79 ± 2.75

24 h 11.01 ± 3.65 21.34 ± 5.73 12.65 ± 2.54 8.09 ± 2.66

https://doi.org/10.1371/journal.pone.0221378.t009
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bioenergetic substrates for energy production. The observed profiles suggest that, although sig-

nificant amounts of glucose are provided by plain media, conditioning cells do not solely rely

on glycolytic pathways for ATP and NADP production.

Pyruvate is therefore suggested as one of the crucial energetic metabolites that enters a vari-

ety of metabolic pathways, for the aerobic production of ATP [through its conversion into ace-

tate/acetylCoA and entrance into the citric acid cycle]. Pyruvate is detected at relatively low

Fig 8. Tube formation assay. After 12 hours of UVECs exposure to Complete, Control, UC-MSCs or DPSCs

supplemented media (upper panel). Graphical representation of total branching points, total loops, covered area and

total tube length observed in each group (lower panel) (scale bar = 200 μm). Values are presented as Mean ± SD.

Significant differences indicated according to P values with one, two, three or four of the symbols (�) corresponding to

0.01�P<0.05; 0.001�P<0.01; 0.0001�P<0.001 and P<0.0001, respectively.

https://doi.org/10.1371/journal.pone.0221378.g008
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concentrations, with a small tendency for consumption as conditioning time progresses. Pyru-

vate is initially provided by the media, but the maintenance of its concentration in the media

suggest intrinsic production by the MSCs, through non-glucose dependent alternative synthe-

sis pathways. Acetate levels, an intermediate product for the aerobic pathway of pyruvate

catabolism, also remain fairly constant, as it is not expected to accumulate, but to continue its

path through the citric acid cycle towards energy production. The build-up of choline and for-

mate (related to the production of acetate) converge to this assumption.

Evidence of anaerobic metabolism is also observed throughout the conditioning period,

providing accumulation of ethanol and lactate, both of which derived mainly from fermenta-

tion processes of the same energetic precursor pyruvate.

The observed accumulation of metabolites related to both bioenergetic processes supports

the combination of both aerobic and anaerobic pathways for energy production by condition-

ing MSCs populations.

Other substrates dynamics are worth highlighting. GlutaMAXTM is a formulation whose

hydrolysis results in the release of alanine and, ultimately, of L-glutamine, which is an essential

nutrient in cell cultures for energy production as well as protein and nucleic acid synthesis

[55]. This profile of consumption of GlutaMAXTM and build-up of its by-products is observ-

able in both cellular populations. Little consumption is detected at 24 hours, but the process

becomes very significant after 48 hours in culture. Additionally, UC-MSCs seem to entail on

this metabolic pathway faster that DPSCs. The metabolic dynamics observed supports the sur-

vival and biosynthetic pathway endured by MSCs that, amongst other compounds, results in

the production and/or release of bioactive molecules into their surroundings.

Through the evaluation of the bioactive factors content of the UC-MSCs and DPSCs secre-

tome, the paracrine function of MSCs in therapeutic setups is substantiated. This topic has

been granted greater attention in research when compared to the metabolomic composition of

the MSCs secretome, and various cell sources have been researched besides the bone marrow

standard [56–64], such as the adipose tissue [65–68], the dental pulp and other dental tissues

[62, 69–72], the umbilical cord tissue [64, 73], cord blood [74], and other placental/ foetal tis-

sues [64, 75]. These works report the identification of most of the angiogenic factors herein

investigated, such as Ang-2 [64], Endothelin-1 [66, 71], FGF-2 [58–60, 64, 65, 70, 74], G-CSF

[68], HB-EGF [74], HGF [60, 65, 66, 73, 74], IL-8 [58, 64, 69, 73, 75], PLGF [59] [64], VEGF

[56–63, 65, 66, 69–71, 74], and TGF-β [61, 65] [64].

We identified a series of pro-proliferative/ anti-apoptotic (TGFβs, FGF-2, G-CSF, HGF and

VEGFs) and chemotactic factors (RANTES, GRO, MCP and MDC), as well as relevant cyto-

kines (IL-6 and IL-8). Some other factors are described in the literature, which we were not

able to detect in significant amounts, such as GM-CSF [65]. PDGF is another angiogenic factor

Table 10. Tube formation assay. After 12 hours of UVECs exposure to Complete, Control, UC-MSCs or DPSCs supplemented media: total branching points, total loops,

covered area and total tube length observed in each group. Values are presented as Mean ± SD.

Tube Formation
Assay

Complete medium Control UC-MSCs CM DPSCs CM

Covered area (%) 16.93 ± 2.50 13.75 ± 3.82 18.89 ± 1.98 21.69 ± 1.93

Branching points (#) 23.14 ± 5.52 19.17 ± 4.62 21.09 ± 6.04 23.10 ± 4.51

Total tubes (#) 47.29 ± 12.57 44.67 ± 12.61 43.27 ± 13.91 46.60 ± 9.00

Total tube length (px) 15415.00 ± 582.38 12292.00 ± 1169.33 16522.86 ± 1239.79 17933.00 ± 1858.48

Total loops (#) 10.43 ± 1.81 7.00 ± 2.19 12.91 ± 1.81 14.45 ± 1.97

Total loop area (px2) 503384 ± 476226 374678 ± 331769 335432 ± 229543 279728 ± 170898

Total loop perimeter (px) 3087.11 ± 2047.40 3738.14 ± 2591.60 2833.46 ± 1241.24 2459.92 ± 1054.61

https://doi.org/10.1371/journal.pone.0221378.t010
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previously reported to be produced by DPSCs [70] that we were unable to detect in the condi-

tioned media.

Fig 9. In vivo re-vascularization (Matrigel1 Plug) assay. After 7 days of implantation of Complete, Control,

UC-MSCs or DPSCs supplemented media groups. VEGFR2 immunohistochemical staining (upper panel); �:

background uptake of DAB chromogen by the Matrigel1. Graphical representation of VEGFR2 immunopositive

microvessels per field (#) observed in each group (lower panel) (scale bar = 100 μm). Values are presented as

Mean ± SD. Significant differences indicated according to P values with one, two, three or four of the symbols (�)

corresponding to 0.01�P<0.05; 0.001�P<0.01; 0.0001�P<0.001 and P<0.0001, respectively.

https://doi.org/10.1371/journal.pone.0221378.g009
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Exploring into the specific functions of the identified factors, the VEGF family members

are primary factors in the MSCs pro-angiogenic character [76, 77]. Interestingly, most authors

do not take into account the existence of the different isoforms of VEGF, and rather quantify

its presence in bulk. We herein demonstrate that the differential detection of VEGF isoforms

is of great importance, since the assayed cellular sources demonstrated clear differences in the

isoforms profile content. Human DPSCs were here demonstrated to predominantly secrete

VEGF-A (that connects to endogenous re-vascularization response [78]), while UC-MSCs

were more prone to VEGF-C secretion (prone to neurogenesis induction, without exerting

angiogenic effects [79]), which may impact on their potential for tissue regeneration therapies.

Janebodin and colleagues [62] also report source dependent differential isoform secretion, and

demonstrated that DPSCs secreted superior levels of VEGF-A than BM-MSCs. They also

report the secretion of VEGF-D, and to significantly greater extents than BM-MSCs, while we

were unable to detect significant VEGF-D signal, especially after 48 hours of secretion. VEGFs

(and Ang) directly stimulate endothelial cells populations to proliferate and migrate, and to

organise in tube like vascular networks of increased stability and maturation [56]. Other mito-

gens are described for endothelial populations [80], such as FGF-2 and PLGF, which we failed

to observe in relevant amounts [81], in line with the recent reports for UC-MSCs [64] and for

DPSCs [63, 69]. HGF, the dominant bioactive factor identified in the UC-MSCs secretome, is

recognised as anti-apoptotic and pro-mitogenic in various tissues [82], and was previously

identified in UC-MSCs [77] and adipose derived-MSCs [65]. The strong expression of TGF-βs

(particularly TGF-β1) by UC-MSCs could raise flags to their potential effect on the stimulation

of fibroblastic population at a lesion site, but the combined secretion with antagonistic mole-

cules, such as HGF and Follistatin may be the key to the antifibrotic character of MSCs popula-

tions [83]. IL-8 similarly displays pro-angiogenic features [65], promoting endothelial

proliferation, migration and in vitro tube network formation [73].

These observations lead to the conclusion that both cell sources successfully supplied endo-

thelial populations with stimulatory factors for their in vitro proliferation, migration and tube

formation capacity, and forestalled senescence and apoptosis factors deprived endothelial cells.

Indeed, the CM efficiently outweighed the complete endothelial cell expansion media utilised

as positive control.

IL-8 and G-CSF are potent chemoattractant molecules [84], with recognised role in the

homing of endogenous and delivered MSCs to lesion sites [85]. We observed great amounts of

MCP-1 secretion by UC-MSCs, but not from DPSCs, colliding with Bronckaers’ observations

[69]. Potapova [58] reports BM-MSCs to also secrete MCP-1, in inferior proportion than IL-8

and IL-6. We observed an inverse pattern, since UC-MSCs secreted much expressive concen-

trations of MCP-1 instead of the ILs. Other entities such as eotaxin, fractalkine, GRO, and

MDC and RANTES have been demonstrated to be chemoattract to MSCs [26, 86, 87]. The

UC-MSCs maintain increased secretion of the molecules and, similarly to what was observed

in the endothelial populations, the action of the CMs in the migration of the MSCs populations

did not display equivalent differences. Conditioned media from both UC-MSCs and DPSCs

promoted overall increased migration of the MSCs, seldom comparable to the stimuli pro-

vided by standard expansion media. The UC-derived populations appear to be more

Table 11. In vivo re-vascularization (Matrigel1 Plug) assay. After 7 days of implantation of Complete, Control, UC-MSCs or DPSCs supplemented media groups.

Microvessels per field at 200x magnification, following VEGFR2 immunohistochemical staining. Values are presented as Mean ± SD.

In vitro re-vascularization

after 7 days

Complete medium Control UCMSCs CM DPSCs CM

Microvessels per field (#) 10,87 ± 3,60 7,96 ± 3,14 11,43 ± 4,56 18,66 ± 5,21

https://doi.org/10.1371/journal.pone.0221378.t011
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responsive to the CM vehiculated stimuli. Additionally, the UC-MSCs also appear to respond

to the bioactive factors produced by themselves during the migration challenge, as the un-sup-

plemented controls display some degree of in-defect proliferation, exceeding that of DPSCs.

The distinct response profile may relate to the expression of chemokine receptors by MSCs,

that varies though species, culturing time and, suggestively, though tissue source for isolation

[26].

Our report on the composition of the CMs is therefore consistent with the properties attrib-

uted to MSCs, suggesting that UC-MSCs provide a wider variety and greater concentration of

relevant growth factors and cytokines. The proposed difference in the secretory potential of

UC-MSCs and DPSCs was explored in vitro and in vivo focusing on their effects on endothelial

populations, as well as on the MSCs themselves. The observed effects on the endothelial popu-

lations discarded the initial assumption that UC-MSCs presented increased potential than

DPSCs, since both CM presented comparable stimulatory and protective effects on this popu-

lation. Significant differences between the two media performances were seldom observed

and, whenever present, indicated superior performance to DPSCs-CM supplemented groups.

The variety of growth factors and observed effects emphasises on the complementarity of func-

tions between the known and unknown factors that compose MSCs secretion cocktail [64].

This complementarity is also well patent in some works, where the abolishment of one factor

only partially attenuate the effects displayed [59].

Amid the direct effects of the MSC’s secretome on the angiogenic populations and, hence,

on the revascularization of lesion sites, many of the bioactive factors herein identified exert

additional effects on other cellular populations, which contribute to their its significantly

broad therapeutic potential in multiple applications. The MSCs secretome has been described

to positively interact with gastric mucosa epithelial cells [88], dermal fibroblasts [89, 90] and

keratinocytes [90], pulmonary alveolar and small airway epithelial cells [91], retinal cells [92],

hepatocytes [93], central and peripheral neuronal cells [94, 95], and osteoblasts [96], as well as

on interacting inflammatory populations [96].

To the authors’ knowledge, this is the first comparative approach to the umbilical cord and

dental pulp derived stem/ stromal cells populations’ metabolomic and bioactive secretion pro-

files. In summary, the present work provided insight on the metabolic profile of UC-MSCs

and DPSCs in culture during the serum-free conditioning process through which MSCs condi-

tioned media was obtained. Some differences were evidenced in the metabolite dynamics on

the CM from MSCs derived from the umbilical cord stroma and from the dental pulp through

the conditioning period (particularly on glucose metabolism), but similar global metabolic

profiles are suggested. Limited literature is available to compare on the metabolic profiles of

MSCs.

More prominent differences are highlighted for the bioactive factors content of these CMs,

where FST, HGF, G-CSF, IL-8 and MCP-1 dominate in the UC-MSCs secretion, while

VEGF-A and FST are the most prominently produced by DPSCs.

Finally, the distinct secretory cocktail did not result in significantly different effects on

endothelial cell populations (proliferation, migration and tube formation capacity). The appar-

ent decreased chemotactic factors content of DPSCs was additionally refuted by the compara-

ble capacity to induce MSCs migration in vitro.
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André Almeida, Irina Amorim, Ana Colette Maurı́cio.

Writing – review & editing: Ana Colette Maurı́cio.

References
1. Bianco P, Robey PG, Simmons PJ. Mesenchymal Stem Cells: Revisiting History, Concepts, and

Assays. Cell Stem Cell. 2008; 2(4):313–9. http://dx.doi.org/10.1016/j.stem.2008.03.002.

2. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D, et al. Minimal criteria for

defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position

statement. Cytotherapy. 2006; 8(4):315–7. Epub 2006/08/23. https://doi.org/10.1080/

14653240600855905 PMID: 16923606.

3. Barry FP, Murphy JM. Mesenchymal stem cells: clinical applications and biological characterization. Int

J Biochem Cell Biol. 2004; 36(4):568–84. https://doi.org/10.1016/j.biocel.2003.11.001 PMID:

15010324.

4. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, et al. Multilineage potential of

adult human mesenchymal stem cells. Science (New York, NY). 1999; 284(5411):143–7. Epub 1999/

04/02. https://doi.org/10.1126/science.284.5411.143 PMID: 10102814.

5. Mendicino M, Bailey AM, Wonnacott K, Puri RK, Bauer SR. MSC-based product characterization for

clinical trials: an FDA perspective. Cell Stem Cell. 2014; 14(2):141–5. https://doi.org/10.1016/j.stem.

2014.01.013 PMID: 24506881.

6. Silachev DN, Goryunov KV, Shpilyuk MA, Beznoschenko OS, Morozova NY, Kraevaya EE, et al. Effect

of MSCs and MSC-Derived Extracellular Vesicles on Human Blood Coagulation. Cells. 2019; 8(3):258.

7. da Silva Meirelles L, Chagastelles PC, Nardi NB. Mesenchymal stem cells reside in virtually all post-

natal organs and tissues. Journal of Cell Science. 2006; 119(11):2204–13.

8. Carvalho MM, Teixeira FG, Reis RL, Sousa N, Salgado AJ. Mesenchymal Stem Cells in the Umbilical

Cord: Phenotypic Characterization, Secretome and Applications in Central Nervous System Regenera-

tive Medicine. Curr Stem Cell Res T. 2011; 6(3):221–8. WOS:000301639800005.

9. Patel AN, Vargas V, Revello P, Bull DA. Mesenchymal Stem Cell Population Isolated From the Sube-

pithelial Layer of Umbilical Cord Tissue. Cell Transplant. 2013; 22(3):513–9. https://doi.org/10.3727/

096368912x655064 WOS:000317257000013. PMID: 23057960

10. Friedenstein AJ, Petrakova KV, Kurolesova AI, Frolova GP. Heterotopic of bone marrow. Analysis of

precursor cells for osteogenic and hematopoietic tissues. Transplantation. 1968; 6(2):230–47. Epub

1968/03/01. PMID: 5654088.

11. Friedenstein AJ, Chailakhyan RK, Latsinik NV, Panasyuk AF, Keilissb.Iv. Stromal Cells Responsible for

Transferring Microenvironment of Hematopoietic Tissues—Cloning Invitro and Retransplantation

Invivo. Transplantation. 1974; 17(4):331–40. https://doi.org/10.1097/00007890-197404000-00001

WOS:A1974S668500001. PMID: 4150881

12. Arutyunyan I, Fatkhudinov T, Sukhikh G. Umbilical cord tissue cryopreservation: a short review. Stem

cell research & therapy. 2018; 9(1):236.

13. Doorn J, Moll G, Le Blanc K, van Blitterswijk C, de Boer J. Therapeutic applications of mesenchymal

stromal cells: paracrine effects and potential improvements. Tissue Engineering Part B: Reviews. 2012;

18(2):101–15.

14. da Silva Meirelles L, Fontes AM, Covas DT, Caplan AI. Mechanisms involved in the therapeutic proper-

ties of mesenchymal stem cells. Cytokine & Growth Factor Reviews. 2009; 20(5–6):419–27. http://dx.

doi.org/10.1016/j.cytogfr.2009.10.002.

15. Natsu K, Ochi M, Mochizuki Y, Hachisuka H, Yanada S, Yasunaga Y. Allogeneic bone marrow-derived

mesenchymal stromal cells promote the regeneration of injured skeletal muscle without differentiation

into myofibers. Tissue engineering. 2004; 10(7–8):1093–112. Epub 2004/09/15. https://doi.org/10.

1089/ten.2004.10.1093 PMID: 15363167.

16. Merritt EK, Cannon MV, Hammers DW, Le LN, Gokhale R, Sarathy A, et al. Repair of traumatic skeletal

muscle injury with bone-marrow-derived mesenchymal stem cells seeded on extracellular matrix. Tis-

sue Eng Part A. 2010; 16(9):2871–81. Epub 2010/04/24. https://doi.org/10.1089/ten.TEA.2009.0826

PMID: 20412030.

17. Haynesworth SE, Baber MA, Caplan AI. Cytokine expression by human marrow-derived mesenchymal

progenitor cells in vitro: Effects of dexamethasone and IL-1α. Journal of cellular physiology. 1996; 166

(3):585–92.

A comparative analysis on secretome profile of MSCs

PLOS ONE | https://doi.org/10.1371/journal.pone.0221378 November 27, 2019 28 / 33

http://dx.doi.org/10.1016/j.stem.2008.03.002
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1080/14653240600855905
http://www.ncbi.nlm.nih.gov/pubmed/16923606
https://doi.org/10.1016/j.biocel.2003.11.001
http://www.ncbi.nlm.nih.gov/pubmed/15010324
https://doi.org/10.1126/science.284.5411.143
http://www.ncbi.nlm.nih.gov/pubmed/10102814
https://doi.org/10.1016/j.stem.2014.01.013
https://doi.org/10.1016/j.stem.2014.01.013
http://www.ncbi.nlm.nih.gov/pubmed/24506881
https://doi.org/10.3727/096368912x655064
https://doi.org/10.3727/096368912x655064
http://www.ncbi.nlm.nih.gov/pubmed/23057960
http://www.ncbi.nlm.nih.gov/pubmed/5654088
https://doi.org/10.1097/00007890-197404000-00001
http://www.ncbi.nlm.nih.gov/pubmed/4150881
http://dx.doi.org/10.1016/j.cytogfr.2009.10.002
http://dx.doi.org/10.1016/j.cytogfr.2009.10.002
https://doi.org/10.1089/ten.2004.10.1093
https://doi.org/10.1089/ten.2004.10.1093
http://www.ncbi.nlm.nih.gov/pubmed/15363167
https://doi.org/10.1089/ten.TEA.2009.0826
http://www.ncbi.nlm.nih.gov/pubmed/20412030
https://doi.org/10.1371/journal.pone.0221378


18. Caplan AI, Dennis JE. Mesenchymal stem cells as trophic mediators. Journal of Cellular Biochemistry.

2006; 98(5):1076–84. https://doi.org/10.1002/jcb.20886 PMID: 16619257

19. Zimmerlin L, Park TS, Zambidis ET, Donnenberg VS, Donnenberg AD. Mesenchymal stem cell secre-

tome and regenerative therapy after cancer. Biochimie. 2013; 95(12):2235–45. https://doi.org/10.1016/

j.biochi.2013.05.010 WOS:000327805400006. PMID: 23747841

20. Chen L, Tredget EE, Wu PYG, Wu Y. Paracrine Factors of Mesenchymal Stem Cells Recruit Macro-

phages and Endothelial Lineage Cells and Enhance Wound Healing. PloS one. 2008; 3(4):e1886.

https://doi.org/10.1371/journal.pone.0001886 PMID: 18382669

21. Pereira T, Ivanova G, Caseiro AR, Barbosa P, Bartolo PJ, Santos JD, et al. MSCs Conditioned Media

and Umbilical Cord Blood Plasma Metabolomics and Composition. PloS one. 2014; 9(11):e113769.

https://doi.org/10.1371/journal.pone.0113769 PMID: 25423186.

22. Lai RC, Arslan F, Tan SS, Tan B, Choo A, Lee MM, et al. Derivation and characterization of human fetal

MSCs: An alternative cell source for large-scale production of cardioprotective microparticles. Journal

of molecular and cellular cardiology. 2010; 48(6):1215–24. https://doi.org/10.1016/j.yjmcc.2009.12.021

WOS:000277944700025. PMID: 20064522

23. Timmers L, Lim SK, Hoefer IE, Arslan F, Lai RC, van Oorschot AAM, et al. Human mesenchymal stem

cell-conditioned medium improves cardiac function following myocardial infarction. Stem cell research.

2011; 6(3):206–14. https://doi.org/10.1016/j.scr.2011.01.001 WOS:000291295800002. PMID:

21419744

24. Vizoso F, Eiro N, Cid S, Schneider J, Perez-Fernandez R. Mesenchymal Stem Cell Secretome: Toward

Cell-Free Therapeutic Strategies in Regenerative Medicine. International journal of molecular sciences.

2017; 18(9):1852. https://doi.org/10.3390/ijms18091852 PMID: 28841158

25. Bronckaers A, Hilkens P, Martens W, Gervois P, Ratajczak J, Struys T, et al. Mesenchymal stem/stro-

mal cells as a pharmacological and therapeutic approach to accelerate angiogenesis. Pharmacology &

therapeutics. 2014; 143(2):181–96.

26. Hocking AM. The role of chemokines in mesenchymal stem cell homing to wounds. Advances in wound

care. 2015; 4(11):623–30. https://doi.org/10.1089/wound.2014.0579 PMID: 26543676

27. Pereira T, Armada-da Silva P, Amorim I, Rêma A, Caseiro A, Gartner A, et al. Effects of Human Mesen-

chymal Stem Cells isolated from the Wharton’s jelly of the umbilical cord and conditioned media on skel-

etal muscle regeneration using a myectomy model. Cells, tissues, organs. 2014:(in revision).

28. Volarevic V, Markovic BS, Gazdic M, Volarevic A, Jovicic N, Arsenijevic N, et al. Ethical and safety

issues of stem cell-based therapy. International journal of medical sciences. 2018; 15(1):36.

29. Skalnikova HK. Proteomic techniques for characterisation of mesenchymal stem cell secretome. Bio-

chimie. 2013; 95(12):2196–211. https://doi.org/10.1016/j.biochi.2013.07.015 WOS:000327805400002.

PMID: 23880644

30. Panfoli I, Calzia D, Santucci L, Ravera S, Bruschi M, Candiano G. A blue dive: from ’blue fingers’ to

’blue silver’. A comparative overview of staining methods for in-gel proteomics. Expert Rev Proteomic.

2012; 9(6):627–34. https://doi.org/10.1586/Epr.12.63 WOS:000312604700013. PMID: 23256673

31. Malmstrom J, Lee H, Aebersold R. Advances in proteomic workflows for systems biology. Curr Opin

Biotech. 2007; 18(4):378–84. https://doi.org/10.1016/j.copbio.2007.07.005 WOS:000249980400015.

PMID: 17698335

32. Brown KJ, Formolo CA, Seol H, Marathi RL, Duguez S, An E, et al. Advances in the proteomic investiga-

tion of the cell secretome. Expert Rev Proteomic. 2012; 9(3):337–45. https://doi.org/10.1586/Epr.12.21

WOS:000306542300015. PMID: 22809211

33. Beckonert O, Keun HC, Ebbels TM, Bundy J, Holmes E, Lindon JC, et al. Metabolic profiling, metabolo-

mic and metabonomic procedures for NMR spectroscopy of urine, plasma, serum and tissue extracts.

Nature protocols. 2007; 2(11):2692–703. https://doi.org/10.1038/nprot.2007.376 PMID: 18007604

34. Zhang S, Nagana Gowda GA, Ye T, Raftery D. Advances in NMR-based biofluid analysis and metabo-

lite profiling. Analyst. 2010; 135(7):1490–8. https://doi.org/10.1039/c000091d PMID: 20379603

35. Madhu B, Narita M, Jauhiainen A, Menon S, Stubbs M, Tavare S, et al. Metabolomic changes during

cellular transformation monitored by metabolite-metabolite correlation analysis and correlated with

gene expression. Metabolomics. 2015; 11(6):1848–63. https://doi.org/10.1007/s11306-015-0838-z

WOS:000363040600032. PMID: 26491426

36. Beger RD. A review of applications of metabolomics in cancer. Metabolites. 2013; 3(3):552–74. https://

doi.org/10.3390/metabo3030552 PMID: 24958139
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