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“All animals are equal, but some animals are more equal than others.”
Animal Farm by George Orwell.

Mesenchymal stromal/stem cells (MSCs) are naturally one of
the most abundant subsets of stromal cells within near all
types of tissues over the body. In terms of biological defini-
tion and surface identities, MSCs were in general proposed
by the International Society for Cellular Therapy (ISCT) with
positive expression of CD73, CD90, and CD105, while
lacking the surface marker of CD11b, CD14, CD19, CD34,
CD45, CD79a, and HLA-DR. However, the recognition of
the heterogeneity within the MSC pool leads to a large body
of comparative studies that demonstrate MSCs may function
differentially in the scenario of tissue repair [1]. However, the
diversity of MSCs in the context of embryonic origins,
anatomic locations, and biological properties is often
ignored, as MSCs are broadly assumed with similar epitope
identities and differentiation potentials, which implies that
multiple tissues are equally suitable cell sources for the
regeneration of multiple tissues [2]. Recently, most attention
in the domain of regenerative medicine is directed toward the
discovery of individual MSC population in close proximity to
their host tissue that likely share the similar developmental
origin during organogenesis [3]. Many studies have now
revealed that MSCs are largely tissue-committed progenitors

and may display additional tissue-specific expression of
surface antigens that categorize MSC into subpopulations
that link not only to the differentiation potential into cer-
tain cell lineages but also to their regenerative capacity.
Furthermore, MSCs even within the same tissue may vary
dynamically in response to local inflammatory milieus after
tissue damage [4] and subject to changes in biological func-
tionality after in vitro isolation and expansion [5], which
may also be involved in altered secretion of regulatory cyto-
kines and growth factors. Therefore, elucidation of the
heterogeneity MSC pool is of particular interest and signif-
icance in the field of cell-based therapy by utilizing optimal
donner cells to maximize therapeutical benefits. The aim of
this special issue is thus to define tissue-specific subsets of
MSC that preferentially contribute to regenerating certain
types of tissues according to their distinct secreting profile
of trophic factors and modulatory property of local
immune response.

In the current special issue, 12 articles, after careful
evaluation and reviewing processes coordinated by our
guest-editor team, were finally accepted for publication.
Overall, 7 papers are dealing with the isolation and
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characterization of organ-specific MSCs. (1) E. Wolmarans
et al. introduced a methodological update of side popula-
tion (SP) assay and compared the diversity of SP derived
from hematopoietic stem cells, adipose-derived stromal
cells, and dental pulp. (2) From human epidural fat tissue,
N. Al-Jezani et al. derived stem/progenitor cells and a
subset of a Prx1-positive population in mouse epidural fat
that appeared to contribute to the formation of dura of
the spinal cord by lineage-tracing technique, suggesting that
the epidural adipose MSCs may play a significant biological
role within the local environment beyond a merely mechan-
ical tissue buffer. A further study demonstrating the repara-
tive activity of those cells after spinal cord injury requires
more intricate conducing. (3) R. I. Dmitrieva et al. found that
myogenic stem cells in skeletal niche are a mixed population
that coexpress both MSC and myogenic markers, and the
functional properties were preserved in heart failure patients,
although their metabolic statue was altered. (4) B. L. Han
et al. characterized peritoneal dialysis effluent-derived MSC
that meets all necessary criteria of MSCs, suggesting an
additional cell source of MSCs particularly in dialytic
patients. (5) S. Wang et al. isolated MSCs from the human
neonatal thymus collected during cardiac surgery and
further demonstrated the therapeutic benefits after cardiac
transplantation in a rat model of myocardial infarction.
(6) I. Uzieliene et al. reviewed the biological properties
and therapeutical potential of human menstrual blood-
derived MSCs in the field of chondrogenic differentiation
potential and suitability for application in cartilage regener-
ation, as menstrual MSCs have many advantages: easily and
frequently accessible sample source and greater prolifera-
tion and differentiation potential as compared to bone
marrow-derived MSCs. (7) R. Chen et al., by using a small
molecular method, generated iPSC from genetically labeled
iPSC (distinct from lentiviral labeling), which opens a new
window of lineage tracing in the analysis of functionality
after in vivo transplantation.

To the point of functional relevance, Q. Zhuang et al.
overview the antifibrotic activity of MSCs. In the process of
renal fibrosis, MSCs are found to almost participate through-
out the process of renal fibrotic; thus, targeting MSCs repre-
sent a safe and efficient intervention in the treatment of renal
fibrosis. K. Tsuji et al. further outlined the possible mecha-
nism linked toMSC-induced protection against renal injuries
and diseases. Through a large body of secretomes, including
soluble factors, extracellular vesicles, and microRNA, MSCs
are able to suppress cell apoptosis, cell necrosis, renal fibrosis,
renal inflammation, and oxidative stress as well as to pro-
mote autophagy, but the effectiveness varies among MSCs
derived from adipose tissue, bone marrow, and cord blood,
suggesting therapeutic heterogeneity within the MSC pool.
The diversity of MSCs was further demonstrated by three
papers. (1) V. T. Nguyen et al. collected MSCs from bone
marrow, from acetabular subchondral bone, and from tra-
becular bone on the femoral head with focus on osteogenic
differentiation and found that the progenitor cells obtained
from diverse surgical sites in a hip replacement procedure
share common characteristics of MSC but differ in plasticity:
in osteogenic differentiation condition, the cells from the

acetabulum had the lowest accumulation of calcium deposit
while the cells that originated from bone marrow and femur
created a considerably increased amount of the deposit; in
chondrogenic and adipogenic conditions, bone marrow cells
possessed a predominant differential capacity compared
with the others. (2) In a comparative study, W. Zarychta-
Wiśniewska et al. revealed that more than 1400 genes were
differentially expressed in MSCs derived from human bone
marrow and adipose tissue, and all factors are associated with
tenogenesis and chemotaxis but less age-related. (3) Notably,
the study by K. Tan et al. nicely underscores the potential
heterogeneity of MSCs derived from the same source (peri-
cardial tissue)—based on the intensity of CD73 expression
that is generally considered as a surface marker of MSCs. In
this paper, they demonstrated that CD73 through its catalytic
products (extracellular adenosine) is capable of modulating
local immune response in the injured hearts and thus dictates
the reparative properties.

In summary, these 12 outstanding original research
articles and reviews have importantly touched the biologi-
cal nature of MSCs, not only in animals but also in
human beings. The understanding of the heterogeneity of
the MSC pool may promote the development of novel
and important innovations that enhance our natural ability
to replace injured parts through the activation of the stem
cell pool, which is often seen in amphibians and newborn
mammalians.
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Background. Cellular therapy is proposed for tendinopathy treatment. Bonemarrow- (BM-MSC) and adipose tissue- (ASC) derived
mesenchymal stromal cells are candidate populations for such a therapy. The first aim of the study was to compare human BM-
MSCs and ASCs for their basal expression of factors associated with tenogenesis as well as chemotaxis. The additional aim was
to evaluate if the donor age influences these features. Methods. Cells were isolated from 24 human donors, 8 for each group:
hASC, hBM-MSC Y (age ≤ 45), and hBM-MSC A (age > 45). The microarray analysis was performed on RNA isolated from
hASC and hBM-MSC A cells. Based on microarray results, 8 factors were chosen for further evaluation. Two genes were
additionally included in the analysis: SCLERAXIS and PPARγ. All these 10 factors were tested for gene expression by the qRT-
PCR method, and all except of RUNX2 were additionally evaluated for protein expression or secretion. Results. Microarray
analysis showed over 1,400 genes with a significantly different expression between hASC and hBM-MSC groups. Eight of these
genes were selected for further analysis: CXCL6, CXCL12, CXCL16, TGF-β2, SMAD3, COLLAGEN 14A1, MOHAWK, and
RUNX2. In the subsequent qRT-PCR analysis, hBM-MSCs showed a significantly higher expression than did hASCs in
following genes: CXCL12, CXCL16, TGF-β2, SMAD3, COLLAGEN 14A1, and SCLERAXIS (p < 0 05, regardless of BM donor
age). In the case of CXCL12, the difference between hASC and hBM-MSC was significant only for younger BM donors, whereas
for COLLAGEN 14A1—only for elder BM donors. PPARγ displayed a higher expression in hASCs compared to hBM-MSCs. In
regard to CXCL6, MOHAWK, and RUNX2 gene expression, no statistically significant differences between groups were
observed. Conclusions. In the context of cell-based therapy for tendinopathies, bone marrow appears to be a more attractive
source of MSCs than does adipose tissue. The age of cell donors seems to be less important than cell source, although cells from
elder donors show slightly higher basal tenogenic potential than do cells from younger donors.
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1. Introduction

Cell therapy is currently considered as an alternative or sup-
portive treatment in cases of tendinopathies. It is believed
that some cell types administrated into the region of injury
can either directly differentiate into tenocytes or stimulate
local endogenous reparative mechanisms. There are several
candidate populations for such a procedure. The most
important are tendon-derived cells, bone marrow-derived
mesenchymal stromal (stem) cells (BM-MSCs), and
adipose-derived mesenchymal stromal (stem) cells (AD-
MSCs or ASCs) [1]. Tendon-derived cells possess the highest
tenogenic potential among these populations [2], but human
tendon tissue availability for the isolation procedure is very
limited. In contrast, both BM-MSCs and ASCs can be rela-
tively easily isolated for autologous transplantation, and
additionally they are suitable for allogeneic transfers [3, 4].
Several preclinical studies suggest that injection of MSCs
into injured tendon improves its healing [1]. First data from
clinical trials suggest that the allogeneic MSC transplanta-
tion into affected tendon is a safe procedure and can have
beneficial clinical effects [5]. There are at least two proposed
mechanisms of action in which MSCs can act in tendinopa-
thies. One concept says that MSCs can support tendon
regeneration via direct differentiation. Indeed, it was shown
that both BM-MSCs and ASCs can enter the tenogenic path-
way in certain conditions in vitro [6, 7]. The conception of
direct differentiation was recently supported by a study, in
which human AD-MSCs were transplanted into rat injured
tendon. Grafted cells survived for at least 4 weeks and pro-
duced tendon-associated proteins and proteoglycans which
suggests tenogenic differentiation [8]. Although BM-MSCs
and ASCs both belong to the MSC family, there are certain
differences between these two cell populations [9, 10]. It
was shown on rat cells that bone marrow-derived MSCs pos-
sess higher tenogenic potential than do adipose-derived
MSCs. A similar comparison on human cells has not been
previously published. Therefore, the primary aim of this
study was to compare human BM-MSCs and ASCs in terms
of basal tenogenic activity to provide potential clues in cell-
based therapy of tendinopathies.

The second postulated mechanism of MSCs’ action after
transplantation is based on paracrine activity [11]. This activ-
ity is mediated by secretion of cytokines, growth factors, and
chemokines [9]. It is believed that locally administrated
MSCs can enhance recruitment of endogenous progenitors
and in this way improve regeneration of the injured site.
Also, recruitment of macrophages can be beneficial as it is
known that M2 macrophages are crucial for tissue repair
[12]. Additionally, MSCs were shown to drive the differenti-
ation of macrophages into this beneficial phenotype [13]. It
was previously demonstrated that the secretion of growth
factors, cytokines, and metalloproteinases can differ depend-
ing on the MSCs’ source [14, 15]. However, the impact of
MSCs’ origin on chemokine production is less examined.
Therefore, we aimed to analyze chemotactic activity in MSCs
from different sources.

Another unresolved issue in the MSC field concerns the
impact of donor age on the cell properties. MSCs can be

transplanted in an either autologous or allogeneic manner
[16]. Although there is increasing amount of data that allo-
geneic MSC transfer is safe [3, 17], autologous therapy is
still considered to be the most secure type of transplanta-
tion. However, in elder patients, the question about the
impact of aging on cell features arises [18]. Therefore, the
additional aim of the present study was to evaluate the
influence of donor age on tenogenic marker expression and
chemokine secretion.

2. Materials and Methods

2.1. Cell Isolation

2.1.1. Human Bone Marrow Mesenchymal Stromal Cells
(hBM-MSCs). Bone marrow samples were obtained from 16
patients after receiving their written consent. The mean age
of all BM donors was 51 years. The procedure was approved
by the Local Bioethics Committee (approval number:
KB/130/2013). The bone marrow was collected during stan-
dard orthopedic surgeries which required opening of the
bone marrow cavity. The protocol of bone marrow MSC iso-
lation was previously described in detail by our group [19].
Cells were cultured in standard growth medium (GM) com-
posed of Dulbecco’s modified Eagle’s medium with low glu-
cose (DMEM-LG, Sigma-Aldrich) supplemented with 15%
fetal bovine serum (FBS, LONZA) and 1.5% (v/v) antibi-
otic–antimycotic solution (penicillin-streptomycin-ampho-
tericin B; Invitrogen) on BD Primaria™ culture dishes
(Becton Dickinson). After 2 days, GM was replenished, and
after another 2 days, nonadherent cells were removed and
first fibroblast-like adherent cells could be observed.

2.1.2. Human Adipose Stem Cells (hASCs). ASCs derived
from 8 healthy donors were kindly provided by Prof. Pojda
Z., Department of Regenerative Medicine, Maria Sklodowska-
Curie Memorial Cancer Center, and Institute of Oncology.
Adipose tissue was collected from healthy donors by liposuc-
tion. The samples were used in research after receiving
patients’ informed consent. The protocol of human adipose
tissue stem cell isolation as well as identification was previ-
ously described in detail by our group [6].

During the culture of both cell types—hBM-MSCs and
hASCs—the growth medium was changed every 2-3 days,
rinsing previously with PBS. The passage was made after
reaching subconfluence. After passage 3, cells were identified
by flow cytometry and multilineage differentiation capacity.

2.2. Cell Identification

2.2.1. In Vitro Osteogenic Differentiation. Cells were cul-
tured in hMSC Osteogenic Differentiation BulletKit™
Medium (Lonza) for 3 weeks. Osteogenic differentiation
was characterized by identification of mineral depositions
in the extracellular matrix by staining with Alizarin Red
(Sigma-Aldrich) and visualization by standard light micros-
copy. Additionally, the activity of alkaline phosphatase was
evaluated using the semiquantitative colorimetric method.
The Alkaline Phosphatase Liquid Substrate assay (Sigma-
Aldrich, P7998) was used. At the end of experiment,
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differentiated and control cells were treated with 0.2% Tri-
ton X-100 in PBS for 20min. The lysates, after centrifuga-
tion, were combined with reaction substrate, incubated for
up to 30min in RT, and read at 405nm according to the
manufacturer’s instruction.

2.2.2. In Vitro Adipogenic Differentiation. Cells were cultured
in hMSC Adipogenic Differentiation BulletKit™ Medium
(Lonza) for 3 weeks. Adipogenic differentiation was assessed
using Oil Red O (Sigma-Aldrich) stain as an indicator of
intracellular lipid accumulation and visualization by stan-
dard light microscopy. Additionally, on representative cell
populations (two hASC populations and four BM-MSC pop-
ulations, two from younger donors and two from elder
donors), the effect of adipogenic differentiation on PPARγ
gene expression was evaluated using the RT-PCR method
(described in details below).

2.2.3. In Vitro Chondrogenic Differentiation. To induce
chondrogenic differentiation, three-dimensional pellet cul-
ture was performed. Unsuspended cell pellets were cultured
for 19 days in the chondrogenic medium composed of
DMEM high-glucose (LONZA) medium supplemented with
1% FBS, 1% (v/v) ITS+supplement, 0.1μM dexamethasone,
0.1mM ascorbic acid 2-phosphate, 100μg/mL sodium pyru-
vate, and 10ng/mL recombinant human transforming
growth factor-β2 and 1% (v/v) penicillin-streptomycin solu-
tion. For histological analysis, pellets were immersed in paraf-
fin, sectioned, and stainedwithMasson trichrome or toluidine
blue method.

2.2.4. Flow Cytometry Analysis. The surface antigen profiles
of adipose and bone marrow-derived MSCs at the third pas-
sage were characterized by flow cytometry using Human
MSC Analysis Kit (BD Biosciences). The presence of cell
CD73, CD90, CD105, and CD44 and the absence of CD34,
CD45, CD11b, CD19, and HLA-DR were assessed. The
staining was performed in accordance with the manufac-
turer’s instructions. Stained cells were analyzed using BD
FACSCanto II (Becton Dickinson). For analysis, BD FACS-
Diva Software was utilized, using the same setup for all
tested populations.

2.3. Study Design. The material was divided into 3 experi-
mental groups:

hASC—cells from donors of unknown age, n = 8
hBM-MSC Y—cells from donors up to 45 years old

(mean age 38.1; median age 38.0), n = 8
hBM-MSC A—cells from donors over 45 years old (mean

age 64.4; median age 64.5), n = 8
Microarray analysis was performed on RNA derived

from hASC and hBM-MSC A groups. From genes with sig-
nificant difference in expression between the analyzed
groups, several were selected for further analysis. At this
stage, the cells from young BM-MSC donors were added
to the study (hBM-MSC Y group). For all analyses, cells
from the 4th to 6th passage were used. Experiments were
always conducted on cells from each donor separately.
The cells from different donors were not pooled in this
study to enable the detection of interindividual differences.

Cells were always cultured in sets which included 1 hASC
population, 1 hBM-MSC Y population, and 1 hBM-MSC
A population to avoid variability of the analysis conditions.

2.4. RNA Isolation. The total RNA isolation was performed
using RNeasy Mini Kit (Qiagen) according to the manufac-
turer’s instructions. At least 3 × 105 cells were used for this
procedure. RNA concentration and purity were assessed by
spectrophotometer at 260 nm using NanoDrop (ND-1000
Spectrophotometer, NanoDrop Technologies Inc.).

2.5. Microarray Analysis. Microarray expression analysis
was performed using the Affymetrix GeneAtlas system
according to the manufacturer’s instructions. 10 ng of
total RNA that passed initial quality control screen
(2100 Bioanalyzer, Agilent) was then processed using
GeneChip™ WT Pico Kit, designed specifically to process
small amounts of input RNA, according to the standard
protocol provided by Affymetrix. Samples were hybridized
to the GeneChip™ Human Gene 2.1 ST Array Strip
(Affymetrix).

The microarrays were scanned with Affymetrix GeneA-
tlas Scanner, and the intensity signals for each of the probe
set were written by Affymetrix software into the CEL files.
The CEL files were imported into the Partek Genomics Suite
v 6.6 software with the use of RMA (Robust Multiarray Aver-
aging). During this step, background correction was applied
based on the global distribution of the PM (perfect match)
probe intensities and the affinity for each of the probes (based
on their sequences) was calculated. Further, the probe inten-
sities were quantile-normalized [20] and log2 transformed,
and median polish summarization to each of the probe sets
was applied. Then, the qualitative analysis was performed,
e.g., principal component analysis, in order to identify out-
liers and artifacts on the microarray. After quality check,
the 2-way analysis of variance (ANOVA) model by using
Method of Moments [21] was applied to the data, which
allowed creating lists of significantly and differentially
expressed genes between the biological variants (with the cut-
off values: p value <0.05; −1 5 > fold change > 1 5).

2.6. Real-Time qPCR Analysis. Specific TaqMan® Gene
Expression Assays were purchased from Applied Biosys-
tems: Mohawk homeobox (MKX) Hs00543190_m1, scler-
axis (SCX) Hs03054634_g1, collagen type XIV alpha 1
(COL14A1) Hs00964045_m1, transforming growth factor
beta 2 (TGF-β2) Hs00234244_m1, SMAD family member
3 (SMAD3) Hs00969210_m1, Runt-related transcription fac-
tor 2 (RUNX2) Hs01047973_m1, peroxisome proliferator-
activated receptor gamma (PPARG) Hs00234592_m1, C-
X-C motif chemokine ligand 6 (CXCL6) Hs00605742_g1,
C-X-C motif chemokine ligand 16 (CXCL16) Hs00222859_
m1, and C-X-C motif chemokine ligand 12 (CXCL12)
Hs03676656_mH. Human GUSB was used for normaliza-
tion. Real-time PCR was performed on ABI Prism 7500
Sequence Detection System using TaqMan® RNA-to-CT™
1-Step Kit (Applied Biosystems). Each sample was analyzed
in duplicate. The relative gene expression was calculated by

3Stem Cells International



2−ΔΔCt method. The results were presented as a fold change
of gene expression in

hBM-MSC Y and hBM-MSC A, where the reference
point was expression in hASCs

hBM-MSC A, where the reference point was expression
in hBM-MSC Y

Statistical analysis was performed by comparison of ΔCt
values using tests for independent samples (hASCs vs.
hBM-MSC Y or A and hBM-MSC Y vs. hBM-MSC A).

2.7. Secretion Analysis. The cells were seeded on 12-well
plates. After reaching subconfluence, the growth medium
was changed to DMEM+3.5% BSA for 48 hours. After this
time, the supernatants were collected, centrifuged (sediment
potentially containing cell debris was discarded), aliquoted,
and frozen in −80°C. After collecting the supernatants, the
cells were detached and counted which enabled normaliza-
tion of the secretion results to the number of the cells. The
supernatants were used to assess the secretion of chosen fac-
tors: CXCL6, CXCL12, and CXCL16 were determined using
the Bio-Plex Pro Human Chemokine Assay (Bio-Rad Labo-
ratories Inc.) and TGF-β2 using ELISA kit (R&D Systems®)
according to the manufacturer’s instructions.

2.8. Western Blot (WB). Collected cell pellets of human BM-
MSCs and ASCs were lysed with RIPA buffer (Sigma-
Aldrich) supplemented with cocktails of protease and phos-
phatase inhibitors (Sigma-Aldrich). Protein extraction was
performed for 30min at 4°C. Next, lysates were cleared for
20min at 14000 rpm, and supernatants were collected. The
total protein concentration was determined using Bio-Rad
protein assay dye reagent (Bio-Rad Laboratories Inc.)
according to the producer’s instructions. Proteins (40 µg of
total protein per well) were resolved by SDS-PAGE and
transferred onto the PVDF membrane (Millipore). For
immunostaining, membranes were blocked with 5% nonfat
dried milk in TBS (20mM Tris-HCl, 500mMNaCl) contain-
ing 0.1% Tween 20. The membranes were incubated with
rabbit polyclonal anti-COL14A1 (Abcam, ab101464,
1 : 500), rabbit polyclonal anti-MOHAWK (LSBio, aa46-75,
1 : 1000), rabbit polyclonal anti-SMAD3 (Abcam, ab28379,
1 : 1000), anti-SCLERAXIS (Thermo Fisher, PA5-23943,
1 : 1000), and mouse monoclonal anti-β-ACTIN (Santa Cruz
Biotechnology, sc47778, 1 : 1000) primary antibodies. Next,
the blots were washed three times in TBST and incubated
with appropriate secondary antibodies conjugated with IR
fluorophores: IRDye 680 or IRDye 800 (LI-COR Biosciences)
at 1 : 5000 dilution. Odyssey Infrared Imaging System (LI-
COR Biosciences) was used to analyze the relative protein
expression. Quantification of the integrated optical density
(IOD) of target proteins was normalized to the IOD of β-
actin and performed with the use of Odyssey analysis soft-
ware (LI-COR Biosciences). Immunoblot assay for cells from
each donor was performed in triplicate. For the purpose of
publication, the color immunoblot images were converted
into black and white images in the Odyssey software.

2.9. Migration Assay. The ability of analyzed populations to
stimulate the directed migration of other cells was studied

using cell culture inserts with 8μm pore size (ThinCert™
Greiner). The assay is aimed at simulating the recruitment
of circulating or local endogenous mesenchymal cells. Cells
from 4 different BM-MSC populations were pooled and
stained with red fluorochrome DilC18(5)-DS (DID) (1,1′
-dioctadecyl-3,3,3,-tetrametlylindodicarbocyanine-5,5-disul-
fonic acid), Ex = 650 nm, Em = 670 nm (AAT Bioquest). This
pool constituted a migrating population in this experiment
and was the same for all probes. Approximately 1 × 104 of
these labeled cells were seeded on each insert. In the basal
compartment, there was either no cells (unstimulated migra-
tion, control) or unlabeled hASCs, hBM-MSCs Y, or hBM-
MSCs A seeded in concentration 2 × 104/well on a 24-well
bottom plate. Each population was seeded in duplicates. Cells
were incubated at 37°C and 5% CO2 for the next 48 h to allow
cell migration from the inserts to the basal compartment.
Afterwards, inserts were removed, cells on the bottom of
the wells were fixed with 4% paraformaldehyde (10min,
RT), and the cell nuclei were visualized with DAPI staining
(20 ng/mL of DAPI solution for 4 minutes, RT). Additionally,
migrating cells were trypsinized from the bottom side of
inserts, they were allowed to attach overnight, and they also
fixed and stained with DAPI. The cells were visualized and
with imaging reader Cytation™ 1 (BioTek) and counted with
Gene5 3.04 software (Figure S1). The number of
migrating/stimulating cells was calculated from 25 different
fields of view from each well in each sample. The migrating
cells constituted the sum of those that fell from the insert
and attached to the well bottom during experiment
duration (DIDf) and those that were detached from the
underside of an insert (DIDins) and attached after the
experiment was finished. Fields of view had the same
locations in all wells and were chosen arbitrarily before
analysis. As the number of stimulating cells differed at the
end of experiment between different cell populations, for
the final analysis we have chosen those populations in
which the number of stimulating cells (after automatic
calculation) was the most similar (one population from
each cell type). Two different analyses were performed.
First, the number of migrating cells for each type of
stimulus was compared to the control (unstimulated
migration). The sum of DIDf and DIDins was taken for this
analysis. Second, stimulating cell types were compared
between each other. We called this parameter “stimulation
potential.” For this analysis, the ratio of migrating cell (with
red fluorescence, Figure S1A’) number to the stimulating
cell number (unlabeled, Figure S1A”) was calculated in
accordance to the equation below.

Stimulation potential = DIDf + DIDins
DAPI −DIDf ∗ 100, 1

where
DIDf—the number of migrating cells (stained with DID)

which fell from the insert
DIDins—the number of migrating cells (stained with

DID) which were detached from the underside of an insert
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DAPI—the number of cell nuclei (stained with DAPI).
Nuclei of stimulating cells and DIDf cells were counted.

2.10. Statistical Analysis. For data analysis, STATISTICA
software (StatSoft® Polska) was used. Data are presented as
means ± SD or means ± SEM. Differences between groups
were analyzed by Student t-test or Mann–Whitney U test
depending on data distribution in analyzed groups. Verifica-
tion of the hypothesis of characteristic normal distribution in
the analyzed populations was performed using the Shapiro-
Wilk test for each analyzed group of data. The hypothesis
of variance homogeneity was verified using Levene’s test.
p < 0 05 was considered as statistically significant.

3. Results

3.1. Isolation and Identification. Cells have been successfully
isolated from 24 donors (8 donors for each group). The cells
exhibited adherent properties and the ability to form colonies
and to differentiate on the adipo-, osteo-, and chondrogenic
pathways (Figure 1). Cells isolated from the bone marrow
appeared to be more prone to differentiate into osteogenic
lineage than did cells isolated from adipose tissue
(Figure 1(a)). An opposite trend was observed in regard to
the adipogenic differentiation (Figure 1(b)). Flow cytometry
analysis confirmed the expression of CD90 (median of
100%, 98%, and 98.9% of positive cells in hASCs, hBM-
MSC Y, and hBM-MSC A, respectively), CD44 (median of
99.5%, 99.3%, and 99% of positive cells in hASCs, BM-MSC
Y, and BM-MSC A, respectively), CD105 (median of 100%,
98.9%, and 98.7% of positive cells in hASCs, BM-MSC Y,
and BM-MSC A, respectively), and CD73 (median of
99.5%, 99.7%, and 99.6% of positive cells in hASCs, BM-
MSC Y, and BM-MSC A, respectively).

3.2. Microarray Analysis. Microarray analysis revealed over
1,400 genes of significantly different expression between
hASCs and hBM-MSCs A. The list of these genes is presented
in Figure S2 in the Supplementary Material (available here).
We were particularly interested in genes associated with
tenogenesis and chemotaxis. The tenogenesis-associated
genes with a significantly different expression in analyzed
groups included TGF-β2 (4.5-fold difference in expression),
COL14A1 (3.9-fold), SMAD3 (2.9-fold), LUMICAN (2.3-
fold), GROWTH AND DIFFERENTIATION FACTOR 5
(2.08-fold), MKX (1.96-fold), COL6 (1.96-fold), DECORIN
(1.8-fold), FIBROBLAST GROWTH FACTOR (FGF) RECEP-
TOR 1 (1.89-fold), FGF9 (1.6-fold), ELASTIN (1.5-fold), and
FGF10 (1.5-fold) (ranked according to the fold change differ-
ence). All these genes except FGF9 displayed a higher expres-
sion in BM-MSCs than in ASCs. In regards to
chemotaxis—there were 7 chemokines with significantly dif-
ferent expression in analyzed groups: CXCL16 (10-fold dif-
ference in expression), CXCL6 (5-fold), CXCL12 (3.6-fold),
CCL2 (3.5-fold), CXCL8 (2.8-fold), CXCL1 (2.5-fold), and
CCL4 (2-fold)—all of them displayed a higher expression in
BM-MSCs than in ASCs. From the obtained database, 8 fac-
tors associated with areas mentioned above were selected for
further analysis. There were 3 tenogenesis-associated genes

with the highest fold change expression based on microarray:
TGF-β2, COL14A1, and SMAD3. To this group, MKX was
added as one of crucial tenogenic transcription factors. Next,
there were 3 genes encoding chemokines with the highest
fold change expression based on microarray: CXCL16,
CXCL6, and CXCL12. To this list, we added RUNX2 (1.9-fold
difference) as we aimed to evaluate the activity of the compet-
itive osteogenic pathway. Two genes were additionally
included in the analysis: SCX and PPARγ. This allowed for
testing in various directions:

(1) Genes related to chemotaxis and cell recruitment
(CXCL6, CXCL16, and CXCL12)

(2) Genes related to tenogenic differentiation potential
(MKX, COL14A1, TGF-β2, SMAD3, and SCX)

(3) Transcription factors associated with the competitive
osteogenic and adipogenic pathways (RUNX2,
PPARγ)

3.3. The Effect of Cell Type on Migration and Cell-to-Cell
Interaction. In qRT-PCR analysis, cells isolated from the
bone marrow showed a statistically significant higher expres-
sion of CXCL16 (p = 0 000005) than did hASCs. The fold
change for CXCL16 was 11.42 (hBM-MSC Y) and 8.86
(hBM-MSC A) compared to hASC = 1 (Figure 2). Coherence
of results was found regardless of the hBM-MSCs donors’
age. The secretion study confirmed the results of the gene
expression study —CXCL16 was significantly less secreted
in hASCs than in hBM-MSCs (the age of donors was negligi-
ble) (Figure 3). In contrast, the level of CXCL12 expression
was significantly different only between hASCs and BM-
MSCs from younger donors (p = 0 009) and not between
hASC and hBM-MSC A. In addition, a significant difference
was observed for CXCL12 from hBM-MSC depending on
donors’ age (p = 0 04) (Figure 2). However, in the case of
CXCL12 secretion, differences between hBM-MSC Y and
hBM-MSC A groups were negligible (Figure 3). In regard to
CXCL6 gene expression, no statistically significant differ-
ences were found for all analyzed variants (marrow vs. fat,
young vs. aged) in the case of gene expression analysis
(Figure 2) as well as secretion (Figure 3).

3.4. The Origin of Cells Affects the Expression/Secretion of
Factors Associated with Tenogenesis. The expression of
TGF-β2 and SMAD3 genes was significantly higher in
hBM-MSCs than in hASCs regardless of BM-MSCs’ donor
age. The calculated fold change for TGF-β2 was 5.67 (hBM-
MSC Y with reference to hASC, p = 0 01) and 6.73 (hBM-
MSC Y vs. hASC, p = 0 004). For SMAD3, fold change was
2.01 (hBM-MSC Y vs. hASC) and 1.77 (hBM-MSC Y vs.
hASC) with the level of significance p = 0 003 and p = 0 02,
respectively (Figure 4). The analysis of protein expression
for SMAD3 confirmed these results. Western blot analysis
showed that SMAD3 is significantly less expressed in hASCs
than in hBM-MSCs Y (p = 0 00007) and hBM-MSC A
(p = 0 0002), and the age of donors was irrelevant
(Figure 5). The differences in TGF-β2 secretion were statisti-
cally significant only for the hASC vs. hBM-MSC A group
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(p = 0,047) (Figure 5). BM-MSCs showed a statistically sig-
nificant higher expression of SCX associated with tenogenesis
than hASCs (p = 0 03 in both Y and A groups, fold change
1.89 and 1.94, respectively), and it did not depend on the
age of bone marrow donors (Figure 4). In contrast, another
transcription factor important for tenogenesis—MKX—did
not differ significantly between groups at both of the gene
expression (Figure 4) and protein level (Figure 5). A higher
expression of COL14A1 has been demonstrated in hBM-
MSCs A (p = 0 0002, fold change 8.31) than in cells derived
from adipose tissue (Figure 4). In the case of COL14A1,
despite the fold change obtained at 3.81, differences in
expression between hASC and hBM-MSC Y were not statis-
tically significant. Similarly, for COL14A1 there were no sig-
nificant differences regarding the age of the bone marrow
donor. At the protein level, there were no differences between
hBM-MSC Y and hASCs (Figure 5). A statistically significant
increase was achieved in the hBM-MSC A group compared
to hASCs (p = 0 02). Additionally, a significant difference in
protein expression was observed for COL14A1 from
hBM-MSC depending on donors’ age and was higher in
the hBM-MSC A group (p = 0 02) (Figure 5).

3.5. The Effect of Cell Origin on Expression of Factors
Associated with Osteogenesis and Adipogenesis. PPARG
expression was significantly lower in hBM-MSC Y and
hBM-MSC A than in hASCs (fold change 0.43, p = 0 04,
and fold change 0.44, p = 0 008, respectively) with no differ-
ences between the bone marrow groups (Figure 6). Although
the mean expression of RUNX2 was 1.96- and 1.68-fold
higher in hBM-MSC (Y and A, respectively) than in hASCs,

there were no significant differences in RUNX2 expression
between groups (Figure 6).

3.6. The Effect of Cells’ Origin on Directed Migration of BM-
MSCs. Our functional analysis demonstrated that MSCs
regardless of cell origin highly significantly stimulate the
migration of BM-MSC. The mean number of migrating
BM-MSCs increased in the presence of stimulating cells by
2.9-fold, 3.2-fold, and 3.1-fold (for ASC, BM-MSC Y, and
BM-MSC A, respectively) in relation to unstimulated control
(p < 0 001 for all groups, Figure 7(a)). The additional analysis
took into account the differences in the number of stimulat-
ing cells calculated at the end of the experiment as presented
in “Materials and Methods”. At least 1400 of migrating cells
from each cell type were included to this analysis. It revealed
that the stimulatory potential in regard to BM-MSCs of BM-
MSC derived from young donors was by 34.7% and 28.2%
higher than the potential of ASC and BM-MSC A, respec-
tively (p < 0 001 in both cases). The potential of ASC and
BM-MSC A did not differ significantly.

4. Discussion

Mesenchymal stromal cells are under testing in the treat-
ment of wide range of disorders (https://clinicaltrials.gov).
Although a spectacular number of studies have been already
conducted onMSCs, there are still many issues which remain
to be elucidated. Mesenchymal stromal cells isolated from
different tissues were shown to share general features, which
enable classifying them as MSCs. However, there is growing
amount of data indicating that the source of MSCs does
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and 3 pop hBM-MSC A; (c, d) light microscopy, Alizarin Red staining (calcium deposits are red) of hMSCs cultured in standard
osteogenic medium; adipogenic differentiation: (b) PPARγ gene expression determined by the RT-PCR method and calculated using the
2−ΔΔCt method. Results presented as fold change in relation to the expression in nondifferentiated control; (e, f) light microscopy, Oil Red
O staining (lipid droplets are red) of hMSCs cultured in adipogenic medium; (g, h) chondrogenic differentiation, toluidine blue staining of
chondropellet, collagen II fibers are blue; representative pictures of adipose tissue and bone marrow-derived cells are presented. Scale bars:
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matter for their detailed characteristic [14, 22, 23]. Therefore,
it seems to be very important to perform comparative studies
on different MSC types in order to evaluate their utility for
particular clinical applications. In the present study, the main
objective was to compare human BM-MSCs and ASCs in
terms of potential utility in cell-based therapy of tendinopa-
thies. Of course, there is little chance to replicate the normal
(prenatal) pattern of tendon formation by cell-based therapy
considering that genes responsible for tenogenesis are associ-
ated with at least 400 canonical pathways [24]. The purpose
of cellular transplantation in tendon injuries is rather to
support natural, imperfect tendon healing and to obtain
functional structures with high resistance to re-injury. Previ-
ously, the tenogenic potential of MSCs isolated from different
sources was studied only on animal cells [6, 7, 25]. The pres-
ent study was planned and conducted to evaluate the human
MSCs in the three-step protocol including the microarray
analysis, the evaluation of gene expression level using RT-
PCR, and finally the assessment of protein product expres-
sion or secretion (depending on a certain protein function).
This kind of study design provides high-quality data. More-
over, we have used cells from 24 independent donors (n = 8

per group), which additionally increases the reliability of
obtained results. In our comparative analysis of hASCs and
hBM-MSCs, over 1400 genes showed a significantly different
expression. It accounted for 2.6% of all analyzed transcripts.
It is a meaningful number of genes, especially if taking into
account the interindividual diversity of MSCs. From this
large group of genes, several have been selected for further
analysis. We were particularly interested in genes which are
associated with tenogenesis and chemotaxis.

The crucial component of a tendon tissue is collagen type
I. Other collagens associated with the tenogenesis are colla-
gens type III, V, VI, XII, and XIV [26]. Our comparative
microarray analysis demonstrated that only one of these col-
lagens displayed a significantly different expression in hBM-
MSCs and hASCs. It was COL14A1, which showed a 3.9-fold
higher expression in hBM-MSCs than in hASCs. In another
work, Col14 was also shown to be highly upregulated in
equine BM-MSCs cultured in tenogenic conditions [27].
The authors indicated that increased Col14 expression in
BM-MSC was associated with the Wnt/β-catenin pathway.
Activation of this type of signaling increased also the expres-
sion of other genes associated with tenogenesis: tenomodulin,
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decorin, and fibromodulin. The formation of collagen type I
and type XIV is dependent on the expression of Scleraxis
[28]. Our results demonstrate that BM-MSCs displayed a
significantly higher basal expression of SCLERAXIS, which
was confirmed on a protein level for the BM-MSC A group.
This transcription factor was shown to be critically involved
in embryonic tendon development and plays a pivotal role
in the fate determination of MSCs towards tenocyte differen-
tiation [29]. Additionally, deficiency of Scleraxis causes
increased secretion of Sox 9 and promotion of the chondro-
genesis path [28]. Therefore, our results suggest that human
bone marrow-derived MSCs possess higher tenogenic poten-
tial than ASCs. Similar conclusions were previously driven
from studies on mouse, rat, or equine MSCs [7, 30, 31]. In
horses, it was also shown that BM-MSC transplantation into
experimentally injured tendon provided a better outcome
than analogous transplantation of ASC [32]. It is therefore,
possible, that bone marrow can be a more desired source of
MSC for potential treatment of tendon injuries also in
human patients. Dai et al. [7] demonstrated that rat BM-
MSCs show a significantly higher basal expression of Scler-
axis and Collagen I in comparison to adipose tissue MSCs
and that BM-MSCs displayed a significantly more pro-
nounced response to tenogenic BMP-12 treatment than
ASCs did. Moreover, BMP-12-treated hASCs showed lower

Scleraxis expression than the untreated BM-MSCs did [7].
In an earlier study of our group [6], the induction of human
ASCs by 100 ng/mL of BMP-12 for 7 days resulted in 2.05
expression fold change of SCLERAXIS. In the present study,
we show that the baseline expression of SCLERAXIS is almost
2-fold higher in hBM-MSCs than in hASCs. Those results
taken together suggest that activity of the tenogenic pathway
in hASCs after 7 days of treatment can be comparable to the
one in nontreated hBM-MSCs. Our group has previously
shown that induction of tenogenesis by using pleiotropic fac-
tors from the TGF-β family may influence other MSCs’ fea-
tures relevant to the fate of cells after transplantation. The
use of BMP-12 caused the impairment of immunomodula-
tory properties of treated MSCs and affected the secretion
of IL-6 and VEGF by these cells [6]. Therefore, an interesting
alternative to the use of in vitro predifferentiated cells for
transplantation would be to use cells with initially more
favorable features in a given application. An even more
advanced approach could be drawn based on results pre-
sented by Hou et al. [33]. They demonstrated that within
BM-MSCs, there is a subpopulation that physiologically
expresses a high level of tenomodulin (Tnmd). The authors
postulated that selecting the natural tenogenic subpopulation
from BM-MSCs could be a better solution than using teno-
genic in vitro pretreatment before transplantation. Indeed,
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these cells were more susceptible to tenogenic induction
and displayed an increased expression of tenogenic
factors—BMP-12 and BMP-13 than BM-MSCs with normal
Tnmd expression. Moreover, cells with a high expression of

Tnmd possessed an upregulated TGF-β signaling pathway.
TGF-β/SMAD2/3 and ERK MAPK signaling pathways seem
to be crucial for the formation of tendons [24]. Studies in
mice, rats, and chicks showed that TGF-β1, 2, and 3 have a
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positive and significant effect on the tenogenic differentiation
in tendon stem/progenitor cells, ADSCs, and amniotic fluid
stem cells [24, 34, 35]. Supplementation of TGF-β increased
the Scleraxis, Collagen I, and Mohawk expression in these
cells. In addition, TGF-β promoted the tenogenesis pathway,
decreasing Sox9 expression, which is a cartilage formation
marker [24]. This is important because with the intersecting
signaling pathways and many coacting factors involved in
tendon formation, there is a risk of activating the undesired
path in in vitro treated cells. In our study, the level of TGF-
β2 expression was significantly higher in bone marrow-
derived cells than in adipose tissue-derived MSCs at the
microarray analysis phase (fold change 4.55, p < 0 00008).
This result was confirmed in evaluation of gene expression
by the qRT-PCR method. Moreover, BM-MSCs also showed
a significantly higher expression of SMAD3 in both gene and
protein expression analyses. Our data indicate that the TGF-
β pathway can be generally more active in BM-derived cells
than in adipose tissue-derived MSCs which can be associated
with enhanced tenogenic potential.

In this study, we were also interested if the expression of
chemokines varies in MSCs from different sources. There is a
growing amount of evidence that paracrine effect has signif-
icant importance in therapeutic MSCs’mechanism of action.
Among a wide panel of factors secreted by MSCs, the chemo-
tactic cytokines (chemokines) seem to be a relevant, but rel-
atively little researched part. The process of inflammation,
in which chemokines drive the recruitment and migration
of cells, is a necessary step in tissue regeneration/healing.
On the other hand, excessive or prolonged inflammatory
reaction can lead to pathologic consequences. The influence
of immune cells (especially macrophages) on the process of
regeneration was intensively studied and confirmed in skele-
tal muscle tissue [36]. Tendon healing is also modulated by
the immune system [37], but the naturally occurring process
is slow and ends up with impaired tendon strength. It is
assumed that modification of inflammatory response by
MSC-based therapy can improve tendon healing. Our com-
parative analysis of hASC and hBM-MSC transcriptomes
using Affymetrix microarray revealed 7 genes encoding che-
mokines with a significantly different expression in these two
cell types. The group of genes included CXCL16, CXCL6,
CXCL12, CCL2, CXCL8, CXCL1, and CCL4. In all cases, the
expression was higher in hBM-MSCs suggesting that BM-
MSCs are generally more active in secreting chemokines than
ASCs. Taking into account the physiological role of BM-
derived stromal cells, it is not a surprising result. Three che-
mokines with the highest fold change in gene expression dif-
ference were selected for further analysis. In the case of
CXCL16, the results of microarray were unequivocally con-
firmed in subsequent tests. Bone marrow-derived MSCs dis-
played a significantly higher expression of CXCL16 than did
hASCs (p < 0 00001 regardless of BM donor age) which was
further confirmed by evaluation of CXCL16 in cell culture
supernatants. CXCL16 is the only ligand for the CXCR6
receptor. The CXCR6/CXCL16 axis has a rather bad press
as its increased activity was shown to be associated with inva-
sion of some cancers [38] and development of cardiometa-
bolic disorders [39]. However, on the other hand, CXCL16

was demonstrated to be a critical mediator of muscle regen-
eration, which suppresses the development of fibrosis [40].
In mice lacking CXCL16, the infiltration of macrophages to
the injured muscle was impaired and macrophages were
shown to be a necessary element in skeletal muscle regenera-
tion. It is not clear how an increased level of CXCL16 would
affect the tendon healing and it clearly requires further inves-
tigation. It could be assumed that it could enhance monocy-
te/macrophage recruitment to the site of injury. It is
postulated that MSCs drive differentiation of macrophages
into the M2 phenotype [13], which is generally known to
be crucial in inflammation resolving, tissue remodeling, and
regeneration. The role of macrophages in tendon repairing
is not as well recognized as in muscle tissue, but most of pub-
lished data indicate that this cell population is beneficial for
the tendon healing process [41, 42]. Another chemokine
which displayed a higher expression in BM-MSCs than in
ASCs in our microarray analysis is CXCL12 (SDF-1). This
result was confirmed by the RT-PCR method, but only for
hBM-MSCs derived from younger donors (3.2-fold differ-
ence in expression between hBM-MSC-Y and hASC, p <
0 01). Similarly, the secretion of CXCL12 was significantly
higher in young (but not aged) donor-derived hBM-MSCs
than in hASCs. CXCL12 is constitutively secreted in the bone
marrow to enable retainment of stem and progenitor cells in
the marrow, whereas adipose tissue is not a significant source
of this chemokine in physiological conditions. Our study for
the first time demonstrated that isolated and cultured human
BM-MSCs express and secrete significantly more CXCL12
than do ASCs. We additionally demonstrated in a functional
test that although all analyzed MSC types chemoattracted
BM-MSCs, BM-MSC Y provided a stronger signal than did
ASC or BM-MSC A. It is probable that this effect was due
to a higher secretion of CXCL12 as these results are in agree-
ment with the differences in CXCL12 expression and secre-
tion. It can be of prime importance as CXCL12-CXCR4 is a
well-recognized axis crucial for the recruitment of different
stem and progenitor cells, not only those from hematopoietic
lineages. CXCL12 attracts mesenchymal stromal cells, endo-
thelial progenitor cells, neural stem cells, smooth muscle pro-
genitors, and fibroblast progenitor cells and therefore
mediates the regeneration process in various tissues and
organs [43]. It was shown that a local increase in CXCL12
concentration enhances also the healing of injured tendon.
Shen et al. [44] demonstrated that CXCL12 incorporated into
knitted silk-collagen sponge scaffold improved the efficacy of
tendon regeneration by increasing the recruitment of
fibroblast-like cells and tendon extracellular matrix produc-
tion in comparison to the scaffold without CXCL12. More
recently, the positive effect of CXCL12 on tendon regenera-
tion was confirmed by Sun et al. [45]. In their study, the
use of collagen scaffold with attached collagen-binding
SDF-1 resulted in improved mechanical properties of regen-
erated tendons in comparison to the scaffold itself. Our
results suggest that hBM-MSC Y can be more effective in
enhancing tendon regeneration after local administration
than hASCs because of more intensive CXCL12 production.
On the other hand, the paracrine activity can be modified
by many factors; therefore, it is difficult to predict if the
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difference in secretion would be retained in situ after trans-
plantation. CXCL6 is the third chemokine which was ana-
lyzed more in detail in our study. In the case of this
molecule, the microarray results were not confirmed by
either RT-PCR or ELISA assays in which no significant dif-
ferences were found between hBM-MSCs and hASCs.

In the research discussed here, we additionally evaluated
the influence of BM donors’ age on expression of chosen fac-
tors. Our results indicate that the impact of donor age on
analyzed cell parameters is less significant than the influence
of the cell source; however, BM-MSCs from elder donors
seem to have higher tenogenic activity than do BM-MSCs
from young donors. The literature data are not consistent
in this issue. There are several studies in which authors con-
clude that the differentiation potential of MSCs is not signif-
icantly affected by donor age [18, 46]. On the other hand,
some reports demonstrate that human MSCs isolated from
aged donors present impaired therapeutic properties [47,
48]. In one study, BM-MSCs from young and aged donors
underwent proteomic analysis after induction to tenogenic
differentiation. It has been demonstrated that more than
200 proteins have a different expression in BM younger and
elder donors. The differentially expressed proteins were asso-
ciated with cell viability and death or antioxidant potential, as
well as general protein metabolism, but not with tenogenic
differentiation potential [49]. In our study, differences
between the hBM-MSC Y and hBM-MSC A groups at the
level of gene expression for chemokines were significant only
for CXCL12. A higher CXCL12 expression was in the hBM-
MSC Y group. In the secretion activity test, the difference
between cells from young and aged donors did not reach sta-
tistical significance, but the functional test was consistent
with gene expression analysis. However, for SMAD3 and
COL14A1, the differences between bone marrow groups
were only significant at the protein level. Interestingly, in
both cases, a higher protein level was observed for cells from
aged bone marrow donors. For the other genes and proteins
included in the analysis, there were no differences between
the groups hBM-MSC Y and hBM-MSC A.

5. Conclusions

Cellular therapies are now being seriously considered for the
treatment of tendon injuries. The possibility of using native
MSCs as well as partially differentiating into the tenogenic
pathway has its advantages and disadvantages. Depending
on the type of injury and the decision between auto- or allo-
geneic transplant, it may be necessary to choose a different
way of cell preparation. Regardless of the way chosen, the
selection of a suitable source of cells seems to be crucial. In
our study, we present the first comparison of human MSCs
from the bone marrow and adipose tissue in the context of
potential use in tendon therapy. What is important, the com-
parison concerned the base level of selected genes. This is
important for two reasons. Firstly, it shows which cell source
is more preferably selected for therapy with the use of nondif-
ferentiated cells. Secondly, it allows reference to other studies
where MSCs induced by various tenogenic factors or their
combinations are tested. Such a comparison allows inferring

whether the fold change for the expression of genes impor-
tant for tenogenesis after induction is higher than for
untreated BM-MSCs which still remain the gold standard
for cellular therapies. Based on these results, we can suggest
that for therapy of tendon injuries, MSCs originating from
the bone marrow can be more beneficial than ASCs. The
influence of the age of bone marrow donors seems to be less
crucial than MSC source; however, cells from elder donors
displayed a higher expression of some tenogenic markers
than BM-MSCs from younger donors.
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Total hip arthroplasty (THA) represents one of the commonest surgical procedures in the orthopedic field. Osteointegration of the
implant with native bone is essential for an optimal result; thus, the quality of the patient’s bone surrounding the implant (i.e., the
bone stock) is crucial. However, in some cases, the bone stock is insufficient and needs to be improved with autologous grafts rich in
multipotent cells (i.e., from the iliac crest, from the head of the femur, or from the subchondral bone harvested from the
acetabulum) or allogenic frozen bone. It is not known if the harvesting site may influence the osteogenic potential of these cells.
Thus, our aim was to characterize and compare multipotent cells collected from the bone marrow, acetabular subchondral bone,
and trabecular bone on the femoral head with a focus on osteogenic differentiation. The cells from three sources had a
fibroblast-like phenotype and expressed surface antigens CD73, CD90, and CD105 and are negative to CD11b, CD34, and
CD45. Although all these cells could be induced to differentiate into osteoblasts, chondrocytes, and adipocytes, they displayed
different differentiation potentials. In osteogenic differentiation condition, the cells from the acetabulum had the lowest
accumulation of calcium deposit while the cells originated from the bone marrow and femur created a considerably increased
amount of the deposit. These findings were confirmed by quantitative polymerase chain reaction (qPCR). In chondrogenic and
adipogenic conditions, bone marrow cells possessed a predominant differential capacity compared with the others, illustrated by
high collagen type II expression together with a cartilage-like lacuna structure and the presence of fat-specific markers,
respectively. To our knowledge, this is the first study comparing and demonstrating that the progenitor cells obtained from
diverse surgical sites in hip replacement procedure share common characteristics of MSC but differ about plasticity and may
provide rational for clinical application in cell therapy and bone grafting. The project number L1033 is registered with
ClinicalTrials.gov NCT03369457.

1. Introduction

Better health care system and nutrition have increasingly
improved life quality and expectancy that results in higher
number of elderlies who are also easily affected from aging-
related problems including musculoskeletal diseases, i.e.,
osteoarthritis. According to the data published in OECD’s
report in 2017, the incidence of total hip arthroplasty

(THA) rose by 30% in the organization’s countries from
2000 to 2005 [1]. In particular, in 2010, the cases admitted
to THA in the United States were 2.1 million accounting to
0.83% population [2]. In the 20th century, John Charnley
firstly introduced his hip replacement technique; since then,
this technique has been continuously improved to overcome
the complications as well as to provide longevity of the pros-
thesis [3]. Its principle consists of the replacement of the

Hindawi
Stem Cells International
Volume 2019, Article ID 9178436, 13 pages
https://doi.org/10.1155/2019/9178436

http://orcid.org/0000-0003-2683-4591
http://orcid.org/0000-0003-0770-7458
http://orcid.org/0000-0002-1683-6094
http://orcid.org/0000-0001-9341-7187
http://orcid.org/0000-0003-1892-1249
https://clinicaltrials.gov/ct2/show/NCT03369457
https://doi.org/10.1155/2019/9178436


damaged femoral head and acetabulum with a metallic pros-
thesis composed by a stem fused with a metal or ceramic ball
playing a role as the femoral head. An artificial socket is
placed in the reamed acetabulum. To facilitate smooth move-
ment between the “ball and socket,” a metal, ceramic, or plas-
tic liner is placed among them. For an optimal clinical result,
the implant needs to well integrate with the surrounding
bone; thus, the quality of bone and the level of the hip joint
(bone stock) are crucial in THA surgery. However, in some
cases of complex first implants or in cases of revision surgery,
the bone stock may be insufficient. Thus, a bone graft may be
required to restore the bone stock [4].

Bone autografts are considered the gold standard since
they prevent from graft rejection and they provide
osteoinduction (osteoblast stimulation, recruitment, and/or
differentiation) and osteoconduction (bone growth) [5];
however, the availability of bone autografts is limited in case
of big bone defects. Bone allografts, commonly morselized
and cancellous bones from femoral heads, are more avail-
able but they are decellularized scaffolds (due to the freezing
process); moreover, the risk of infectious disease transmis-
sion cannot be dismissed [5]. Ceramics, including hydroxy-
apatite and tricalcium phosphate, are osteoconductive
carriers, which are well known as bone substitutes in ortho-
pedic surgery because of safety, effectiveness, and economic
costs [6, 7]. A clinical study performed by Gali et al. [8]
demonstrated that a mix of autologous bone marrow
aspirate and hydroxyapatite increased bone regeneration
in patients with maxillo-mandibular osseous defects. In the
orthopedic surgery context, in vivo study using bone marrow
cells and either tricalcium phosphate or hydroxyapatite-
coated acetabular cup in rabbits and goat models, respec-
tively, proved that these mixtures could improve osteoinduc-
tion and osteointegration of the grafts, decreasing aseptic
loosening [9, 10].

However, to our knowledge, there is still no study
addressing and comparing MSC obtained from different
anatomic sites during THA procedure. Therefore, our tar-
get was to isolate and identify multipotent cells from the
acetabular subchondral bone, from fragments of femoral
cancellous bones and from bone marrow aspirate, which
was used as positive control. We took advantage of the
capability of MSC to adhere and grow on the plastic sup-
port; thus, we used neither density gradient media nor spe-
cific device to isolate the cells from the bone marrow [11].
Moreover, we also stimulated the bone chips to release the
cells without collagenase pretreatment which may affect cell
behavior [12]; thus, the bone fragments were cultured in
the presence of fibroblast growth factor-2 (FGF-2), which
improves MSC proliferation and differentiation [13, 14].
Next, multipotent cells were evaluated for cell proliferation,
colony-forming unit fibroblast (CFU-f), and expression of
MSC cell surface antigens by flow cytometric analysis.
Finally, in vitro differentiation of the cells into the osteo-
genic, chondrogenic, or adipogenic lineage was assessed
by specific histologic staining methods and by qPCR analy-
sis to measure expression of specific messenger RNA
(mRNA). Moreover, for osteogenic differentiation, IL1-β
was added to the osteogenic medium to better understand

the cell differentiation into osteoblast in the in vitro inflam-
matory condition.

We demonstrated that the anatomical site influences the
multipotent potential of MSC. Our results may give some
new hints for in vivo research and stem cell therapy for bone
tissue engineering.

2. Materials and Methods

Approval was obtained from the Ethical Committee of
IRCCS Istituto Ortopedico Galeazzi.

For patient selection, 9 patients undergoing THA proce-
dure at Galeazzi Orthopedic Institute (Milan, Italy) were
enrolled in the study after signing an informed consent.

Inclusion criteria were age between 50 and 80 years old;
body mass index (BMI) was between 18 and 30 kg/m2;
there was no history of metabolic bone disease; there was
no history of infectious diseases (HIV, HCV, HBV, or
Treponema pallidum) or inflammatory joint disease (i.e.,
rheumatoid arthritis).

2.1. Cell Isolation and Explant Culture. Bone marrow aspirate
from the femoral canal, pieces of reamed acetabular sub-
chondral bones, and fragments of femoral cancellous bones
were obtained from the patients. Samples were stored at
4°C and processed within 5-6 hours (h) from surgery.

The bone marrow was diluted 1 : 1 with sterile 1x
phosphate-buffered saline (PBS) and centrifuged at 1,700g
for 10min at room temperature (RT). The supernatant was
carefully removed. This step was repeated twice. Cell pellet
was resuspended in PBS, and the first test sample was diluted
1 : 10 volume/volume (v/v) in PBS (suspension A). From the
suspension A, the second test sample was taken and mixed
1 : 1 v/v in 4% acetic acid (suspension B) and incubated for
1 minute (min) to eliminate red blood cells and white blood
cells. From the suspension B, the third test sample was taken
and mixed 1 : 1 v/v in trypan blue to stain dead cells. Nucle-
ated cells were counted and plated at a density of 5 × 104
cells/cm2 in complete medium containing alpha minimum
essential medium (αMEM, Life Technologies), 10% v/v fetal
bovine serum (FBS, Euroclone), and 1% v/v penicillin/strep-
tomycin/glutamine (P/G/S, Life Technologies) supplemented
with 1ng/ml recombinant human FGF-2 (R&D Systems) on
T-175 flasks. The primary cells at passage 0 (P0) were incu-
bated at 37°C and 5% CO2 without disturbance for 1 week.
Then, medium was changed twice per week. When cells
reached subconfluence, they were detached by using 1x tryp-
sin/ethylenediaminetetraacetic acid (trypsin/EDTA, Life
Technologies) and passaged up to P2. Acetabular and femo-
ral bone pieces were intensively washed in PBS to remove
blood and then fragmented. The minced chips were washed
again in PBS and then maintained in complete medium
supplemented with 1ng/ml FGF-2 on 6-well plates. The
medium was changed two times every week. When cells
released from the pieces reached subconfluence, trypsi-
n/EDTA was added to the wells to trypsinize cells (the bone
chips were in contact with trypsin/EDTA as well). The cells
were expanded up to P2. The bone pieces were discarded
after two times in trypsin/EDTA treatment.
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2.2. Colony-Forming Unit Fibroblast (CFU-f) Assay. Cells at
P1 were plated at a density of 1 × 103 cells/10 cm dish in com-
plete medium supplemented with FGF-2. Each experiment
was performed in triplicate, and the medium was changed
twice per week. After two weeks, cells were washed with 1x
PBS and then fixed in methanol and absolute ethanol (1 : 1 v
/v) for 10min followed by the coloration in 0.5% g/ml crystal
violet solution (solvent was 20% v/v methanol) (Sigma) for
15min at room temperature (RT). Then, cells were washed
twice with PBS and running tap water to remove the exces-
sive stain. The dishes were air-dried, and only colonies con-
taining more than 50 cells were counted. Results were
expressed as average of at least four independent experiments
performed on at least four different primary cell cultures +
standard error of the mean (SEM) values. Photos of the
dishes were taken using the scanner Epson V200 (Epson).

2.3. Cell Proliferation and Viability

2.3.1. Crystal Violet Stain. Crystal violet stain was performed
to determine cell proliferation in monolayer culture. Cells
were plated at a density of 1 5 × 103 cells/well in complete
medium consisting of FGF-2 in quintuplicate on 96-well
plates. At each time point, cells were washed once with PBS,
fixed and stained with 50μl colorant solution (0.75% g/ml
crystal violet (Sigma), 0.35% g/ml NaCl, 32.3% v/v absolute
ethanol, and 35% v/v formalin 10%) for 20min at RT, and
finally washed 5 times with water and air-dried. Photos were
taken by using the bright field microscope (Leica). 100μl of
eluent solution (50% v/v absolute ethanol and 1% v/v acetic
acid) was added to each well, and the dye absorbance was
measured at 570nm wavelength using the microplate reader
model 680 (Bio-Rad). The experiment was repeated at least
three times on at least three different primary cell cultures.

2.3.2. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide) Stain.MTT stain was used to investi-
gate cell viability and proliferation cultured as pellet in
suspension culture (see 2.5.2). Cultures were performed in
15ml falcon tubes at a density of 5 × 104 cells/0.5ml/tube
up to 21 days. The experiment was repeated at least three
times in triplicate on at least three different primary cell cul-
tures. For the stain, tubes were centrifuged at 1,700g for
5min, pellets were washed once with PBS, and 0.5ml
serum-free medium supplemented with 25μl of MTT
(Sigma) of 5mg/ml stock solution was added to the tubes.
Cells were incubated for 1 h in the dark. Then, pellets were
washed twice with PBS. 1ml of absolute ethanol was added
to each tube; tubes were vortexed for 1min to solubilize the
purple formazan. The absorbance of the colorant was mea-
sured at 570/670 nm wavelength by using spectrophotometer
Ultrospec 2100 (Amersham Biosciences).

2.4. Flow Cytometric Analysis. When cells reached 80% of
confluence, they were detached by using trypsin/EDTA and
resuspended in stain buffer composed of 1x PBS and 3% v
/v FBS that block nonspecific antigens. The cell suspension
was divided into polystyrene round bottom tubes at a density
of 105 cells/tube. The incubation was performed at 4°C for
20min in the dark using monoclonal antibodies against

CD11b (clone ICRF44), CD34 (clone 581), CD45 (clone
HI30), CD73 (clone AD2), CD90 (clone 5E10), and CD105
(clone 266). For automatic compensation, anti-mouse Ig,
κ/negative control compensation particle set was used. All
the reagents were purchased from BD Biosciences. Further-
more, to better interpret the results and gating, we also used
the fluorescence minus one (FMO) method, where tubes
contain all the antibodies except the one which is being mea-
sured. After staining, the cells were washed with PBS, resus-
pended in 0.5ml stain buffer, and run through flow
cytometer BD FACS Canto II (BD Biosciences). Data were
analyzed by software FlowJo.

2.5. In Vitro Differentiation

2.5.1. Adipogenic Differentiation. To induce adipogenic
differentiation, cells were cultured in complete medium sup-
plemented with FGF-2 at 5 × 104 cells/well on 24-well plates
or 3 × 105/well on 6-well plates for Oil Red O stain and
qPCR, respectively. For Oil Red O stain, the experiment
was performed in triplicate. When the cells were confluent,
the medium was changed to adipogenic medium which is
complete medium composed of 50μg/ml ascorbic acid,
10-7 M dexamethasone, 5 ng/ml insulin, 0.5mM 3-isobu-
tyl-1-methyl xanthine, and 0.1mM indomethacin. All the
reagents were bought from Sigma. The complete medium
was used as control. The induction media were freshly pre-
pared and changed two times per week. The induction lasted
for 3 weeks.

2.5.2. Chondrogenic Differentiation. Induction of chondro-
genic differentiation was performed as previously described
[15] with little modification. In this study, cells were sus-
pended in 15ml falcon tubes in complete medium containing
50μg/ml ascorbic acid (Sigma), 10-7 M dexamethasone
(Sigma), and 10ng/ml recombinant human transforming
growth factor-β1 (TGF-β1, R&D Systems) at a density of
5 × 105 cells/0.5ml/tube for immunohistochemistry and tolu-
idine blue staining, 5 × 104 cells/0.5ml/tube for MTT assay,
and 3 × 105 cells/0.5ml/tube for qPCR. The media were
changed twice per week. The cultures were maintained up
to 21 days.

2.5.3. Osteogenic Differentiation. To stimulate osteogenic dif-
ferentiation, cells were firstly cultured in complete medium
supplemented with FGF-2 at 5 × 104 cells/well on 24-well
plates or 3 × 105 cells/well on 6-well plates for Alizarin Red
S stain and qPCR, respectively. For Alizarin Red S stain, the
experiment was carried out in triplicate. When the cells
reached confluence, the medium was switched to osteogenic
medium (OM) which is complete medium containing
50μg/ml ascorbic acid (Sigma), 10-7 M dexamethasone
(Sigma), and 10mM β glycerolphosphate (Merck). More-
over, 50 pg/ml IL1-β (R&D Systems) was also added to the
OM. The concentration of IL1-β used for this experiment
procedure was inferred from literature data [16–18]. The
complete medium was used as control. OM and OM supple-
mented with IL1-β were prepared freshly and added to the
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cells twice per week. The differentiation was prolonged for
3 weeks.

2.6. Cell Staining and Immunohistochemistry

2.6.1. Oil Red O Stain. Oil Red O coloration was used to stain
the lipid droplets formed by adipocytes. The working stain-
ing solution was prepared freshly (1-24 h) before the experi-
ment by mixing 6 : 4 v/v of 0.5% Oil Red O solution (Sigma)
and distilled water, and then the solution was filtered to dis-
card the precipitates. The cells were washed once with PBS,
fixed in 10% formalin for 10min, and washed again with
PBS to remove formalin. PBS was completely removed
followed by coloration in the working solution for 10min at
RT. Then, cells were washed once in 60% isopropanol solu-
tion for 30 seconds (s) and rinsed three times with distilled
water. Photos of the cells with stained droplets were immedi-
ately taken by using the bright field microscope (Leica).
Then, the water was removed, and the stained droplets were
dissolved in isopropanol solution (1ml/well). Dye absor-
bance was measured at 510 nm wavelength using spectro-
photometer Ultrospec 2100.

2.6.2. Toluidine Blue O Stain. Toluidine blue O stain was
used to observe the cartilage matrix. The colorant stains
nuclei as blue and proteoglycans and glycosaminoglycans
as light blue to violet. Cell pellets were washed twice in
PBS, fixed in 10% formalin for 15min at RT, then included
in paraffin, and sliced into 5μm sections on the SuperFrost
Plus adhesion slides (Thermo Fisher Scientific) which were
previously coated with poly-L-lysine (Sigma) to prevent sec-
tion from detachment.

For the coloration, slides were deparaffinized and dipped
in the 0.2% w/v toluidine blue O solution (the powder was
provided by Serva, Germany) for 5min at RT followed by
rinsing in distilled water twice, each time for 5min and
mounted with DPX mounting medium.

2.6.3. Immunohistochemistry. The slides were prepared as
mentioned above. After deparaffinization, antigen retrieval
process was performed by immersing the slides in boiling
citrate buffer (pH6) and cooled down at RT for 20min. Next,
sections were permeabilized in 0.2% Triton in PBS for 10min
at RT, washed three times with PBS, each for 5min, and incu-
bated in 4% hydrogen peroxide for 30min at RT to block the
endogenous peroxidase activity. Then, slides were incubated
in hyaluronidase type II (Sigma) at a concentration of
1mg/ml in PBS (pH6) for 30min at 37°C to break down
the matrix and blocked in 10% FBS for 1 h at RT followed
by incubating with primary antibodies anti-collagen type I
(ab138492, Abcam) and anti-collagen type II (ab34712,
Abcam) for 16 h at 4°C. After washing with PBS, the sections
were incubated with anti-rabbit biotinylated antibody
(1 : 500, Dako) for 30min at RT, washed in PBS, incubated
in streptavidin peroxidase (Dako) for 30min at RT, then
stained with 3,3′-diamino-benzidine (DAB, Dako) for
3min, counterstained in Mayer’s hematoxylin for 1min,
submerged in distilled water containing some drops of 1M
NH4OH (Sigma) for bluing, and mounted with DPX

mounting medium. Photos were taken by using a light
microscope (DM5000 B, Leica).

2.6.4. Alizarin Red S Stain. To observe the mineralization of
the induced cells in osteogenic differentiation, Alizarin Red
S stain was used. Briefly, cells were washed once with PBS,
fixed in 10% formalin for 10min, washed twice with PBS,
stained in 2%w/v Alizarin Red S solution pH4.2 (the powder
was purchased from Sigma) for 10min at RT, and washed
with distilled water. The plates were air-dried later. To dis-
solve the calcium deposits, 1ml of elution solution contain-
ing 20% methanol and 10% acetic acid was added to each
well and incubated for 30min at RT with gentle pipetting
and shaking. The dye’s absorbance was measured at 450nm
wavelength. The experiment was repeated at least six times
on at least five different primary cell cultures.

2.7. qPCR. qPCR was performed to examine the expression of
mRNA extracted from the differentiated cells. Total RNA
was isolated by using RNeasy Mini Kit (Qiagen). NanoDrop
8000 (Thermo Fisher Scientific) was utilized to assess RNA
quality and purity. If required, RNA was precipitated by mix-
ing with 1 : 3 v/v cold absolute ethanol and 1 : 0.1 v/v 3M
sodium acetate and incubating for 16 h at −80°C. 1μg of
RNA was reversely transcribed by using ImProm II reverse
Transcription System (Promega) on thermal cycler (Euro-
clone). Amplification of cDNA was carried out using
PowerUp SYBR master mix (Thermo Fisher Scientific) and
primers were purchased from Eurofins (Germany) on 7500
Fast Realtime PCR System (Applied Biosystems). The
sequences of primers are listed in Table 1. The reaction plates
were run in three stages: holding stage starts at 50°C for 20 s
and then 95°C for 10min, cycling stage was repeated for 40
cycles where the reactions were remained at 95°C for 15 s
and then 60°C for 1m, and finally in the melt curve stage,
the plates were set at 95°C for 15 s, followed by 60°C for
1m, 95°C for 30 s, and 60°C for 15 s. Relative gene expression
was done according to comparative method [19] where data
were presented as 2−ΔΔCt or 2−ΔCt with ΔCt = Ct (gene of
interest)-Ct (housekeeping gene) and ΔΔCt = ΔCt at day
n-ΔCt at day 0, n = number of days of differentiation.

2.8. Statistical Analysis. All data are presented as means and
standard error of the mean (SEM). Statistical analysis was
performed by using unpaired t-test online application of
the GraphPad software (https://www.graphpad.com/quick
calcs/ttest1); for analysis of cell proliferation in adherent
culture condition, the nonparametric Mann–Whitney U test
with two-tailed hypothesis was applied (https://www.socs
cistatistics.com/tests/mannwhitney/). Analysis is considered
significant if p value is <0.05.

3. Results

3.1.Morphology,Proliferation,andPhenotypicCharacterization
of the Cells in Adherent Conditions. The first criteria to iden-
tify MSC is their adherence to a plastic support [20]. Taking
advantage of this basic MSC feature, we used a very simple
method to isolate MSC from the bone marrow (BMC) and
from femoral (FC) and acetabular (AC) bone chips in the
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explant cultures. Bone marrow samples were washed and left
without disturbance; after one week, the adherent cells were
observed while for explant culture, after approximately two
weeks, the first fibroblast-like cells were released from the
chips (Figure 1(a)). Moreover, cells also grew to form colo-
nies starting from low plating density as demonstrated in
Figure 1(b). After plating cells for 14 days, AC showed a
striking capacity of colony formation compared with the cells
from the bone marrow and femur (1.5- and 1.6-fold increase,
respectively). Cell growth was also investigated by staining
the cells with crystal violet solution following time course.
Figure 1(c) shows a significant proliferation of AC and FC
compared with BMC (p = 0 0076 and p = 0 0146, respec-
tively). The difference in cell proliferation was also illustrated
in Figure 1(d): day 6 of culture cells from the bone marrow
still did not reach confluence. In contrast, AC and FC were
tight, and in particular, AC appeared much smaller than
the others in spite of the same seeding density inferring a fas-
ter growth.

To more comprehensively characterize the cell popula-
tion from the three sources, we used flow cytometry to eval-
uate expression profile of markers (Figure 1(e)). BMC
possessed a lower percentage of markers for hematopoietic
cells and endothelial cells such as CD11b, CD34, and CD45
compared with AC and FC, without significant difference.
Moreover, there was no significant variation in expression
of the cell surface markers commonly used to define MSC
such as CD73, CD90, and CD105.

3.2. In Vitro Adipogenic Differentiation. To reveal the in vitro
formation of adipose tissue, the cells were exposed to adipo-
genic medium for 21 days. After 7 days, the small fat vacu-
oles were detected by Oil Red O staining, and their size and
density increased over time as shown in Figure 2(a). Quan-
tification of dyed fat droplets was conducted by measuring
the absorbance at 510nm, and results were presented as
fold increase in absorbance between the induced cells and
the control cells. The chart in Figure 2(a) proved that even
at early treatment time, there is still significant increase in
adipogenic capacity of the cells in respect of day 0. The cells
from three sources have similar expression of fat droplets.
Therefore, qPCR was performed to further evaluate gene
expression of two adipogenic markers: LPL and PPARG
(Figure 2(b)). Interestingly, all three cell types showed a
higher LPL expression than PPARG. Both BMC and FC
showed an increase expression of LPL over the time, with
a significant difference between the induced cells and con-
trol cells starting from day 14 (BMC) to day 7 (FC), and
while LPL expression in AC reached a significant difference
at day 7, it reached peak at day 14 and then decreased at
day 21. PPARG expression in induced FC over time was
higher compared with that in the control cells but not sta-
tistically significant.

We also compared LPL and PPARG among the three cell
types. BMC showed a higher expression of both LPL and
PPARG at the latest time point, as shown in the last two
charts of Figure 2(b). Moreover, the difference in PPARG

Table 1: Primer sequences for qPCR (F/R: forward/reverse).

Human gene Sequence (5′-3′) Product size (bp)

Housekeeping genes

18S rRNA
F: GTAACCCGTTGAACCCCATT

151 [21]
R: CCATCCAATCGGTAGTAGCG

GAPDH (NM_001289745.2)
F: ATGGGGAAGGTGAAGGTCG

70
R: TAAAAGCAGCCCTGGTGACC

Adipogenic differentiation

PPARG (NM_001354667)
F: GGCTTCATGACAAGGGAGTTTC

74
R: AACTCAAACTTGGGCTCCATAAAG

LPL (NM_000237.2)
F:GAGGTACTTTTCAGCCAGGATGTAAC

82
R: AGCTGGTCCACATCTCCAAGTC

Chondrogenic differentiation

COL1A1 (NM_000088.3)
F: CAGCCGCTTCACCTACAGC

83
R: TTTTGTATTCAATCACTGTCTTGCC

COL2A1 (NM_001844.5)
F: GGCAATAGCAGGTTCACGTACA

79
R: CGATAACAGTCTTGCCCCACTT

Sox9 (NM_000346.3)
F: AGTACCCGCACTTGCACAA

68
R: CTCGTTCAGAAGTCTCCAGAGCTT

Osteogenic differentiation

BGLAP (osteocalcin) (NM_199173.5)
F: CGCCTGGGTCTCTTCACTAC

143
R: CTCACACTCCTCGCCCTATT

SPP1 (osteopontin) (NM_001251830.1)
F: CTCAGGCCAGTTGCAGCC

81
R: CAAAAGCAAATCACTGCAATTCTC

ALP (NM_000478.6)
F: ACCACCACGAGAGTGAACCA

79
R: CGTTGTCTGAGTACCAGTCCC

18S rRNA: 18S ribosomal RNA; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; PPARG: peroxisome proliferator-activated receptor gamma; LPL:
lipoprotein lipase; COL1A1: collagen type I alpha 1 chain; COL2A1: collagen type II alpha 1 chain; BGLAP: bone gamma-carboxyglutamate protein; SPP1:
secreted phosphoprotein 1; ALP: alkaline phosphatase.
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Figure 1: Cell morphology, proliferation, and marker expression in monolayer culture. (a) Morphology of the cells in culture at day 21. The
middle and the right photos show the cells released from the bone chips (on the top left and bottom left corner, respectively) and expanding,
scale bar 50 μm. (b) Cell colonies stained with crystal violet solution after plating 14 days showing a 1.5- and 1.6-fold increase in the cells
derived from the acetabulum compared with the cells from the bone marrow and femur, respectively. Data are shown by the average +
SEM of at least four independent experiments performed in triplicate from at least four different primary cultures, ∗∗p < 0 006. (c)
Proliferation curve of the cells in adherent culture determined by measuring absorbance of the cells stained with crystal violet at 570 nm
wavelength. Results are the average + SEM of at least three experiments done in quintuplicate from at least three different cell cultures
(∗p = 0 0146, ∗∗p = 0 0076). (d) Morphology of cells stained with crystal violet in culture at day 6, scale bar 50 μm. (e) Charts showing cell
marker expression analyzed by flow cytometry. The expression percentage of the antigens is the average + SEM from three independent
experiments of three different primary cell cultures (p > 0 05).
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Figure 2: Adipogenic differentiation. Confluent cells were induced in adipogenicmedium (AM) for threeweeks to differentiate into adipocytes;
the control (CTR) cells were maintained in complete medium. (a) Oil Red O stain. Cells were stained with Oil Red O solution, which marks fat
droplets into red color. Photos of the CTR cells are not shown, scale bar 50μm. Quantification was determined by measuring the absorbance
of the stained cells at 510 nm (n = 5, ∗p < 0 05, ∗∗p ≤ 0 003, ∗∗∗p ≤ 0 0003). (b) qPCR results. Expression of the adipocytic marker genes LPL
and PPARG of the cells cultured in CTR and AM conditions. Data are presented as 2−ΔCt + SEM value. The lowest charts show the expression
comparison of these markers among the cells originated from all three sources (n = 3, ∗p < 0 05, ∗∗p ≤ 0 0092).
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expression is statistically significant after 21 days between
BMC and AC.

3.3. In Vitro Chondrogenic Differentiation. To unravel the
chondrogenic capacity of the cells, we used the pellet culture
method in three-dimensional suspension condition, which
more closely mimics the in vivo cartilaginous microenviron-
ment. First, we studied cell proliferation in two-dimensional
adherent conditions (Figure 1(c)). The evaluation of cell via-
bility and/or proliferation in suspension conditions is also
recommended to predict cell behavior since differentiation
in three-dimensional environment may interfere with prolif-
eration. Figure 3(a) represents cell proliferation in suspen-
sion: BMC maintained almost unchanged growth while AC
and FC continuously proliferated. At day 21, FC displayed
an impressive growth capacity compared with BMC and
AC (3.76- and 1.69-fold increase, respectively).

We then proceeded with the analysis of the cartilaginous
phenotype by analyzing glycosaminoglycan deposition and
the expression of cartilaginous markers, namely, collagen
type II and Sox9. Unfortunately, in vitro chondrogenesis
often produces fibrocartilage characterized by the expression
of collagen type I [22]; therefore, in this study, we also eval-
uated its expression. Toluidine blue O stain was used to
observe the formation of extracellular matrix of the pellet.
Figure 3(b) shows that all of the cells were able to form pel-
lets, but the intensity of the stain changed among the groups.
BMC pellets exhibited a localized violet area at day 14 sug-
gesting an initial formation of the in vitro cartilage matrix;
after 21 days of treatment, the violet zone expanded and cov-
ered most of the section. More interestingly, we also observed
the cartilage typical lacuna structure where the chondrocytes
are embedded (insets in Figure 3(b)). On the other hand, AC
and FC only showed light blue coloration of the matrix with-
out any lacuna structure even at the longest time point. Pro-
duction of collagen type I and collagen type II was analyzed
by immunohistochemistry (Figure 3(b)). At day 14, BMC
and FC expressed a stronger signal for collagen type II than
AC; however, at day 21, FC showed much less intensified
signal for collagen type II than BMC. Collagen type I was
unexpectedly present on all cell pellets suggesting the unse-
lective differentiation despite a long culture in three-
dimensional conditions.

We also investigated gene expression for collagen type I,
collagen type II, and chondrogenic specific marker Sox9 by
qPCR (Figure 3(c)). At day 21 of culture, collagen type I
expression decreased in BMC and FC compared with the ear-
lier time point; that result was not found in AC, though a sig-
nificant difference was not detected. More importantly, after
21 days of induction, collagen type II expression in BMC cells
reached the peak and was significantly higher compared to
the AC and FC cell sources (6.58- and 6.78-fold increase,
respectively). BMC showed an increase in Sox9 expression
but not in a significant manner, while in AC and FC, the
expression markedly decreased with time. These findings
confirmed the abovementioned histological observation.

3.4. In Vitro Osteogenic Differentiation. The confluent cells
were induced to differentiate into osteoblasts in OM or OM

supplemented with IL-1β conditions. The Alizarin Red stain
in Figure 4 revealed that even under long experimental time,
AC are the most unresponsive cells to both conditions OM
and IL-1β while BMC and FC started to react to the induc-
tion from day 7. In both OM and IL-1β conditions, starting
from day 14, AC had the lowest accumulation of calcium
with respect to the other two cell sources (the last two charts
in Figure 4). In OM condition, BMC showed the highest level
of mineral deposits, while in IL-1β condition from day 14, FC
released the most elevated amount of deposits; although in
both conditions, no significant difference was measured
between these two groups. The staining also verified that
the presence of IL-1β at appropriate concentration did not
interfere with the mineralization of the cells in osteogenic dif-
ferentiation medium.

We also performed qPCR (Figure 5) to fully investigate
gene expression of osteogenic markers such as ALP (early-
stage osteogenesis), osteopontin (middle-stage osteogenesis),
and osteocalcin (late-stage osteogenesis) [23]. BMC and FC
when exposed to OM or IL-1β conditions highly expressed
ALP gene at the earliest time point (day 7) and then the
expression decreased over time.

In AC, ALP expression at the different time points was
even lower compared with day 0 but without significant dif-
ference. In FC, a significant upregulation in osteopontin
gene expression was noticed at day 7, whereas in BMC
and AC, a significant difference was observed later at day
14 and day 21, respectively. Moreover, a significant upregu-
lation in osteocalcin gene expression was detected only in
FC at days 14 and 21 when compared with day 0. As men-
tioned previously, we compared cells cultured in a standard
OM medium with cells cultured in OM supplemented with
50 pg/ml IL-1β, to test its possible role in increasing osteo-
genesis. By Alizarin staining, we did not observe a sufficient
difference in mineralization between two conditions OM
and IL-1β (Figure 4), whereas by qPCR, we noted that IL-
1β when used at 50 pg/ml concentration in osteogenic
medium may increase osteopontin expression in BMC and
FC at day 14 and day 7, respectively.

The charts on the last two rows in Figure 5 compared
ALP, osteopontin, and osteocalcin gene expression of the
cells in each condition. In OM condition, BMC and FC
showed a significant upregulation in ALP gene expression
when compared with AC; in particular, in FC, the significant
difference was present at day 7. Osteopontin gene expression
was significantly upregulated in BMC when compared with
AC (p = 0 0403 at day 7 and p = 0 0111 at day 14). Osteocal-
cin gene expression did not significantly change among the
three different cell sources. Finally, in OM standard condi-
tions, BMC generally showed an upregulation of all the three
markers when compared with FC, though without a signifi-
cant difference.

In OM+IL-1β condition, BMC and FC also had signifi-
cantly upregulation in ALP and osteopontin gene expression
compared with AC. Moreover, we observed only a significant
difference between BMC and FC in osteopontin gene expres-
sion at day 14; in particular, the bone marrow cells yielded a
higher amount of osteopontin (p = 0 0023). All these findings
suggest that the osteogenic potential of the bone marrow-
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Figure 3: Chondrogenic differentiation in suspension condition. Cells were induced in chondrogenic medium in suspension condition to
form pellets up to 21 days and then analyzed. (a) Proliferation of the cells determined by MTT assay. Absorbance of the stained cells was
measured at 570 nm and 670 nm (reference wavelength). Results are the average + SEM value of at least three experiments performed in
triplicate from at least three independent cell cultures. (b) Photos of toluidine blue O (TB) stain and immunohistochemistry for collagen
type I (Col I) and collagen type II (Col II). Toluidine blue stains the matrix from light blue to violet and dyes the nuclei to dark blue. The
white dash line covers the most violet zone on the photo showing the coloration of the more intensified cartilage matrix. The insets better
illustrate cartilaginous matrix where chondrocytes are trapped in the lacunae. The brown color indicates the expression of collagen type I
and collagen type II. Scale bar: insets 5μm, others 25μm. (c) qPCR results. Expression of the cartilage markers collagen type I, collagen
type II, and Sox9. Data are presented as 2−ΔΔCt + SEM value (n = 3, ∗p < 0 05, ∗∗p ≤ 0 0025, ∗∗∗p ≤ 0 0007).
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derived cells is quite competitive compared with that of pro-
genitor cells released from femoral bone fragments.

4. Discussion

The heterogeneity of MSCs, which not only differ from donor
to donor but also vary depending on the source of tissues, has
been discussed in previous works [24–26]. Therefore, the

search and selection of the best source of MSCs for a specific
clinical application is required. In particular, to our knowl-
edge, little work has been performed to compare the multipo-
tency of cells obtained from the surgical sites during hip
arthroplasty. In this study, we isolated and compared cells
derived from different tissues in hip replacement procedure:
the bone marrow collected from the femoral canal (as posi-
tive control, BMC), pieces of acetabular subchondral bone
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Figure 4: Osteogenic differentiation determined by Alizarin Red S coloration. Confluent cells were cultured and induced in osteogenic
medium (OM) or OM supplemented with 50 pg/ml IL-1β (IL-1β) up to 21 days. The control (CTR) cells were maintained in complete
medium. Alizarin Red S solution was used to recognize calcium deposits. Quantification was performed by measuring the absorbance of
the stained deposits at 450 nm wavelength. The lowest charts show the comparison in quantification among the cells originated from all
three sources in both OM and IL-1β conditions. Data are the average + SEM value of at least six independent experiments carried out in
triplicate from at least six different cell cultures (∗p < 0 05, ∗∗p < 0 009, ∗∗∗p < 0 0008).
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(AC), and fragments of trabecular bone from the femoral
neck and head (FC). The aim of our work was to analyze
potential differences between cell sources that may be applied
for new techniques of bone stock restoration. Our study
proves that three types of cells share MSC identity, but they

show differences in cell lineage differentiation that may indi-
cate variations in cell commitment.

CFU-f assay has been considered the gold standard to
evaluate the stemness of progenitor cells [27, 28]; namely,
starting from a scarce plating number, the progenitor cells
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Figure 5: Osteogenic differentiation analyzed by qPCR. Expression of the bone markers ALP (early-stage differentiation), osteopontin
(middle-stage differentiation), and osteocalcin (late-stage differentiation). The charts on the last two rows show the comparison in marker
expression of the cells derived from three sources in both conditions OM and IL-1β. Data are shown as percentage of fold increase
2−ΔΔCt + SEM value (n = 3, ∗p < 0 05, ∗∗p ≤ 0 0061, ∗∗∗p ≤ 0 0008).
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were able to attach the plastic culture dish, proliferate, and
form colonies. Cells released from pieces of the acetabulum
showed a great ability of colony formation compared with
the cells from the bone marrow and femur. This finding is
consistent with the proliferation assay in adherent culture
demonstrating the striking growth capacity of AC. We did
not observe a significant difference in cell marker expression,
as all of the cell types were negative for hematopoietic
markers (CD11b, CD34, and CD45) and positive for MSC
markers (CD73, CD90, and CD105).

The iliac crest bone marrow has been accepted as “gold
standard” source for MSC isolation [29, 30] because of easy
access and high content of red marrow. The bone marrow
obtained from femoral canal is occupied by red marrow
and also yellow marrow composed of adipocytes. Even
though all of the cells isolated from the three sources formed
visible fat droplets, the presence of primitive adipocytes
could be an explanation for the predominant expression of
fat gene markers LPL and PPARG of BMC compared to
AC and FC when exposed to adipogenic medium. The con-
cept of the bone marrow “stem cell niche”, where the bone
marrow represents the microenvironment where MSCs and
hematopoietic stem cells (HSCs) reside, is well known [31–
34]. In the niche, the MSC is a main player [32], which inter-
acts, orchestrates, and maintains the homeostasis of the
microenvironment. Thus, MSCs are more naïve and are able
to quickly respond to the microenvironment when differen-
tiation is needed to replace dead or damaged cells. Indeed,
under a chondrogenic stimulus, BMC were able to form
the in vitro lacunae with strong expression of collagen type
II and high quantity of glycosaminoglycans, whereas AC
and in particular FC displayed an inferior chondrogenic
potential as shown by histology and by gene expression.
Therefore, both AC and FC progenitor cells may differenti-
ate into chondrocytes if properly stimulated, but their intrin-
sic chondrogenic potential is inferior compared with bone
marrow-derived cells. In osteogenic conditions, we noticed
significant differences between the cell sources: quantifica-
tion of Alizarin Red S staining demonstrated that both
BMC and FC have a significantly higher capacity to form
calcium deposits. This was also confirmed by gene profile
of osteogenic markers ALP, osteopontin, and osteocalcin.
Thus, cells harvested from the trabecular bone of femoral
head and neck possess a higher intrinsic osteogenic potential
compared with cells isolated from the acetabular subchon-
dral bone.

We also proved that an inflammatory environment,
obtained by supplementing the osteogenic medium with
IL1-β at low dose (50 pg/ml), did not affect the osteogenic
differentiation. Moreover, our results suggest that a con-
trolled inflammatory stimulus may promote the osteogenic
potential of multipotent cells without leading to cell death
or tissue damage.

In summary, our study analyzed and compared the mul-
tipotency of cells derived from different anatomical sites dur-
ing hip replacement surgery: the bone marrow from the
femoral canal, pieces of subchondral acetabular bone, and
fragments of bone from femoral neck and head. Our data
confirmed that BMCs are the most versatile multipotent cells

as they display a similar adipogenic, chondrogenic, and oste-
ogenic potential. In addition, we demonstrated that FC pos-
sess a significantly higher osteogenic potential compared to
AC. Thus, these cells are probably precommitted to the oste-
ogenic lineage. This novel finding may be important for the
development of new techniques of bone stock restoration
and also new strategies of bone tissue engineering. Indeed,
the intrinsic osteogenic precommitment of these cells may
potentially allow for a faster and better bone repair.

In conclusion, to answer our initial question, the harvest-
ing site does influence the osteogenic potential of multipotent
cells in an in vitro setting. In vivo studies will be necessary to
confirm our preliminary results.
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Mesenchymal stem cells (MSC) are not universal and may be subject to dynamic changes upon local milieus in vivo and after
isolation and cultivation in vitro. Here, we demonstrate that MSC derived from murine pericardial adipose tissue (pMSC)
constitute two cohorts of population distinguished by the level of CD73 expression (termed as CD73high and CD73low pMSC).
Transplantation of two types of cells into mouse hearts after myocardial infarction (MI) revealed that the CD73high pMSC
preferentially brought about structural and functional repair in comparison to the PBS control and CD73low pMSC.
Furthermore, the CD73high pMSC displayed a pronounced anti-inflammatory activity by attenuating CCR2+ macrophage
infiltration and upregulating several anti-inflammatory genes 5 days after in vivo transplantation and ex vivo cocultivation with
peritoneal macrophages. The immunomodulatory effect was not seen in cocultivation experiments with pMSC derived from
CD73 knockout mice (CD73-/-) but was partially blocked by pretreatment of the A2b receptor antagonist, PSB603. The results
highlight a heterogeneity of the CD73 expression that may be related to its catalytic products on the modulation of the local
immune response and thus provide a possible explanation to the inconsistency of the regenerative results when different sources
of donor cells were used in stem cell-based therapy.

1. Introduction

Myocardial infarction (MI), commonly known as heart
attack, results in the loss of around 1 billion heart muscle cells
and the destruction of surrounding blood vessels. Once dam-
aged, adult heart cells cannot be replaced through their own
regeneration; therefore, an alternate form of wound healing
is orchestrated by the immune system [1, 2]. Inflammatory
cells migrate to the injured heart, ensuring the clearance of
harmful cell debris and repair of the damaged area via the
formation of a fibrotic scar [3]. While the default immune
response to MI appears to ensure a quick fix of the heart,
the scarring leads to pathological remodeling of the heart
and compromised cardiac function over time. Moreover, if

the initial acute inflammatory response becomes chronic,
host tissue will be subject to continued damage [4].

There is a growing body of evidence supporting the
hypothesis that stem cell-based therapy may work via
paracrine-mediated regulation on the local immune response
in the damaged heart [5]. Mesenchymal stem cells (MSC) are
able to produce and secrete a broad variety of cytokines, che-
mokines, and growth factors that may potentially modulate
excessive inflammatory response that, following MI, consti-
tutes a proinflammatory milieu, much of which is cytotoxic,
and an ensuing fibrosis that disrupts the essential matrix
[6]. Therefore, the immunoregulatory property of MSC by
means of either paracrine factors, exosmotic vesicles, or
others is functionally linked to their reparative activity [5, 7]
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and determines the therapeutic potential in vivo [8]. How-
ever, the variability in terms of immunomodulation among
MSC from different anatomic origins and biological proper-
ties is often ignored, asMSC are broadly assumed with similar
epitope identities and differentiation potentials, which
implies that multiple tissues are equally suitable cell sources
for the regeneration of multiple tissues [9].

Indeed, the MSC pool is a rather heterogeneous popula-
tion that varies dynamically in response to local milieus [10]
andmay be subject to changes in biological functionality after
in vitro isolation and expansion [11]. Furthermore, isolated
MSC even from the same source display a heterogeneous
transcriptional profile that links to cellular communication
in the heart [12]. Notably, MSC isolated from different
murine tissues showed a diverse capacity to metabolize extra-
cellular nucleotides, a process which requires the presence of
ecto-5′-nucleotidase activity (eNT/CD73) [13]. Given that
CD73 is one of the classic markers that specifically define
the MSC population, we therefore hypothesize that the non-
uniform expression of CD73 on MSC may be associated with
the reparative property, as extracellular adenosine catalyzed
by the dephosphorylation activity of CD73 has been shown
as a pivotal regulator of local immune response [14].

In the present study, we demonstrate that MSC
derived from pericardial adipose tissue [15], termed as
pMSC, bear the heterogeneous expression of CD73 and
that the CD73-enriched pMSC favors cardiac repair via
anti-inflammatory activity.

2. Materials and Methods

2.1. Animal Experiments. All animal experiments were
approved by the Experimental Animal Care and Use Com-
mittee at the Navy Medical University and were performed
in accordance with institutional guidelines on animal care.
A total of 52 mice (48 × C57BL/6wild type and 6 × CD73-/-
with body weight of 20–25 g and age of 8–12 weeks and
6 ×Wistarrats) were bred at the central animal facilities
of the Navy Medical University and fed with a standard
chow diet/tap water ad libitum.

A murine model of myocardial infarction (MI, 60min
ischemia+reperfusion) was induced as previously described
[16]. In brief, mice were intubated and anesthetized by
mechanical ventilation with isoflurane (1.5% v/v) in 80%
oxygen/20% nitrogen. The animal was placed in a supine
position, and the chest was opened with a lateral cut along
the left side of the sternum. The left anterior descending cor-
onary artery (LAD) was visualized with a microscope and
ligated by a suture (8-0 polypropylene) with a soft, home-
made vessel protecting the pad above the LAD. The success
of occlusion was assured by ST-segment elevation in ECG
recordings and the presence of myocardial blanching in the
perfusion bed. Ligation was maintained for as long as
60min to fulfill a transmural MI until the suture was released
to allow reperfusion. In the cell transplantation groups, mice
intramyocardially received 20μl of suspension in PBS con-
taining 2 × 105 of either CD73low or CD73high pMSC at two
separate sites within the infarct area using an insulin syringe
(30G, BD) shortly after releasing the ligation. The chest was

then closed with one layer through the muscle and a second
layer through the skin, and the animals were then weaned
from ventilation and placed in a warm and oxygen-
enriched environment until they fully recovered.

The animals were ready for sacrifice at two time points: 5
days and 28 days after the surgical procedure. The 5-day ani-
mals were used for the analysis of the inflammatory statue of
the hearts and the 28-day animals for structural and func-
tional repair after cardiac damage (MI).

Cardiac function was assessed by transthoracic echocar-
diography using a high-frequency, high-resolution digital
imaging platform for small animals with an 18 to 38MHz
transducer MS400 (Vevo 2100; VisualSonics, Canada).
Briefly, the animals were anesthetized by inhalation of iso-
flurane (1.5% v/v) using a home-made mask, and the short
axes at the midventricular sections were acquired in M-
mode. The data were stored, and parameters of cardiac func-
tion were analyzed off-line with customized software
(VisualSonics).

After the measurements of functional parameters, the
animals were sacrificed with CO2 and the hearts were excised.
After being washed once in ice-cold PBS, the hearts were
carefully positioned and embedded in a Tissue-Tek® (Leica,
Germany) for histological analysis.

2.2. Isolation of Mesenchymal Stem Cells from Various
Tissues. Pericardial and subcutaneous adipose mesenchymal
stem cells (MSC) were isolated according to the modified
protocol previously reported [10]. In brief, either C57BL/6
wild-type (WT) or CD73 knockout (CD73-/-) mice were
killed using CO2 suffocation. Under sterilized conditions,
the chest was opened and the subcutaneous and pericardial
adipose tissue was excised. The collected pericardial tissue
was then cut into small pieces and transferred into a 2ml
digestion solution containing 0.4% collagenase II (Biochrom,
Germany) and incubated at 37°C with gentle rotation
(20 rpm) for 20 minutes before digestion was stopped by
the addition of 2ml of FCS (HyClone, USA). The resultant
cell suspension was spun down at 1,460 rpm for 5 minutes,
and the cell pellet was resuspended with basic medium con-
taining low-glucose DMEM and supplemented with 30%
FCS, penicillin (100U/ml), streptomycin (0.1mg/ml), and
glutamine (2mM). The isolated cells were inoculated into a
10 cm petri dish and incubated at 37°C with 5% CO2. The
adherent stromal vascular fraction was then termed as
pMSC. Cell numbers were counted in a small aliquot, and
the population-doubling time was calculated.

Bone marrow MSC (bMSC) were obtained from mice
and umbilical cord blood MSC (ucMSC) from humans
[17]. In brief, ucMSC were isolated as mononuclear cells by
Ficoll gradient centrifugation from human donors, and
bMSC was obtained from mouse femurs and tibiae flushed
with DMEM medium. The cell suspension was both filtered
and plated into a 6-well plastic cell culture plate at a density
of 2 × 105 cells and cultured in a similar condition as men-
tioned above for the analysis of the CD73 expression profile.

To separate two subpopulations of pMSC that constitute
different CD73 expressions, the cultivated cells (passage 1)
were gently detached with 0.05% trypsin EDTA (Sigma-
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Aldrich). After washing once with cold PBS, about 1 × 105
cells per 100μl suspension were incubated with Alexa Fluor®
488- (AF488-) conjugated antibody against CD73 (1 : 100,
BD Pharmingen) at 4°C void of light for 10min. Thereafter,
the unbound antibody was removed by washing twice with
2ml MACS buffer, and the cells were separated according
to the intensity of CD73 staining (fluorescence) with the help
of the Core Flow Cytometry Facility at the Naval Medical
University using fluorescence-activated cell sorting (FACS,
Moflo XDP, Beckman Coulter) (Figure 1(a)). As such,
according to the expression intensity of CD73, two pMSC
populations, namely, the CD73 high expression (CD73high)
and the CD73 low expression (CD73low), were subdivided.
Sorted pMSC were cultured with 30% FCS low-glucose
DMEM and the other components mentioned above at
37°C 5% CO2 for further experiments.

2.3. Induction of Myogenic, Adipogenic, and Osteogenic
Differentiation. To compare differentiation potentials, both
the CD73low and CD73high pMSC at passage 2 were seeded
at a density of 2 × 104 cells/cm2 in basal medium. Adipogenic
induction was induced by a high glucose adipogenic induc-
tion medium (Gibco), supplemented with 10% FCS, 1% L-
glut, 1% Pen-Strep, 1μM dexamethasone, 1μM indometha-
cin, 500μM 3-isobutyl-1-methylxanthine (IBMX), and
10μg/ml human recombinant insulin as previously reported
[15]. Osteogenic differentiation was induced by osteogenic
induction medium (Cyagen), containing 10% FCS, 1% Pen-
Strep, 1μM dexamethasone, 50μM ascorbate, and 10μM
β-glycerophosphate. Induction was maintained for 2 weeks
before Oil Red O (adipogenesis) and Alizarin Red (osteogen-
esis) staining was performed.

Formyogenic differentiation, both CD73low andCD73high

pMSC were seeded at a density of 3 1 × 103 cells/cm2 into
eight-chamber slides (Nunc) and cultured in DMEM culture
medium. As soon as subconfluence was reached, myogenic
differentiation was induced by changing the culture medium
intoDMEMsupplementedwith only 5%FCS, 5%horse serum
together with 0.1mM of 5-azacytidine (Sigma-Aldrich), and
0.1μM of dexamethasone (Sigma-Aldrich) and verified by
staining for cardiac troponin T (cTnT, Thermo Fisher Sci-
entific). The percentage was derived by counting the num-
ber of cTnT-positive cells versus the total cell numbers
(DAPI positive).

2.4. Isolation of Cardiac Immune Cells and Flow Cytometric
Analysis. Five days after MI, mice were anaesthetized by
intraperitoneal injection of pentobarbital (40-50mg/kg),
and the hearts were rapidly excised and mounted onto a
Langendorff apparatus to establish a retrograde perfusion
(perfusion pressure 100mmHg, 37°C) for 5min with an oxy-
genated medium (Krebs-Henseleit buffer: 116.02mM NaCl,
4.63mM KCl, 1.10mM MgSO4·7H2O, 1.21mM K2HPO4,
2.52mM CaCl2·2H2O, 24.88mM NaHCO3, 8.30mM D-glu-
cose, and 2.0mM sodium pyruvate, containing 95% O2 and
5% CO2 infusion) before changing to a digestion solution
containing collagenase II (1400U/ml, Biochrom AG, Berlin,
Germany) in phosphate-buffered saline for 25min at 37°C.
The collagenase-treated heart was removed from the cannula

and weighed, and the atria were removed. The heart was then
minced and pipetted as a single-cell suspension. The cell sus-
pension was first meshed through a 100μm cell strainer (BD
Falcon) and centrifuged at 55 g for one minute to separate
cardiomyocytes from noncardiomyocytes. The supernatant
containing the noncardiomyocyte fraction was again passed
througha40μmcell strainer (BDFalcon).Thefinally collected
cells were resuspended in MACS buffer (2% FBS in PBS with
1mM EDTA) and stained with multiple fluorescence-
conjugated antibodies for flow cytometry (FACSCanto II; BD
Biosciences) and analyzed by the FlowJo 7.6 software.

The following antibodies were used in the present experi-
ment: AF488 or PE or APC-conjugated anti-CD73 (BD
Pharmingen), PE-Cy7-conjugated anti-CD45 (BioLegend),
APC-Cy7-conjugated anti-B220 (BD Pharmingen), APC-
conjugated anti-CD11b (BD Pharmingen), FITC-conjugated
anti-CD11c (BD Pharmingen), PE-conjugated anti-CD3
(BioLegend), PerCP-Cy5.5-conjugated anti-Ly6G (BD Phar-
mingen), APC-Cy7-conjugated anti-Ly6C (BD Pharmingen),
and FITC-conjugated anti-CCR2 (BioLegend).

2.5. Cocultivation of pMSC with Peritoneal Macrophages. The
rat peritoneal macrophage (pMϕ) was used in the coculture
experiments to ensure PCR detection. For isolation of pMϕ,
rats were intraperitoneally administered with 4% thioglycol-
late medium (20ml) and peritoneal lavage was collected 3
days after injection. Cells were centrifuged down at 350 g
for 5 minutes and resuspended with DMEMmedium supple-
mented with 10% FCS, penicillin (100U/ml), streptomycin
(0.1mg/ml), and glutamine (2mM). After a 3-day cultivation
on a petri dish, the attached cells were identified as pMϕ by
flow cytometry as CD11b+CD11c- staining, indicating that
more than 90% of the cells were CD11b+CD11c- cells (data
not shown). In respect to the coculture experiment, 0.4μm
cell insertions (12-well plate sizes, Sigma-Aldrich) were
applied and 5 × 105 isolated pMϕ were cultivated in each well
of the 12-well plates. The coculture was achieved by addition
of pMSC into the culture dish with the ratio of 1 : 2. In some
experiments, pharmacological inhibition of A2b receptors by
PSB603 (100 nM) was proceeded by 15min of preincubation
prior to the addition of pMSC. Cocultivation was maintained
for 24 hours before the cells were collected for quantitative
reverse transcription PCR (qRT-PCR).

2.6. Quantitative Real-Time RT-PCR. Real-time RT-PCR was
performed to analyze the cytokine expression profile of the
samples either from the heart tissue (5 days after MI) or from
the pMϕ after cocultivation. Total RNA was isolated from
tissues and cells using the RNeasy Midi Kit (QIAGEN) and
RNeasy Micro Kit (QIAGEN), and cDNA was synthesized
using the QuantiTect Reverse Transcription Kit (QIAGEN)
according to the manufacturer’s instructions. All commercial
primers (see below) were purchased from Thermo Fisher
Scientific and worked properly, as indicated by the amplifica-
tion plots. Gene analysis was conducted using the StepOne-
Plus Real-time PCR System following the manufacturer’s
protocol, and all PCR assays were performed in duplicate.
Relative gene expression was normalized to GAPDH and
calculated using the 2Δ Ct value methodology. The following
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Figure 1: Nonuniform CD73 expression in the MSC pool. Two subsets of isolated pMSC were found upon the intensity of the CD73
expression, nearly one-third of the population with a high expression of CD73 and the rest with a low expression (a). Nonuniform aspect
of the CD73 expression was also found in MSC from the bone marrow (bMSC), subcutaneous adipose (aMSC), and human umbilical
cord blood (ucMSC) (b). By using FACS separation, expression of CD73 at a high level (CD73high pMSC) and expression of CD73 at a
low level (CD73low pMSC) constitute a fivefold difference according to fluorescence intensity (c) and eightfold at the mRNA level (d).
Both subsets of pMSC showed a typical cobblestone morphology and had similar population-doubling time (e) and identical potential in
osteogenic, adipogenic, and myogenic differentiation (f). Bar = 50 μm in (a), 20μm in (c), and 100 μm in (e) and (f). ∗∗ indicates p < 0 01.
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primers were used in the present experiments: CD73,
Mm00501910_m1; NOS2, Rn00561646_m1; IL-4, Rn
01456866_m1; Arg-1, Rn00691090_m1; TGM-2, Rn00
571440_m1; IL-10, Rn01483988_g1; TNF-α, Rn01525860_
g1; INF-γ, Rn00594078_m1; and GAPDH, Rn01775763_g1
(rat) and Mm99999915_g1 (mouse).

2.7. Cyto- and Histostaining. For cytostaining of CD73 on
pMSC, freshly isolated pMSC were seeded into chamber
slides for 4 days until 90% of cell confluency was reached.
The cells were then washed and fixed with 1% paraformal-
dehyde for 10min. After 1 h of blocking in 5% normal
goat serum (NGS), cells were incubated for 2 hours with
primary antibodies (polyclonal anti-CD73). After washing
three times with 1% NGS-PBS buffer, secondary FITC-
conjugated antibody (goat IgG, 1 : 100, Santa Cruz Biotech-
nology) was added and incubated for 60min. Nuclei were
counterstained with DAPI (DAKO), and the chamber
slides were sealed with ProLong Gold® (Life Science).

For Sirius Red and HE staining, the heart samples
embedded in Tissue-Tek were sliced into 10μm sections
at the midventricular level. Slides in the midventricular
section were stained with haematoxylin for 5 minutes,
washed for 15 minutes with tap water, and stained with
1% eosin solution for an additional 1 minute. After sev-
eral steps of dehydration with 75% to 100% ethanol, the
slides could be covered with DPX mounting medium.
All images were acquired and analyzed using light
microscopy (Olympus BX51). The infarct size was derived
from the percentage of collagen-stained ventricular wall
in relation to the total circumference.

2.8. Statistical Analysis. Data are presented as mean ±
standard deviation (SD). A Student t-test with Welch’s
correction was applied to compare the cytometric data
cytokine expression profile treated with CD73low and
CD73high pMSC. The structural (wall thickness) and func-
tional (echo parameters) data and inhibitory data
(PSB603) were compared with one-way analysis of vari-
ance (ANOVA). Differences were considered significant
at p < 0 05. The Prism software package (version 7.0) was
used for the statistical analyses.

3. Results

3.1. Nonuniform Expression of CD73 in MSC. Although
CD73 is generally considered as a classical surface marker
that defines multipotent mesenchymal stem cells, we found
that the CD73 protein was not equally expressed in the
freshly isolated pericardial MSC. Flow cytometry revealed
that CD73high-expressing pMSC constituted a subset of
32.1% of cultivated pMSC at passage 1 (Figure 1(a)). System-
atic analysis reveals that heterogenous CD73 expression was
also found not only in pMSC but also in MSC from other
sources: bone marrow MSC (bMSC) bear 19.2%, subcutane-
ous adipose MSC (aMSC) 51.8%, and umbilical cord MSC
(ucMSC) 84.2% of CD73high-expressing MSC (Figure 2(b)),
suggesting a ubiquitous phenomenon of uneven CD73
expression within the MSC pool. Immunostaining

demonstrated that a distinct subpopulation of pMSC exhib-
ited a strong CD73 expression, while the rest showed a rela-
tively weak expression, differing nearly 5 times in
fluorescence intensity (Figure 1(c)). Using a gating strategy
in the FACS separation, we subdivided pMSC into two
cohorts of the cell population: expression of CD73 at a high
level, termed as CD73high pMSC, and expression of CD73
at a low level, termed as CD73low pMSC (Figure 1(c)). The
diversity of the CD73 expression was further confirmed by
qPCR analysis (Figure 1(d)). Both subsets of pMSC showed
a typical cobblestone morphology and proliferated equally
under a culture condition with similar population-doubling
time (2 3 ± 0 5 vs. 2 4 ± 0 3 days, n = 8-9, Figure 1(e)). Fur-
thermore, the two types of pMSC exhibited almost identical
surface epitopes (suppl. Table 1) and differentiation
potential towards myogenic, adipogenic, and osteogenic
lineages (Figure 1(f)). Therefore, two subpopulations,
classified according to the level of CD73 expression, are
present in the isolated, cultivated pMSC.

3.2. Enhanced Reparative Property in CD73high-Expressing
pMSC. We further compared the reparative property of the
two subpopulations of pMSC in a murine model of myocar-
dial infarction. As demonstrated by the HE and Sirius Red
staining in the midventricular section (Figure 2(a) and
suppl. Figure 1), 60min ischemia caused a massive loss of
cardiomyocytes and subsequently collagen deposition,
typically resulting in the wall thickness of the left ventricle
being as thin as 0 43 ± 0 15 mm in the control animals
(MI-CON, n = 5, Figure 2(c)). Injection of CD73low pMSC
brought about a 20% improvement of the wall thickness 28
days after injection (0 57 ± 0 2 mm, p < 0 05, n = 6,
Figure 2(c)). Injection of the same amount of CD73high

pMSC reinforced the anterior wall by doubling the thickness
(0 98 ± 0 2 mm, p < 0 01, n = 5, Figure 2(c)), although both
cellular treatments did not alter the infarct size of the hearts
(suppl. Figure 1). Notably, the infarct area was replaced by
numerous viable cardiomyocytes (Figure 2(a), red in the HE
staining). In this context, the structural repair by injection of
CD73high pMSC is apparently more pronounced than by
CD73low pMSC, which was further confirmed by echo
cardiography, showing robust thickening of the anterior wall
(indicated by the asterisk in Figure 2(b)). Furthermore, the
structural repair by pMSC transplantation was readily
translated into a functional improvement after ischemic
injury (suppl. Table 2). The cardiac ejection fraction (EF)
and fractional shortening (FS), as indicators of global
contractile function, were attenuated in the MI-CON mice
(28 1 ± 7 1% and 12 8 ± 1 5%, n = 5) and were only slightly
improved by treatment with CD73low pMSC (32 3 ± 5 1%
and 16 8 ± 0 9%, n = 6, p < 0 05). Remarkably, mice
receiving CD73high pMSC injection demonstrated a
significant restoration of EF and FS in comparison to the
control and CD73low pMSC-treated animals (45 2 ± 12 2%
and 21 4 ± 3 5%, n = 5, p < 0 01, Figure 2(d)). Therefore,
only the CD73high pMSC favors structural and functional
benefits that prevent deterioration of cardiac function,
underpinning a CD73-dependent beneficial effect in the
MI hearts.
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3.3. Anti-Inflammatory Effects Yielded by CD73high pMSC.
Given that CD73 is able to enzymatically convert AMP
into functionally active extracellular adenosine that is able
to shape the immune response for cardiac repair [18], we
examined the inflammatory status in the hearts 5 days
after treatment with pMSC. A total amount of cardiac
immune cells (CD45+) was almost the same as that in
hearts treated with two types of pMSC (41 7%±8 1% vs.
46 3%±11%, p > 0 05, Figure 3(a)). Within all infiltrated
immune cells, only the number of granulocytes (Ly6G)
showed a tendency to increase in the CD73high pMSC-
treated hearts (7 7%±1 0% vs 8 9%±0 9%, p = 0 065,

Figure 3(a)); otherwise, the other population of immune
cells including T cells (CD3+), B cells (B220+), APC
(MHC II+), and macrophages (CD11b+) showed a similar
amount in both groups of animals treated with either
CD73low or CD73high pMSC, suggesting that immune cell
composition was not altered by the treatment with two
types of pMSC. Interestingly, we found that the amount
of CCR2+ macrophages (CD11b+/CCR2+) was significantly
reduced in the CD73high pMSC-treated hearts (p < 0 01,
Figure 3(b)). Remarkably, the CD73high pMSC-treated
hearts demonstrated an enhanced expression of interleukin
4 (IL-4, p < 0 01), interleukin 10 (IL-10, p < 0 01),

MI-CON CD73low pMSC CD73high pMSC

(a)

⁎ ⁎ ⁎

(b)

2.0

1.5

1.0

0.5

0.0

W
al

l t
hi

ck
ne

ss
 (m

m
)

MI-CON

CD73low

CD73high

⁎⁎, #

⁎

(c)

80

60

40

20

0

Ej
ec

tio
n 

fr
ac

tio
n 

(%
)

MI-CON
CD73low

CD73high

MI-CON
CD73low

CD73high

⁎⁎, #

40

30

20

10

0

Fr
ac

tio
na

l s
ho

rt
en

in
g 

(%
)

⁎⁎, #

⁎

(d)

Figure 2: Enhanced cardiac repair by CD73high pMSC in vivo. In comparison to the PBS control (MI-CON, n = 5) and CD73low pMSC
(n = 6), injection of CD73high pMSC (n = 5) strikingly reinforced the wall thickness 28 days after transplantation (arrows in (a) and (c)).
This result was further confirmed by echocardiography, showing robust thickening of the anterior wall (asterisk in (b)). Furthermore,
the structural repair went in parallel with a functional improvement, showing a significant restoration of the ejection fraction and
fractional shortening in comparison to the control and CD73low pMSC-treated animals (d). Bar = 1 mm in (a). ∗ indicates p < 0 05
and ∗∗ indicates p < 0 01 compared to MI-CON. # indicates p < 0 01 compared to CD73low pMSC.
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arginase-1 (Arg-1, p < 0 01), and TGM-2 (p < 0 01), while
the expression of TNF-α and NOS2 was reduced. These
results indicate that, although the CD73high pMSC treatment
does not impact the percentage of infiltrated immune cells in
quantity, it modulates the local immune response by upregu-
lating the expression of several important anti-inflammatory
cytokines and by dampening proinflammatory cytokines,
which may have paved a proregenerative path towards car-
diac repair.

3.4. CD73 Modulates the Secretory Profile of Macrophages. To
analyze the effects of CD73 on immune cells, we conducted
in vitro coculture experiments that focus on the interaction
of CD73 activity on macrophages. To this end, we also used
pMSC isolated from CD73 knockout mice that were geneti-
cally lacking the CD73 expression (CD73-/-) as a negative
control. As shown in Figure 4(a), when cocultivated with
CD73high pMSC, peritoneal macrophages (pMϕ) strikingly
upregulated several anti-inflammatory cytokines, including
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Figure 3: Regulation of the local immune response by CD73high pMSC. The recruitment of immune cells in 5-day MI hearts was not altered
by transplantation of either CD73low or CD73high pMSC (a). A subset of macrophages (CCR2+) was significantly diminished in amount in the
CD73high-treated hearts (b). Notably, CD73high pMSC upregulated several anti-inflammatory-related genes (IL-4, IL-10, Arg-1, and TGM-2)
and suppressed proinflammatory-related genes (TNF-α and NOS2). ∗ indicates p < 0 05 and ∗∗ indicates p < 0 01 compared to CD73low-
treated hearts.
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IL-10 (threefolds, p < 0 01), Arg-1 (ninefolds, p < 0 01), and
VEGF (3.5-folds, p < 0 01), and downregulated proinflam-
matory cytokines, including TNF-α (78%, p < 0 01) and
IFN-γ (58%, p = 0 09) in comparison to the placebo control,
while pMϕ cocultivated with CD73-/- pMSC did not signifi-
cantly alter the cytokine profile (Figure 4(a)). The results
suggest an obligatory role of the high level of the CD73
expression in generating an anti-inflammatory phenotype
of macrophages, a scenario which may also occur likely in
an in vivo condition when CD73high pMSC were trans-
planted into the injured hearts. This notion is supported
by pharmacological experiments in which pretreatment of
pMϕ with a selective antagonist of the A2b receptor of aden-
osine, PSB603, partially blocked the upregulation of IL-10
induced by CD73 pMSC (32%, p < 0 01, Figure 4(b)) and
restored the inhibitory effects on the TNF-α expression

(27%, p < 0 01, Figure 4(c)). Therefore, our in vitro results
suggest that the extracellular adenosine, a catalytic product
of CD73, serves as an intermediate regulator that masters
immune response partially via the activation of the A2b
receptor.

4. Discussion

The present experiments reveal a nonuniform pattern of
CD73 expression in MSC that is associated with the diverse
reparative property, although the CD73 molecule is generally
considered as a classic surface marker that defines mesenchy-
mal stem cells. Furthermore, our data show that CD73, via its
catalytic product of extracellular adenosine, shapes local
immune response and is likely to be important in paving a
proregenerative road towards cardiac repair.
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Figure 4: The obligatory role of CD73 and adenosine in the regulation of macrophage activity. When cocultivated with CD73high pMSC, rat
peritoneal macrophages (pMϕ) strikingly upregulated several anti-inflammatory cytokines, including IL-10, Arg-1, and VEGF, and
downregulated proinflammatory cytokines, including TNF-α and IFN-γ, in comparison to the placebo control, while pMϕ cocultivated
with CD73-/- pMSC did not significantly alter the cytokine profile (a). Pretreatment of pMϕ with the selective antagonist of the A2b
receptor of adenosine, PSB603, partially blocked the upregulation of IL-10 induced by CD73 pMSC (b) and restored the inhibitory effects
on the TNF-α expression (c). ∗ indicates p < 0 05 and ∗∗ indicates p < 0 01. # indicates p < 0 01 compared to CD73high pMSC.
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4.1. CD73-Dependent Immunomodulation and Cardiac
Repair. Although none of the surface markers specifically
identify the MSC population in humans and murines,
CD90, CD73, and CD105 are generally accepted as positive
identities for the isolation and expansion of MSC [19]. How-
ever, it is important to note that differences in cell surface
expression of many markers may be influenced by factors
secreted by accessory cells in the initial passages, and the
in vitro expression of some markers by MSC does not always
correlate with their expression patterns in vivo [9]. In this
context, we found that the CD73 expression is rather hetero-
geneous in MSC derived from various sources: with MSC
from human umbilical cord blood at the highest and bone
marrow-derived MSC at the lowest (Figure 1(b)),
suggesting that nonuniform expression of CD73 is a ubiqui-
tous phenomenon in the MSC pool. The heterogeneity of the
CD73 expression is not associated with other surface makers
that define the MSC population (suppl. Table 1) or with
lineage specification (Figure 1(f)). Given that CD73
expression on immune cells is a pivotal modulator of local
immune response after injury [20], we examined the
significance of the CD73 level by categorizing pMSC into
two cohorts of populations, namely, CD 73low and
CD73high pMSC. Our in vivo results demonstrated that the
CD73-enriched pMSC harbor more pronounced reparative
property in comparison to CD73-weak-expressing cells
(CD73low pMSC), which may functionally link to the
metabolic capacity of extracellular nucleosides that tightly
regulate the local immune response [21]. Therefore, while
MSC may use cytokine release, exosomes, and other means
to regulate the local immune response, CD73-dependent
purinergic signaling is also important to confer reparative
property in the damaged hearts (Figure 2).

CD73, also known as ecto-5′-nucleotidase, is an
important membrane protein that dephosphorylates extra-
cellular AMP to bioactive adenosine that leads a shift from
an ATP-driven proinflammatory environment to an anti-
inflammatory milieu [3]. Myocardial ischemia initiates a
temporal sequence of the immune response, and uncon-
trolled excessive inflammation often hampers tissue repair
[22]. The finding that delivery of CD73high pMSC yields
favorable structural and functional benefits illustrates a
crucial role of CD73-mediated adenosine production in
orchestrating cardiac inflammation in which several anti-
inflammatory genes were upregulated, while proinflamma-
tory genes were suppressed (Figure 3(c)). This result is in line
with recent data by Shin et al. who demonstrated that CD73-
enriched MSC encapsulated within a hydrogel vehicle
increased the bioavailability of extracellular adenosine and
reduced cardiac immune response after being implanted
onto the damaged myocardium [14]. Therefore, purinergic
metabolism may work in conjunction with other described
mechanisms such as paracrine factors [6], mitochondrial/or-
ganelle transfer, and extracellular vesicle formation [23] to
cultivate an anti-inflammatory, proregenerative microenvi-
ronment [5], although the relative importance and interac-
tion between these mechanisms remain unresolved [2].
This finding may provide a mechanistic explanation to the

inconsistency in published data when using different cell
donors which may be related to the intensity of the CD73
expression [8], and thus, the general term of MSC-mediated
“immunomodulation” varies upon the expression level of
CD73 on MSC from different sources [14].

4.2. CD73 Expression and Anti-Inflammatory Activity. Ische-
mia-induced cardiomyocyte death initiates a local inflamma-
tion in three distinct, but overlapping, phases, and individual
subsets of immune cells may be implicated correspondingly
[3]. Delivery of a high level of CD73 indeed surprisingly
did not impact the total amount of immune cells nor the cel-
lular composition of individual cell types that infiltrated into
the infarcted heart, which reflects that the recruitment of
immune cells to the side of injury is highly dynamic and can-
not be overall visualized by a single time point (5 days after
MI). Nevertheless, we found that infiltration of a subset of
macrophages (CD11b+/CCR2+) was diminished. CCR2 is
the main receptor for the CC chemokine CCL2/MCP-1 and
is expressed in Ly-6chigh monocytes which display prominent
proinflammatory and phagocytotic functions during the first
wave of immune cell infiltration [24]. Thus, the presence of
CD73high activity yielded an anti-inflammatory milieu by
preferentially attenuating the recruitment of macrophages
with the proinflammatory phenotype. This scenario was fur-
ther confirmed by PCR analysis, showing upregulation of
anti-inflammatory genes and suppression of proinflamma-
tory genes (Figure 3(c)). Therefore, delivery of CD73 activity
tips the balance of the immune response that favors prore-
generative activity [20, 25].

Although the anti-inflammatory role of extracellular
adenosine on local immune responses has been intensively
investigated [18, 25, 26], it is still not clear whether adenosine
built by CD73 on MSC functionally regulate the phenotype
of macrophages. Thus, we conducted a series of coculture
experiments that demonstrated that the presence of CD73high

pMSC caused a robust expression of a panel of anti-
inflammatory genes and a diminished expression of proin-
flammatory genes in peritoneal macrophages. Remarkably,
the regulatory activity entirely disappeared when coculti-
vated with pMSC lacking CD73 expression (CD73-/- pMSC),
underpinning the obligatory role of CD73 activity to educate
macrophages with characteristics resembling a polarized M2
phenotype [27]. Furthermore, we demonstrate that the anti-
inflammatory effects were partially mediated by the activa-
tion of A2b receptors (Figure 4(b)). Therefore, our in vitro
data that mimicked the in vivo situation demonstrated that
CD73 activity was obligatorily required to create an anti-
inflammatory environment that may pave a proregenerative
road to cardiac repair [2]. Although the molecular basis for
the actions of macrophages in cardiac repair remains poorly
understood [28], the secretion of cytokines and growth fac-
tors that modulate fibroblasts and vascular cell phenotypes
is likely involved [26].

5. Limitations

We are aware of some limitations in the present experiments.
First, only the selected panel of the cytokines was tested so
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far, and in the future, global transcriptional profiling is
needed to screen in secretion details in the heart tissue and
coculture samples. Secondly, adenosine can stimulate A1,
A2A, and A3 receptors and only the A2b receptor antagonist
was used in the coculture experiments. Since each receptor
has a different affinity to adenosine and activation of distinct
receptors may create a profound cellular function, predicting
the effect of the individual adenosine receptor activation is
complicated particularly in the condition of high CD73
activity. In future study, using macrophages derived from
transgenic mice that are lacking expression of individual
receptors is desirable.

6. Conclusions

Our data reveal that CD73 is unequally expressed in popula-
tions of pMSC and that the nonuniform expression leads to a
functional diversity: a subset of CD73-enriched pMSC favors
cardiac reparative property after transplantation via CD73-
mediated regulation of the local immune response. This find-
ing thus provides a possible explanation for the inconsistency
of regenerative result when different sources of donor cells
were used in cell-based therapy, which may relate to the
intensity of the CD73 expression on MSC.
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Study Design. Isolation and characterization of human epidural fat (HEF) stem/progenitor cells. Objective. To identify a progenitor
population within HEF and to determine if they meet the minimal criteria of a mesenchymal stem cell (MSC). Summary of
Background Data. The biological function, if any, has yet to be determined for HEF. The presence of MSCs within HEF may
indicate a regenerative potential within the HEF. Methods. HEF was isolated from 10 patients during elective spinal surgery.
HEF cells were differentiated along osteo-, adipo-, and chondrogenic lineages, with differentiation analyzed via qPCR and
histology. The cell surface receptor profile of HEF cells was examined by flow cytometry. HEF cells were also assayed through
the collagen contraction assay. Prx1CreERT2GFP:R26RTdTomato MSC lineage-tracking mice were employed to identify EF MSCs
in vivo. Results. HEF cell lines were obtained from all 10 patients in the study. Cells from 2/10 patients demonstrated full MSC
potential, while cells from 6/10 patients demonstrated progenitor potential; 2/10 patients presented with cells that retained only
adipogenic potential. HEF cells demonstrated MSC surface marker expression. All patient cell lines contracted collagen gels. A
Prx1-positive population in mouse epidural fat that appeared to contribute to the dura of the spinal cord was observed in vivo.
Conclusions. MSC and progenitor populations are present within HEF. MSCs were not identified in all patients examined in the
current study. Furthermore, all patient lines demonstrated collagen contraction capacity, suggesting either a contaminating
activated fibroblast population or HEF MSCs/progenitors also demonstrating a fibroblast-like phenotype. In vivo analysis
suggests that these cell populations may contribute to the dura. Overall, these results suggest that cells within epidural fat may
play a biological role within the local environment above providing a mechanical buffer.

1. Introduction

Mesenchymal stem cells (MSCs) are well known for their
self-renewal capacity and ability to differentiate into multiple
cell lineages [1]. There is also evidence demonstrating that
MSCs can direct repair through immune-modulating prop-
erties [2–6]. Specifically, MSCs can regulate the proliferation,
activity, and differentiation of lymphocytes [7, 8] and natural
killer cells [9]. For these attractive properties, MSCs have
been employed in clinical trials for numerous disorders

[10–13], yet it could be argued that we still lack a clear under-
standing of their roles within adult tissues.

MSCs were first described by Friedenstein et al. in bone
marrow [14] and subsequently isolated by Pittinger [1].
MSCs have also been successfully isolated from synovium
[15], umbilical cord blood [16], lung [17], muscles [18],
adipose tissue [19], dental pulp [20], pancreas [21], and
others. The most common sources of MSCs in preclinical
and clinical trials are bone marrow [22–25] and adipose
tissue [26–28]. Most anatomical sites of fat in the human
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body have been characterized, including their potential as a
source of MSCs [19, 29, 30]; however, little is known about
the role of human epidural fat (HEF). Routinely during spi-
nal surgery, epidural fat is debrided and discarded; however,
studies of HEF are extremely limited and a biological charac-
terization of HEF has never been undertaken to our knowl-
edge. In 1997, Beaujeux et al. concluded that HEF was a
functional tissue (based on histological analysis) [31]. In
2009, an electron microscopy study proposed that HEF
served as a mechanical buffer to provide cushion or support
to the thecal sac within the spinal canal [32], yet this has
not been demonstrated at the functional level. The knee fat
pad is an anatomical fat site also once considered to serve
solely as a mechanical buffer, but this has been studied
extensively in recent years [30, 33, 34]. The knee fat pad is
now considered biologically active and contains MSCs that
can be induced to differentiate into multiple cell lineages
[30, 35–38], with similar results observed in other fat types
[19, 39]. Therefore, rather than being biologically redun-
dant or a supposed mechanical buffer, the fat pad may
promote some level of tissue maintenance and repair in
the synovial environment but, at the least, contains cells
that have regenerative potential in vitro [30, 36]. These
and other cellular studies on fat sites within the body serve
as a rationale to investigate the biological characteristics of
HEF and to examine it as a potential source of MSC and/or
progenitor cell populations. If it is, this may force a reex-
amination of our current thinking of epidural fat, and
whether or not we should continue to debride and discard
it routinely.

2. Materials and Methods

2.1. Ethics Statement and Demographic Characteristics.
Institutional ethical approval was granted by the Univer-
sity of Calgary Research Ethics Board (ID: REB17-0220).
All patients signed informed consent forms for the release
of HEF, debrided during the routine course of the surgical
procedure. Age and gender were recorded for each patient.
This study was carried out in accordance with the declaration
of Helsinki.

HEF from the lumbar spinal canal was isolated from 10
patients (5 M/5 F; 24-80 years old) during primary elective
posterior spinal decompression for degenerative lumbar
spinal stenosis. All patients had an ASA score of 1 or 2, and
patients with a history of malignancy, autoimmune disease,
or inflammatory arthropathy were excluded.

2.2. Epidural Fat Digestion. HEF samples were digested at
37°C for 90 minutes with filtered 1mg/mL type IV collage-
nase (Sigma-Aldrich, St. Louis, Missouri). The cell suspen-
sion was filtered at 70μm and washed twice with DPBS
(Lonza BioWhittaker, Walkersville, Maryland), then seeded
in MSCmedia (details below) in 12-well plates and incubated
at 37°C and 5% CO2. At 70% confluency, cells were washed
with DPBS and passaged with trypsin (Lonza BioWhittaker).
The cells were allowed to proliferate with medium changes
performed every 2 days.

2.3. Differentiation Analysis. The expanded cells were
induced to differentiate into bone, cartilage, and fat. The
detailed protocols are presented as follows:

2.3.1. Osteogenic Differentiation. Cells were seeded as mono-
layers (5 × 105 cells/well in 24-well plates) in DMEM/F-12
supplemented with 10% FBS, 1% antibiotic-antimycotic
(A.A.), 1%MEM nonessential amino acids (NEAA) (all from
Thermo Fisher Scientific), and osteogenesis-inducing agents
including dexamethasone (Dex 10−4 M), L-ascorbic acid
(50μg/mL), and β-glycerophosphate (10mM) (all from
Sigma-Aldrich). This differentiation protocol was under-
taken for 21 days with medium changes every two days.

2.3.2. Chondrogenic Differentiation. Cells were pelleted
(5 × 105 cells per pellet, centrifuged at 5000 rpm for 6
minutes), and chondrogenesis was induced by culturing
the pellets in DMEM/F-12 supplemented with 1% A.A.,
1% NEAA (all from Thermo Fisher Scientific), and
chondrogenesis-inducing agents including dexamethasone
(10 nM) (Sigma-Aldrich), ascorbic acid (50μg/mL) (Sig-
ma-Aldrich), TGF-β3 (10 ng/mL) (PeproTech Inc., Rocky
Hill, New Jersey), BMP-2 (500 ng/mL) (PeproTech Inc.),
sodium pyruvate (Thermo Fisher Scientific), and insulin
transferrin selenium (ITS) (Lonza BioWhittaker). This differ-
entiation protocol was undertaken for 21 days with medium
changes every two days.

2.3.3. Adipogenic Differentiation. Cells were seeded as mono-
layers (5 × 105 cells/well in 24-well plates) in DMEM/F-12
supplemented with 10% FBS, 1% A.A., 1% NEAA (all from
Thermo Fisher Scientific), and adipogenesis-inducing agents
including dexamethasone (1μM), insulin (10μM), indo-
methacin (200μM), and isobutylmethylxanthine (500μM)
(all from Sigma-Aldrich). Medium changes were performed
twice a week during the 21-day differentiation protocol.

2.4. Quantitative PCR (qPCR). To collect mRNA, two
different methods were used depending on the differentiation
procedure. mRNA from cells that underwent osteogenic and
adipogenic differentiation was isolated via a TRIzol reagent
(Thermo Fisher Scientific), while the mRNA from cells that
underwent chondrogenic differentiation was extracted by a
Total RNA Kit I (Omega Bio-tek, VWR). Common elements
to both protocols include the addition of 1mL of the TRIzol
reagent with glycogen (Thermo Fisher Scientific) to the
cells, followed by the addition of 200μL of chloroform
(Sigma-Aldrich). The samples were vortexed, incubated,
and then centrifuged per the manufacturer’s instructions.

2.4.1. Modified Protocol for Chondrogenic Differentiation
mRNA Isolation. Briefly, the aqueous layer from the final
TRIzol step was transferred into a HiBind RNA Mini
Column and centrifuged. RNA Wash Buffer I was added to
the column and recentrifuged. RNA Wash Buffer II was
added and centrifuged; this was repeated twice. DEPC water
was added to the column and centrifuged, and the mRNA
was stored at −80°C until use.
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2.4.2. Osteogenic or Adipogenic Differentiation mRNA
Isolation. The aqueous layer from the TRIzol reagent was
supplemented with isopropanol, vortexed, incubated, and
then centrifuged. The resultant pellet was washed with 75%
ethanol and centrifuged. The mRNA pellet was resuspended
with 20μL RNA of ultrapure water (VWR) and stored at
−80°C until use.

2.4.3. First-Strand Synthesis. First-strand cDNA was gener-
ated from the extracted mRNA using the High-Capacity
cDNA kit (Thermo Fisher Scientific) following the manu-
facturer’s protocol. cDNA samples were stored at −20°C
until use.

2.4.4. Real-Time Quantitative PCR (qPCR) Analysis. For
osteogenesis, the expression levels of Osterix (Sp7) and
Runx2 were quantified. For adipogenesis, adiponectin was
measured. For chondrogenesis, Sox9 and Col2a were
examined. Ribosomal 18S was employed as an internal
control/housekeeping gene (all Taqman assayed from
Thermo Fisher Scientific).

MicroAmp Optical Reaction Plates (Thermo Fisher
Scientific) were employed as the reaction vessel. Master mix
was made up for each of the probes/markers that contained
0.5μL of the specific probe, 5μL of TaqMan Universal PCR
Master Mix No AmpErase (Applied Biosystems), and
3.5μL of ultrapure water. In each well, a final volume of
9μL of master mix was mixed with 1μL of the cDNA. Three
replicates were run per sample.

Cycle threshold (CT) value (of the triplicates) for each
marker obtained from qPCR data was calculated against the
CT values from the 18S housekeeping gene.

2.5. Flow Cytometry. At the point where HEF-derived cells
were placed under differentiation conditions, an aliquot of
the cells was also examined for cell surface marker expression
using flow cytometry. The cells were isolated using trypsin
and then stained with CD271, CD105, CD90, CD73, and
CD44 (all from BD Biosciences, Franklin Lakes, New Jersey).

2.6. Collagen Contraction Assay. Purified bovine type I colla-
gen (3mg/mL, Advanced BioMatrix) was mixed with HEF
cells to obtain a final cell concentration of 1 × 105 cells/mL.
The collagen/cell mixture was polymerised using 1M NaOH.
The resulting gel was displaced from the culture well thereby
allowing contraction.

2.7. Histology. To complement the qPCR analysis, histolog-
ical analysis was performed at the completion of differen-
tiation. Briefly, cells were fixed with 10% neutral buffered
formalin (NBF) for one hour at room temperature and
then stained for a specific histological reagent for each
lineage examined. Osteogenic cultures were stained with
Alizarin Red to detect calcium (Sigma-Aldrich). Adipo-
genic cultures were stained with Oil Red O solution to
detect lipids (Sigma-Aldrich). The chondrogenic cultures
were stained with Safranin O to detect glycosaminoglycans
(Sigma-Aldrich).

2.8. Lineage Tracking. All mice were handled in accor-
dance with the recommendations in the Canadian Coun-
cil on Animal Care Guidelines, and the animal protocol
was approved by the University of Calgary Animal Care
Committee. The Prx1/Prrx1-cre/ERT2,-EGFP1Smkm/J
mouse line used in this study was kindly provided by
Dr. Shunichi Murakami (Case Western Reserve,
Cleveland, OH). Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J mice
were purchased from The Jackson Laboratory. To gener-
ate the transgenic mice used, the following breeding
scheme was employed: Prx1-cre/ERT2,-EGFP1Smkm/J+/+

mice were bred to Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J+/+

mice to generate Prx1-cre/ERT2,-EGFP1Smkm/J+/−;Gt(RO-
SA)26Sortm14(CAG-tdTomato)Hze/J+/−. The active isomer of
tamoxifen ((Z)-4-hydroxytamoxifen, Sigma-Aldrich) was
dissolved in filter-sterilized sunflower oil to make solu-
tions with a final concentration of 10mg/mL. Mice were
injected with approximately 100μL of tamoxifen solution
(100mg/kg) once a day over 5 days, followed by a
1-week waiting period to allow for recombination.

Intact mouse spines were dissected and fixed in neutral
buffered formalin (Sigma-Aldrich) for 5 days, then decalci-
fied in Cal-Ex (Fisher Scientific) for 10 days. After the
10-day decalcification procedure, samples underwent tissue
processing for paraffin sectioning. Serial sagittal sections
(10μm) were costained with Safranin O and Fast Green. To
visualize Safranin O staining or the endogenous fluorescence
(EGFP or TdTomato), an Axio Scan.Z1 Slide Scanner
microscope (Carl Zeiss) outfitted with a Plan-Apochromat
objective (10x/0.8 M27) was used to image slides. The follow-
ing filters were applied: DAPI (353 nm/465nm), EGFP
(493 nm/517nm), and DsRed (563 nm/581 nm).

3. Results

3.1. Differentiation Potential. Cells isolated from HEF were
evaluated for their multipotent differentiation capacity.
Molecular (qPCR) and histological outcome measures were
employed. Therefore, for a positive differentiation result into
a specific lineage, a positive result for both qPCR and histol-
ogy outcomes had to be obtained for a given cell line.

Three cell populations with distinct potencies within
HEF were identified: cells with (1) trilineage (MSC), (2)
bilineage, and (3) unilineage potential. A summary of all
the population potentials are described in Table 1. The
in vitro data presented in Figures 1–3 are representative
results from one example of each type of stem/progenitor
population.

To determine if patient age was associated with cell
potency/potential, a correlation analysis was undertaken.
No correlation between HEF potency and patient age was
observed (R = −0 106, p = 0 590).

3.2. Mesenchymal Stem Cells. In 2 out of 10 patients, cells
with multilineage (bone, cartilage, and fat) differentiation
potential meeting the phenotypic definition of MSCs were
isolated and characterized. Based on qPCR analysis
(Figure 1), these cells exhibited an induction of mRNA
expression for chondrogenic, osteogenic, and adipogenic

3Stem Cells International



T
a
bl
e
1:
A
su
m
m
ar
y
fo
r
M
SC

s,
bi
po

te
nt

ce
lls
,a
nd

un
ip
ot
en
t
ce
lls

th
at

ha
ve

be
en

id
en
ti
fi
ed

fr
om

10
pa
ti
en
ts
.B

as
ed

on
qP

C
R
,h

is
to
lo
gy
,a
nd

fl
ow

cy
to
m
et
ry

da
ta
.

A
ge

Se
x

C
el
lp

ot
en
cy

C
el
ls
ur
fa
ce

m
ar
ke
r
ex
pr
es
si
on

(p
er
ce
nt

of
po

si
ti
ve

ce
lls
)

C
ho

nd
ro
ge
ni
c

di
ff
er
en
ti
at
io
n

ca
pa
ci
ty

O
st
eo
ge
ni
c

di
ff
er
en
ti
at
io
n

ca
pa
ci
ty

A
di
po

ge
ni
c

di
ff
er
en
ti
at
io
n

ca
pa
ci
ty

P
as
sa
ge

nu
m
be
r

of
ce
lls

at
ti
m
e

of
te
st
in
g

~P
op

ul
at
io
n
do

ub
lin

gs
of

ce
lls

at
ti
m
e
of

te
st
in
g

C
D
27
1

C
D
10
5

C
D
90

C
D
73

C
D
44

55
M

M
SC

s
(2
/1
0
pa
ti
en
ts
)

5%
29
%

85
%

10
0%

10
0%

P
os
it
iv
e

P
os
it
iv
e

P
os
it
iv
e

4
6.
78

70
M

<1
%

19
%

79
%

95
%

10
0%

P
os
it
iv
e

P
os
it
iv
e

P
os
it
iv
e

4
7.
26

66
F

B
ip
ot
en
t
pr
og
en
it
or
s

(6
/1
0
pa
ti
en
ts
)

<1
%

73
%

97
%

10
0%

10
0%

N
eg
at
iv
e

P
os
it
iv
e

P
os
it
iv
e

4
5.
38

64
M

<1
%

95
%

99
%

10
0%

10
0%

N
eg
at
iv
e

P
os
it
iv
e

P
os
it
iv
e

4
7.
35

47
M

5%
24
%

75
%

74
%

75
%

N
eg
at
iv
e

P
os
it
iv
e

P
os
it
iv
e

4
7.
55

60
F

5%
55
%

99
%

10
0%

10
0%

N
eg
at
iv
e

P
os
it
iv
e

P
os
it
iv
e

4
8.
36

24
F

4%
30
%

99
%

10
0%

10
0%

N
eg
at
iv
e

P
os
it
iv
e

P
os
it
iv
e

4
8.
11

80
M

15
%

55
%

99
%

10
0%

10
0%

P
os
it
iv
e

P
os
it
iv
e

N
eg
at
iv
e

4
7.
08

67
F

U
ni
po

te
nt

pr
og
en
it
or
s

(2
/1
0
pa
ti
en
ts
)

5%
29
%

74
%

75
%

75
%

N
eg
at
iv
e

N
eg
at
iv
e

P
os
it
iv
e

4
7.
75

73
F

7%
23
%

10
0%

10
0%

10
0%

N
eg
at
iv
e

N
eg
at
iv
e

P
os
it
iv
e

4
7.
26

4 Stem Cells International



Re
la

tiv
e m

RN
A

 es
pr

es
sio

n

106

105

104

103

102

101

100

10−1

C
ol

2A

So
x9

Ru
nX

2

SP
7

Ad
ip

on
ec

tin

Undifferentiated
Differentiated

⁎

⁎

⁎

⁎

⁎

(a)

Oil Red O 

(b)

Safranin-O

(c)

Alizarin Red

(d)

94.3% 0.5%

18.7% 78.3%

99.9%

CD105 CD90

CD73

CD44

CD271

Gate

Negative control
Stained cells

250

200

150

100

50

0
−103 0 104 105−103 0 104 105

−103 0 104 105−103 0 103 104 105

−103 0 104 105 −103 0 104 105 106

250

200

150

100

50

0

250K

200K

150K

100K

50K

0

500

400

300

200C
ou

nt
C

ou
nt

SS
C-

A
100

0

250

200

150

100

50

0

300

200

100

0

103 103

103

103 103

(e)

Figure 1: Characterization of MSCs from HEF. qPCR analysis demonstrated induction of Col2a, Sox9, Runx2, Sp7, and adiponectin after
differentiation compared to untreated controls (a). Error bars represent ±SD (∗p < 0 05). Histological staining for Oil Red O (b), Safranin
O (c), and Alizarin Red (d) was positive. Flow cytometry analysis demonstrated the HEF cells were positive for CD105, CD90, CD73, and
CD44 (e). Scale bars represent 30μm (b), 100μm (c), and 2000μm (d).

5Stem Cells International



Re
la

tiv
e m

RN
A

 ex
pr

es
sio

n

10−4

10−3

10−2

10−1

100

101

102

103

C
ol

2A

So
x9

Ru
nX

2

SP
7

Ad
ip

on
ec

tin

Undifferentiated
Differentiated

⁎ ⁎

⁎

⁎

(a)

Oil Red O

(b)

Safranin-O

(c)

Alizarin Red

(d)

100% 4.30%

29% 99.8%

100%

CD105 CD90

CD73 4.0K

3.0K

2.0K

1.0K

0

1.0K

500

0

1.5K 1.2K

900

600

300

0

1.0K

500

0

2.5K 250K

200K

150K

100K

50K

0

2.0K

1.5K

1.0K

500

0

−103 0 104 105 −103 0 104 105

−103 0 104 105

−103 0 104 105

−103 0 103 104 105

0 50K 100K 150K 200K 250K

CD44

CD271

Gate

Negative control
Stained cells

103

103

103 103

(e)
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markers after differentiation. Histological staining confirmed
the molecular analysis of differentiation. The cells demon-
strated positive staining for Safranin O (glycosaminogly-
cans), Alizarin Red (calcium), and Oil Red O (lipid)
(Figure 1).

Cell surface proteins routinely used to identify MSCs
were further examined using flow cytometry (minimum
criteria by the International Society for Cellular Therapy
(ISCT)) [40]. Flow cytometry data demonstrated that nearly
all cells expressed CD73, CD90, and CD44, while CD105
was only expressed by a proportion of the population and
CD271 expression was absent (Figure 1). Therefore, in accor-
dance with the minimum criteria set by ISCT [40], cells
derived from 2 out of 10 patients met the criteria to be
defined as MSCs.

3.3. Bipotent Progenitors. In 6 out of 10 patients, cells with
partial multilineage differentiation potential were isolated
and characterized. These cell populations demonstrated a
limited ability to differentiate compared to MSCs, yet they
did demonstrate bilineage capacity. mRNA extracted from
differentiated cells demonstrated an upregulation of osteo-
genic and adipogenic markers compared to undifferentiated
cells isolated from the same patient; however, both Col2a
and Sox9 (chondrogenic markers) were downregulated/not
expressed (Figure 2). Histological analysis demonstrated that
these cells stained positive for Alizarin Red and Oil Red O
confirming the qPCR results. However, cell pellets also
stained positive for Safranin O, signifying the presence of

glycosaminoglycans in the absence of chondrogenic markers
(Col2a and Sox9) (Figure 2). The cell surface marker expres-
sion profile of these bipotent progenitor cells was similar to
that of MSCs. Bipotent progenitor cells were positive for
CD73, CD90, and CD44, while approx. 30% of the popula-
tion was positive for CD105 and CD271 expression was
absent (Figure 2).

3.4. Unipotent Potential. In 2 out of 10 patients, cells with
limited multilineage differentiation potential were isolated
and characterized. These cells lacked the ability to differenti-
ate into chondrocytes or osteoblasts but retained the ability to
differentiate into adipocytes. mRNA extracted from differen-
tiated cells demonstrated an upregulation of adipogenic
markers compared to undifferentiated cells isolated from
the same patient; however, both chondrogenic and osteo-
genic markers were absent (Figure 3). Histological analysis
demonstrated that these cells stained positive for Oil Red O
(lipid) confirming the qPCR results. However, cell pellets also
stained weakly positive for Safranin O, signifying the pres-
ence of glycosaminoglycans in the absence of chondrogenic
markers (Figure 3). Alizarin Red staining was negative signi-
fying the absence of calcium deposition (Figure 3).

The cell surface marker expression profile of these
unipotent progenitor cells are similar to that of full MSCs
and bipotent progenitors. Unipotent progenitor cells were
positive for CD73, CD90, and CD44, while approx. 25% of
the population was positive for CD105 and CD271 expres-
sion was absent (Figure 3).
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Figure 4: Collagen contraction assay. Representative images demonstrating contractile activity of HEF cell populations. The area of gel
contraction at 24 hr postcell seeding is presented compared to negative (cell-free) control (a). There was no association between cell
potency and collagen contraction ability (b). Scale bars represent 1000μm.
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3.5. Fibroblastic Activity. To determine if these cell popula-
tions from HEF demonstrate fibroblastic-like activity, colla-
gen gel contraction assays were performed. All cell
populations tested, regardless of potency, demonstrated a
capacity for collagen gel contraction (Figure 4).

3.6. In Vivo Lineage Tracking. To examine epidural fat MSCs
in vivo, a Prx1 (adipose MSC marker) lineage reporter mouse
was employed [40, 41]. Cells actively expressing Prx1
co-express GFP, while cells expressing Prx1 at the time of
tamoxifen injections are also permanently labelled with
tdTomato. Prx1+ MSCs were found within the epidural fat

tissue adjacent to the spinal cord (Figure 5). Furthermore,
the progeny of Prx1+ cells (GFP-, tdTomato+) were found
to be heavily enriched in the dura (Figure 5), specifically in
areas where the epidural fat made connection to the dura.

4. Discussion

The key finding of the current study is that cells isolated from
HEF are metabolically active and have the ability to differen-
tiate into osteo-, chondro-, and adipogenic lineages.

In keeping with ISCT guidelines, cells isolated from 2/10
patients met the minimum criteria required for definition as

5-6
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Prx1CreERT2EGFP;R26R tdTomato

Age (weeks)
Tamoxifen0 D7 D14 D35

Endpoint

Safranin O
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(b)

(c)

(a)

(d)
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Figure 5: Prx1 lineage reporter mouse. Diagram representing tamoxifen injection schedule and experimental endpoint (a). Representative
histology and fluorescent reporter imaging (b-f) indicating that epidural fat contains Prx1+ cells (EGFP/green) and their lineage-traced
progeny (TdTomato (TdT/red) can be identified in the dura (asterisk). Scale bars represent 50μm (c, d, e, and f) and 500 μm (b).
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an MSC by demonstrating both self-renewal capacity and
differentiation ability [42]. The remainder of patient cell lines
demonstrated either bi- (6/10) or single lineage (2/10) poten-
tial. Cell surface marker analysis demonstrated the presence
of MSC markers (CD90+, CD73+, CD44+, and CD105+)
across all patient-derived cell lines with no association
between marker expression and differentiation potential
observed. Additionally, the cell contractility assay was also
positive across all samples indicating either the presence of
a fibroblast population in HEF or the presence of these
HEF MSCs/progenitors also demonstrating an activated
fibroblast phenotype.

To further confirm the presence of MSCs within epidural
fat in vivo, Prx1 reporter mice were employed and they
demonstrated positive staining of putative MSCs within the
epidural fat. Interestingly, it was observed that in areas where
the epidural fat came into contact with the dura of the spinal
cord, the dura was enriched for the progeny of Prx1+ cells.
The cellular origin of the dura and what cell populations
maintain this tissue through adulthood are still unclear.
Therefore, additional study will be required to fully charac-
terize the contribution of Prx1 + cells to the dura and to val-
idate that these cells are derived from the epidural fat.

It remains unclear as to why some patient samples
contained cells that were solely committed to the adipose lin-
eage compared to others which remained as MSCs; however,
it could be postulated that the effect could be due to age
and/or severity of disease. A larger study with normal control
samples would be required to test this hypothesis.

In the current study, we have presented data which sug-
gests a novel biological activity of HEF. At this point, it
remains unknown if/how these cells interact with their local
environment; however, it is not unreasonable to consider that
HEF serves as a reservoir of cells for local tissue maintenan-
ce/regeneration as well as serving as a local immunomodula-
tory and cell signalling tissue, in keeping with the role of fat
in other anatomical sites. Adipose tissue has been studied in
great detail, and it is firmly established as a tissue with potent
biological activity and capacity serving a number of local and
systemic functions, not to mention its potential as a regenera-
tive tissue source [5, 6, 8, 9, 19, 28, 29, 33, 38, 43, 44]. Scientif-
ically and intraoperatively, epidural fat still receives little or no
attention and is considered largely to be irrelevant clinically.
The outcome of this ex vivo study is to change this perception
and expand upon the role proposed by Beaujeux, as well as to
highlight that further study be considered to examine the
homeostatic and regenerative potential of HEF.
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Renal fibrosis, as the fundamental pathological process of chronic kidney disease (CKD), is a pathologic extension of the normal
wound healing process characterized by endothelium injury, myofibroblast activation, macrophage migration, inflammatory
signaling stimulation, matrix deposition, and remodelling. Yet, the current method of treating renal fibrosis is fairly limited,
including angiotensin-converting enzyme inhibition, angiotensin receptor blockade, optimal blood pressure control, and sodium
bicarbonate for metabolic acidosis. MSCs are pluripotent adult stem cells that can differentiate into various types of tissue
lineages, such as the cartilage (chondrocytes), bone (osteoblasts), fat (adipocytes), and muscle (myocytes). Because of their many
advantages like ubiquitous sources, convenient procurement and collection, low immunogenicity, and low adverse effects, with
their special identification markers, mesenchymal stem MSC-based therapy is getting more and more attention. Based on the
mechanism of renal fibrosis, MSCs mostly participate throughout the renal fibrotic process. According to the latest and overall
literature reviews, we aim to elucidate the antifibrotic mechanisms and effects of diverse sources of MSCs on renal fibrosis,
assess their efficacy and safety in preliminarily clinical application, answer the controversial questions, and provide novel ideas
into the MSC cellular therapy of renal fibrosis.

1. Introduction

Renal fibrosis develops following an accumulation of scar
tissue within the parenchyma, and it represents the collabo-
rative ultimate pathway of nearly all the chronic and progres-
sive nephropathies [1]. Affecting more than 10% of the world
population with limited treatment options, renal fibrosis
remains a major public health conundrum as it is considered
the fundamental pathological process of chronic kidney dis-
ease (CKD) independent of the underlying etiology [2].
CKD is also one of the strongest risk factors for cardiovascu-
lar disease [3, 4]. Although the idea of reversing CKD has
been investigated by scientists repeatedly in the past decade,
existing treatments that prevent CKD progression and
CKD-related complications are quite limited [5] and cur-
rently include angiotensin-converting enzyme inhibition,

angiotensin receptor blockade, optimal blood pressure con-
trol, and sodium bicarbonate for metabolic acidosis [6].
Therefore, the prevention or reversal of renal fibrosis remains
ineffective or only slightly successful, and the development of
a new strategy for the treatment of this pathological process is
extremely urgent.

To date, an increasing number of studies have shown that
stem cell treatment is prominently effective in chronic and
progressive diseases [7]. Multiple types of stem cells, includ-
ing mesenchymal stem cells (MSCs) [8], embryonic stem
cells (ESCs) [9], and induced pluripotent stem cells (iPSCs)
[10], have manifested their qualities as viable and accessible
sources for tissue repair and regeneration. Because of the eth-
ical and expense issues, MSCs exhibit advantages compared
to ESCs and iPSCs [11]. MSCs are pluripotent adult stem
cells that can differentiate into various types of tissue

Hindawi
Stem Cells International
Volume 2019, Article ID 8387350, 18 pages
https://doi.org/10.1155/2019/8387350

http://orcid.org/0000-0001-5225-9282
http://orcid.org/0000-0002-2334-6624
http://orcid.org/0000-0003-4728-9393
http://orcid.org/0000-0003-4028-2682
http://orcid.org/0000-0002-9743-9882
http://orcid.org/0000-0002-3004-4405
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/8387350


lineages, such as the cartilage (chondrocytes), bone (osteo-
blasts), fat (adipocytes), and muscle (myocytes) [12]. The
International Cell Therapy Association has established the
minimum standard for human MSC definition [13]: cells
must be plastically adherent; exhibit a three-lineage differen-
tiation in osteoblasts, adipocytes, and chondrocytes; and
express certain surface patterns of CD105, CD73, and
CD90, while lacking CD45, CD34, CD14, CD11b, or
CD79a or the expression of CD19, as well as HLA-DR. More-
over, Gli1 may be used as a marker for MSCs according to
recent research reports [14]. Since then, MSCs have been
proven to be derived from virtually all tissues’ adventitial
progenitor cells and pericytes [15]. The most applied tissues
include the bone marrow [16], cord cells [17], adipose tissue
[18], molar cells [19], amniotic fluid [20], and placenta [21],
as well as several solid organs, such as the lung [22], liver
[23], and kidney [24]. These MSCs from solid organs are
referred to as tissue-resident MSCs [25]. Since Friedenstein
and Caplan first defined MSCs according to their multiline-
age potential [26, 27], MSCs have shown their cellular
therapeutic competence in many diseases and pathopoiesis.
It is widely agreed that transplanted MSCs can directly
reconstruct impaired organs [28]. MSCs are also capable of
producing cytokines, growth factors, and chemokines;
moreover, they exert a comprehensive range of functions
by expressing extracellular matrix receptors on their cell
surface, including antiapoptosis [29], angiogenesis [30],
anti-inflammation [31], immune regulation [32], antiscar-
ring [33], and chemically induced homing to damaged tis-
sue, thus supporting the growth and differentiation of
diseased cells, which makes them attractive for clinical
applications. Fibrosis, as one of the most common and
refractory pathological processes, has always drawn sub-
stantial attention, and many efforts and trials of MSC cel-
lular therapy have been carried out on antifibrotic diseases
[34]. Pondering the origin and therapeutic activities of
MSCs, we summarize this network in Figure 1.

In this review, we will discuss the antifibrotic mecha-
nisms and effects of different sources of MSCs on renal fibro-
sis and evaluate their efficacy and safety in preliminarily
clinical application, aiming to provide overall and new
insights on MSC cell therapy in renal fibrosis.

2. The Link between Renal Fibrosis and MSCs

Renal fibrosis features a redundant accumulation of extracel-
lular matrix (ECM), which undermines and supplants the
functional parenchyma that results in organ failure. Conse-
quently, the imbalance between a superfluous production
and lessened reduction of the ECM results in tubulointer-
stitial fibrosis and glomerulosclerosis. Glomerulosclerosis
may be elicited by metabolic, mechanical, or immunologi-
cal impairments on endothelial cells or podocytes, result-
ing in an increasing production of ECM by mesangial
cells [35]. However, it is commonly agreed that tubuloin-
terstitial fibrosis plays the main role by depositing the
matrix protein between the basement membrane and
peritubular capillaries.

Four stages may be observed during the pathophysiol-
ogy of renal fibrosis: (1) cellular activation and injury
phase or priming, (2) fibrogenic signaling stimulation
phase, (3) fibrogenic phase or execution, and (4) destruc-
tive phase or progression [36]. During these phases,
several signaling pathways are strongly involved, including
nuclear factor-kappaB (NF-κB) [37], transforming growth
factor-β1 (TGF-β1)/small mothers against decapentaplegic
(Smad) [38], Notch, wingless-type MMTV integration site
(Wnt), Hedgehog [39], protein kinase C (PKC)/extracellular
regulated protein kinases (ERK), and phosphatidylinositol-3
kinase (PI3K)/Akt [40]. However, TGF-β1/Smad signaling
has been considered the central pathway that mediates renal
fibrosis and CKD progression among these signaling path-
ways because TGF-β1/Smad has ubiquitous communications
with other signaling pathways in the fibrotic process [41]. The
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Figure 1: Different sources and types of MSCs and their function in different pathophysiological processes.
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potential mechanism of renal fibrosis and CKD has been
described as follows based on the 4 phases previously noted.
Renal epithelial cell injury may be elicited by ischemia, toxins,
and proteinuria from many diseases, such as glomerulone-
phritis, diabetes, or hypertension, and it may lead to fibroblast
proliferation [42] and macrophage infiltration [43]. TGF-β1
are consequently released from the damaged and infiltrating
cells and act on fibroblast-type cells in the kidney (that is,
mesangial cells and fibroblasts) [44], which subsequently
induce the epithelial-to-mesenchymal transition (EMT) and
cause more ECM deposition [41]. Finally, profibrotic mole-
cules, including collagens, fibronectin, and plasminogen
activator inhibitor-1 (PAI-1), may increase and lead to kidney
failure [44].

MSCs, as protective fibrotic mediators, play the crucial
role in at least the former 3 phases during the renal
fibrotic process (Figure 2). Bone marrow-derived MSCs
(BM-MSCs) could affect the cellular activation and injury
phase through inflammation by reducing the expression
of proinflammatory cytokines [45], and it reduces the
fibrogenic signaling stimulation phase by signaling path-
ways, mainly TGF-β1/Smad, as well as NK-κB and ERK.
BM-MSCs can inhibit the fibrogenic phase or execution
by restraining the EMT [46]. Umbilical cord-derived
MSCs (UC-MSCs) can affect the fibrogenic signaling
stimulation phase, such as TGF-β1 [47], TLR4/NF-κB
[48], ERK [41], and Akt [49] signaling pathways. They can
also reduce EMT. Additionally, adipose-derived MSCs
(AMSCs) can participate in the cellular activation and injury
phase or priming by reducing the release of IL-1β, TNF-α,
and IL-6. AMSCs could also inhibit TGF-β1/Smad2/3/7
signaling pathway activation [50]. Therefore, we will discuss

the antifibrotic mechanisms and effects of different sources of
MSCs on the former 3 fibrotic phases as follows.

3. Mechanisms and Functions of MSCs in Renal
Fibrosis Therapy

3.1. Bone Marrow-Derived MSCs. BM-MSCs were the first
identified MSCs by Friedenstein et al. in 1966 [26]. Vari-
ous animal studies have corroborated that extraneous
BM-MSCs can improve kidney function in CKD models
after infusion. da Silva et al. [51] injected the cultivated
syngeneic BM-MSCs and their conditioned medium
(CM) to a unilateral ureteral obstruction (UUO) rat
through the abdominal vena cava. They found that both
MSCs and their CM could decrease the expression levels
of collagen 1, α-SMA, TNF-α, caspase 3, and proliferating
cell nuclear antigen (PCNA) and ultimately reduce the
EMT. However, they did not identify the detailed mecha-
nism. In another study, renal-arterially delivered BM-MSCs
can also reduce the EMT and renal fibrosis in rat UUO
[52]. Wu et al. [53] injected BM-MSC uninephrectomized
mice with bovine serum albumin- (BSA-) induced protein-
uria to serve as CKD models. They determined that the
BM-MSC-treated mice exhibited significantly reduced blood
urea nitrogen (BUN) and urine albumin : creatinine ratio
(UACR); moreover, collagen IV and α-SMA message RNAs
(mRNAs) were prominently constrained with BM-MSC
treatment. In their in vitro experiment, human proximal
tubular epithelial cells (PTECs) cultured in albumin were
obtained to mimic the pathological environment of CKD.
They showed that EMT, α-SMA, fibronectin, and collagen
IV mRNAs were significantly decreased with the presence

Activation and
injuryphase

Fibrogenic
signaling phase

Fibrogenic phase

Renal destructive
phase

Epithelium injury Fibroblast proliferation Macrophage infiltration

ECM deposition EMT

Fibrosis

Kidney failure

Renal diseases
E‐cadherin

MSCs TGF‐�훽1/Smad, NF‐κb,Notch,Wnt, Hedgehog, PKC/ERK, PI3K/Akt

Figure 2: The link between renal fibrosis and MSCs. MSCs, as the protectively fibrotic mediators, play the crucial role in the former 3 phases
during the renal fibrotic process. Phase 1: activation and injury phase. Renal diseases lead to epithelial cell injury (E-cadherin shedding),
fibroblast proliferation, and macrophage infiltration. Phase 2: fibrogenic signaling phase. Inflammatory and fibrotic signaling pathways are
activated. Phase 3: fibrogenic phase. EMT increase and ECM deposition (EMT also could cause ECM deposition). Phase 4: destructive
phase. Fibronectin, collagens, α-SMA increase, and finally renal failure.
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of BM-MSCs. They also determined that this process was
strongly associated with the phosphorylation of p38 and
I-κB, two transcript factors in the NF-κB signaling pathway.
In a transgenic mouse model that simulates human Alport
disease, primary mouse BM-MSCs were injected into trans-
genic mice that are devoid of the a3-chain of type IV collagen
(COL4A3) via the tail vein [54]. Ninichuk et al. [55] deter-
mined that no MSCs differentiated into renal cells, and the
renal function was not promoted, althoughMSCs were found
to localize to kidneys after injection. However, transplanted
MSCs hampered peritubular capillary loss and reduced the
idiosyncrasy of renal fibrosis, namely, the numbers of
α-SMA-positive interstitial myofibroblasts, interstitial
volume, and interstitial collagen deposition. Lang and Dai
[56] performed a syngeneic BM-MSC transplantation in a
streptozotocin- (STZ-) induced diabetic nephropathy rat
model. They showed that the expression levels of TGF-β1,
PAI-1, and Smad3 were reduced after MSC transfusion,
which implies that the mechanism likely has a strong connec-
tion with suppressing the TGF-β1/Smad3 pathway. And this
mechanism is also related to diminishing the expression of
PAI-1 protein and abating the deposition of ECM, thus
modulating the fibrinolytic system.

Additionally, human BM-MSC transplantation was
popularly applied in animal models. Matsui et al. [57] used
human BM-MSCs for rat UUO models through the renal
artery. On the one hand, they showed that renal obstruction
resulted in a substantial increase in the collagen, fibronectin,
α-SMA, active STAT3, matrix metalloproteinase-9
(MMP-9), and matrix metalloproteinase-1 (TIMP-1, the
tissue inhibitor) expression. On the other hand, exogenously
administered human BM-MSCs could alleviate this
obstruction-induced kidney fibrosis. And this could be done
by inhibiting the activation of STAT3 and the production of
STAT3-dependent MMP-9; these findings indicated that the
JAK-STAT signaling pathway was involved in the mecha-
nism of MSCs preventing renal fibrosis. Interestingly,
MMP-9 has typically been considered an antifibrotic index
due to its proteolytic activity [58]; however, recent studies
indicate that MMPs, particularly MMP-9, are able to degrade
the tubular basement membrane and shed away E-cadherin,
thereby enhancing the EMT and fibrotic progression in
obstruction-induced renal injury [46, 59]. In an Adriamycin-
(ADR-) induced nephropathy mouse model, Song and his
colleagues [45] showed that the levels of oxidative
stress-related molecules (O2

−, H2O2, malondialdehyde, and
4-HNE), proinflammatory cytokines (INF-γ, TNF-α, IL-12,
IL-4, and COX2), NF-κB, and ERK were significantly
decreased with human BM-MSC administration. They also
demonstrated these changes in an MSC-renal tubular epi-
thelial cell cocultured system. Furthermore, BM-MSCs
may use their secreted vesicles, such as exosomes, which
may be loaded with useful nucleic acids and proteins to
present to adjacent cells or targeted cells [60]. Using
genetic engineering, Wang et al. [61] worked out micro-
RNA- (miR-) let7c overexpressed in human BM-MSCs
(defined as miR-let7c-MSCs), which exhibits a therapeutic
capability in repairing or reversing established renal fibro-
sis. They found that miR-let7c-MSC therapy ameliorated

kidney injury and markedly inhibited the expression of colla-
gen IV, TGF-β1, MMP-9, and TGF-β type 1 receptor
(TGF-βR1) in UUO mice. Furthermore, they utilized biolu-
minescence imaging and an exosomal inhibitor to visualize
how miR-let7c-MSCs transfer miR-let7c by secreted exo-
some uptake. They also observed that after adding isolated
exosomes or indirectly coculturing miR-let7c-MSCs with
neighboring rat kidney tubular epithelial cells (NRK52E),
the increasing expression of fibrotic genes induced by
TGF-β1 in NRK52E was significantly repressed.

In summary, we showed that the vascular administration
of BM-MSCs, as the most collected and earliest identified
MSCs, or their subsidiary products (exosome or CM) could
attenuate the progress of fibrosis and temper factors involved
in inflammation, apoptosis, and the EMT. These factors
typically involved several signaling pathways, mainly
TGF-β1/Smad, as well as NK-κB, JAK-STAT, and ERK. We
summarized the details of every study above in Table 1 to
make a clear display.

3.2. Umbilical Cord-Derived MSCs. UC-MSCs are over-
whelmingly resourceful, and the collection process is safe
and noninvasive [62]. Furthermore, UC-MSCs have
presented a lower immunogenicity but a more effectively
proliferative manner than BM-MSCs [63, 64]. Moreover, an
increasing number of studies have confirmed that
UC-MSCs exhibit promising therapeutic characteristics as
an uprising resource of stem cells [65]. The umbilical cord
is a conduit between the placenta and the developing embryo.
During the prenatal phase, the umbilical cord is genetically
and physiologically part of the fetus and usually contains
two arteries (the umbilical artery) and one vein (the umbilical
vein). All these blood vessels are buried in Wharton’s jelly
(WJ), which derives from the extraembryonic mesoderm
and exerts a protective function [66]. Furthermore, WJ is
considered a promising site for collecting MSC [67].

Hence, WJ-derived MSCs (WJ-MSCs) were studied
specifically for their functions in treating renal fibrosis.
Extraction of WJ-MSCs may be performed in the perivascu-
lar, intervascular, and subamniotic areas of the WJ [68].
Rodrigues et al. [47] set up a rat ischemia-reperfusion
injury (IRI) model which received human WJ-MSCs intra-
peritoneally. They found that WJ-MSC-treated rats had
better tubular function and promoted glomerular filtration,
as well as lower levels of TGF-β1, macrophage infiltration,
and the senescence-related protein β-galactosidase. Less
macrophage infiltration might be equivalent to less severity
of fibrosis [69]. Thus, rats treated with WJ-MSCs have a
lower level of renal TGF-β1 and might present less
chronic kidney impairment and fibrotic progression. Du
et al. [49] labeled and injected human WJ-MSCs into uni-
lateral IRI rats via the tail vein. No observation indicated
that labeled cells resided in the impaired kidney.
IRI-induced renal fibrosis was abolished by the treatment
of these cells with the phenomena of a downregulated col-
lagen content and α-SMA level. Moreover, the Akt signal-
ing pathway was involved in these processes. To further
investigate the mechanisms, the same team used the same
method to establish an AKI rat model, and they identified
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one of the vital mechanisms: human WJ-MSCs could
delay tubular EMT and ameliorate kidney fibrosis. The
induction of foreign and native hepatocyte growth factor
(HGF) biochemical synthesis at the primary stage of AKI
in impaired tubular epithelial cells (TECs) contributes to
the recovery of the imbalance between HGF/TGF-β1
during the renal scar-building process [70]. Moreover,
Fan et al. [69] tested the effect of human WJ-MSCs in a
rat model with peritoneal dialysis- (PD-) elicited fibrosis.
And this model is established via PD solution with
methylglyoxal (MGO) [71]. Intraperitoneal administration
of human WJ-MSCs into rats considerably alleviated peri-
toneal fibrosis (decreasing the amount of collagen and
α-SMA), the formation of the abdominal cocoon induced
by PD/MGO, inflammation, neoangiogenesis, and ultrafil-
tration failure. They also proved there was a lower level
of TGF-β in the WJ-MSC-treated groups, which indicated
that the antifibrotic effect of WJ-MSCs might be related to
the TGF-β signaling pathway.

Chinese scholars transplanted these icariin- (ICA-,
extracted from a kidney-tonifying traditional Chinese medi-
cine Epimedium brevicornum Maxim [72]) treated
WJ-MSCs to an adenine-induced chronic renal failure
(CRF) rat model via the tail vein. As a result, creatinine and
BUN analyses reflected an improvement of renal function.
IL-6 and TNF-α in the tissue homogenate and serum were
substantially mitigated; however, the anti-inflammatory
cytokine was increased. Moreover, the expression levels of
bone morphogenetic protein-7 (BMP-7) and basic fibroblast
growth factor (bFGF) were significantly higher [73]. In cul-
tured renal cells, BMP-7 reacts against the profibrotic effects
of TGF-β and exerts a protective function in both acute and
chronic renal injury models [74]. Therefore, ICA-treated
WJ-MSCs could reduce the levels of fibrosis in CRF rats.
Moreover, ICA-treated WJ-MSCs were better than the appli-
cation of WJ-MSCs alone as far as the antifibrotic and
anti-inflammatory effects are concerned.

In addition, the functions of MVs derived from human
WJ-MSCs have received substantial attention recently. More-
over, Zhang and his colleagues [75] injected MVs derived
from human WJ-MSCs to the IRI rat, and they found that
IRI-initiated fibrosis was abrogated by MVs coincident with

renal function amelioration. This process was associated with
the suppression of NADPH oxidase (NOX) 2 (the solitary
function of reactive oxidative stress (ROS) production). In
the same year, they showed that this antifibrotic process also
had another potential mechanism. MVs derived from human
WJ-MSCs could inhibit the chemokine CX3CL1 expression
and reduce the CD68+ macrophage population in the kidney
[76]. In the later stage, there were observations of renal
function improvement and renal fibrosis amelioration in
the MV-treated group. Furthermore, Chen et al. [77] recently
added human WJ-MSC-MVs to NRK52E cells, and they
found that these MVs could release from G2/M cell cycle
arrest via the ERK1/2 signaling pathway. Therefore, these
MVs could decrease the expression of collagen
deposition-related proteins in NRK52E cells. In a rat dona-
tion after cardiac death (DCD) renal transplantation model
established by Wu et al. [78], WJ-MSC-derived MVs were
intravenously injected into rats immediately after renal
transplantation. There were clear improvements in the renal
function and survival rate. In the MV group, abolishment of
renal fibrosis was identified in the late stage. Furthermore,
MVs increased the HGF expression and decreased the
α-SMA and TGF-β1 expression in all stages.

There were also some literatures which did introduce
whether the UC-MSC came from WJ or not, so we defined
these cells as unconfirmed UC-MSCs (uUC-MSCs). Huang
et al. [79] injected uUC-MSCs into the UUO rat. The
streptavidin-biotin complex (SABC) method was harnessed
to track these uUC-MSCs after injection. Consequently, they
found that these labeled uUC-MSCs were programmed to
engraft an impaired kidney, particularly with the damaged
renal interstitium. Also in the UUO model, Liu and his col-
leagues [80] collected the supernatants (CM) of uUC-MSCs
and injected them via the renal artery. They found that this
CM could significantly reduce the expression of EMT
markers, such as α-SMA, TGF-β1, collagen I, and TNF-α.
Moreover, the increasing level of E-cadherin reflected the
prominent improvement of interstitial kidney fibrosis. The
same team later performed similar experiments and identi-
fied a more detailed mechanism. In both UUO-induced
in vivo and TGF-β1-induced in vitro experiments, human
uUC-MSC CM could facilitate the renal function of

Table 1: Literature summary of BM-MSC in the antifibrotic process.

Researcher
Fibrogenic signal
pathway involved

Delivery method Animal model Heterogeneity

da Silva et al. [51] Not mentioned Abdominal vena cava Rat UUO Syngeneic

Asanuma et al. [52] Not mentioned Renal artery Rat UUO Xenogeneic (from human)

Wu et al. [53] P38 and NF-κB i.v.
Mouse BSA-induced

proteinuria (CKD model)
Murine

Ninichuk et al. [55] Not mentioned Tail vein
COL4A3-deficient mouse
(Alport disease model)

Murine

Lang and Dai [56] TGF-β1/Smad3 i.p. Rat STZ-induced diabetic nephropathy Syngeneic

Matsui et al. [57] JAK-STAT3 Renal artery Rat UUO Xenogeneic (from human)

Song et al. [45] NF-κB and ERK Tail vein ADR-induced nephropathy mouse model Xenogeneic (from human)

Wang et al. [61] TGF-β1 i.v. Mouse UUO Xenogeneic (from human)

i.v.: intravenously; i.p.: intraperitoneally.
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UUO-induced rats and attenuate ECM accumulation,
inflammatory cell infiltration, and their inflammatory cyto-
kine release. Not only that, the uUC-MSC CM could also
prominently inhibit the activation of TLR4/NF-κB and the
degradation of NF-κBα both in vivo and ex vivo [48]. More-
over, Park et al. established a rat diabetic nephropathy model
via an intraperitoneal injection of streptozotocin (STZ).
Intravenously administered human uUC-MSCs efficiently
decreased renal fibronectin, proteinuria, the downregulation
of renal E-cadherin, and α-SMA upregulation in diabetic rats
[81]. This study differed from other studies because a delayed
treatment of uUC-MSCs was performed (4 weeks after
diabetic nephropathy progression).

As previously described, human UC-MSC CM could
significantly attenuate renal fibrosis [48, 80]. Some scien-
tists address the true helpers of CM. Similar to BM-MSCs,
the “cell-free therapy” strategy, the cell-derived extracellu-
lar vesicle (EV) for tissue repair has been broadly used
on the basis of the paracrine or endocrine mechanism of
MSCs [82]. Zou et al. [83] isolated EVs from the medium
of human uUC-MSCs and injected them in rats intrave-
nously after unilateral kidney ischemia. Moreover, the EV
treatment could also improve the renal function and mit-
igate the histological lesion. Furthermore, an increase in
the capillary vessel density and a reduction in the indica-
tors of renal fibrosis (α-SMA and EMT) were observed
after 2 weeks. EVs, according to the definition, are derived
from cell membranes and are heterogeneous groups of
vesicles that may be divided into apoptotic bodies (1–5μm),
microvesicles (MVs) (100–1,000 nm), and exosomes (40–
100nm) according to their density, size, and biogenesis [84].
The diameters of the EVs in Zou et al.’s study ranged from
150 to 300nm, which could be categorized asMVs [76]. Zhou
and his colleagues [85] paid more attention to the smaller
EVs, the exosomes. They used cisplatin (an anticancer drug)
to induce acute kidney injury (AKI) rat models, and human
uUC-MSC exosomes were injected into the renal capsule
and ultimately into the injured kidneys. They found that
there was a significant reduction in the creatinine levels
and peripheral BUN, necrosis of proximal kidney tubules,
apoptosis, and oxidative stress in rats, as well as the for-
mation of a large amount of tubular protein casts after
uUC-MSC exosome treatment. In vitro, the treatment of
NRK52E cells with cisplatin alone resulted in a higher
apoptosis level, activation of the p38 mitogen-activated
protein kinase (p38MAPK) pathway, and increasing oxida-
tive stress, followed by a decrease in cell multiplication
and an increase in the expression of caspase 3; however,
these processes were somehow alleviated and reversed in
the uUC-MSC exosome-treated group. In addition, by
activating the ERK 1/2 pathway, it was discovered that
uUC-MSC exosomes enhanced cell proliferation. AKI,
induced by IRI, contributes to kidney interstitial fibrosis,
which is a critical characteristic of CKD and is therefore
a high-risk factor in the progression of CKD [86]. Thus,
the mechanism and process that occurred in Zhou’s study
could be strongly associated with renal fibrosis, and the
MAPK p38 and ERK pathways also participated in the
formation of renal fibrosis [40].

In addition, in ADR-induced nephropathic athymic rats,
the therapeutic effect of transplanting three stromal cell pop-
ulations (human BM-MSCs, uUC-MSCs, and kidney peri-
vascular cells (kPSCs)) to engraft the damaged kidney via
tail vein injection was evaluated. Rota et al. [31] found that
all three cell populations protected podocytes from further
loss, ameliorated glomerular endothelial cell injury, and
weakened the production of PEC bridges and podocytes.
This may be interpreted as a mitigation of fibrosis and glo-
merulosclerosis. By inducing polarization towards the M2
macrophage phenotype and reducing macrophage infiltra-
tion, human uUC-MSCs had the most preeminent
anti-inflammatory effect compared to other stromal cells.
CM from uUC-MSCs shared the same renoprotective prop-
erties. Similar to BM-MSCs, we made Table 2 to summarize
the key information of every study above.

3.3. Adipose-Derived MSCs. Zuk et al. first successfully iso-
lated MSCs from adipose tissue in 2001 [87]. Adipose tissue
has since received considerable attention as an ideal MSC
source due to its availability, abundance, and self-filling
properties [88]. In vitro, cultured human AMSCs can grow
adherently with fibroblast-like morphology [13]. Studies
regarding AMSCs are very abundant, including autologous,
syngeneic, allogeneic, and xenogeneic AMSC transplanta-
tion. The species include human, swine, cat, rat, and mouse.

In syngeneic and autologous AMSC transplantation
studies, Song et al. [50] used AMSCs derived from the fat
tissue that surrounded the epididymis of Wistar rats and
transplanted these AMSCs into the UUO rat model through
the tail vein. They observed that AMSCs substantially
relieved kidney interstitial fibrosis by reducing the levels of
fibroblast-specific protein 1 (FSP-1), α-SMA, EMT, and
fibronectin, as well as the inflammatory response (release of
IL-1β, TNF-α, and IL-6). They also investigated the following
mechanism: AMSCs could inhibit TGF-β1/Smad2/3/7 sig-
naling pathway activation. Burgos-Silva et al. [89] compared
the efficacy of AKI and chronic kidney injury (CKI) via
AMSC administration. Cultured FVB mouse AMSCs were
intraperitoneally administered into FVB mice. As a result,
the AMSC-treated animals showed an improvement in kid-
ney function, and the chemokine expression (CXCL-1 and
macrophage inflammatory protein 1 alpha (MIP-1α)) and
neutrophil infiltrate were both reduced by AMSC adminis-
tration. For CKI, renal fibrosis was ameliorated by decreased
tissue chemokines, interstitial collagen deposition, and cyto-
kine expression (INF-γ and eotaxin levels) in the
AMSC-treated groups. Similar results were obtained in a
mouse IRI model by Donizetti-Oliveira et al. [90], in which
after animals showed established fibrosis at 6 weeks, synge-
neic AMSC treatment manifested the promotion of renal
function, accompanied by lower mRNA expression of colla-
gen I and vimentin and reduced tissue fibrosis. Zou et al.
[91] coated mouse AMSCs with antibodies directed against
kidney injury molecule-1 (KIM1, a transmembrane protein
that is expressed minimally in normal kidneys but upregu-
lated dramatically in damaged kidneys [92]). The coating
antibody ab-KIM1 has little influence on AMSC proliferation
or viability. These AMSC-treated mice demonstrated an
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improvement in the capillary density and renal perfusion
and attenuation of apoptosis, oxidative damage, and fibro-
sis (downregulated PAI-1, but no effect on TGF-β expres-
sion) in a unilateral renal artery stenosis (RAS) model. In
a DCD kidney transplantation rat model, syngeneic
AMSCs were injected in two different ways: systemic injec-
tion through the penile vein and local injection prior to
angiostomy through the renal artery from the donor’s kid-
ney (local injection). Iwai et al. [93] discovered that local
injection of AMSCs was prone to attenuation of fibrosis.
In line with a literature, BM-MSC therapy may prevent
long-term fibrotic changes in the allogeneic transplantation
clinical setting [94]. This study suggested that the local
injection of AMSCs was a potentially safer route of admin-
istration than a high-dosage, intravenous injection. Similar
to BM-MSCs and UC-MSCs, there are also studies regard-
ing the “cell-free therapy” of AMSCs; Eirin and his col-
leagues [95] ultracentrifuged EVs (both small MVs and
exosomes) from pig autologous AMSCs and transplanted
to the RAS pig model by laying a local irritant coil in
the renal artery. Tubulointerstitial fibrosis (trichrome
staining) was slightly but significantly decreased by
AMSC-derived EVs.

For allogeneic AMSC transplantation studies, in 3 pilot
studies, naturally occurring CKD cats enrolled in Quimby
et al.’s studies [96] received allogeneic AMSCs every 2 weeks
via intravenous injection; the AMSCs were obtained from
donor-specific pathogen-free (SPF) cats’ adipose tissue, and
the extraction site was the same subcutaneous region on the
ventral abdomen adjacent to the umbilicus. The authors
reported that only one of the pilot studies showed a signifi-
cant decrease in serum creatinine concentrations. Another
similar cat study performed by the same research team
indicated that there were no apparent alterations in BUN,
serum creatinine, phosphorus, potassium, GFR by nuclear
scintigraphy, UACR, or the packed cell volume in cats
injected with allogeneic AMSCs [97].

For xenogeneic AMSC transplantation studies, Katsuno
et al. [98] established human AMSCs cultured in low (2%)
serum (hLAMSCs) and high (20%) serum (hHAMSCs)
and performed a renal subcapsular injection of both
hLAMSCs and hHAMSCs into a folic acid-induced AKI
rat model. Interstitial fibrosis was less prominent in the
hLAMSC-treated group. In contrast, in a cyclosporine-
(CsA-) induced nephropathy rat model, after transfusion
via the tail vein, human AMSCs did not prevent renal
injury and interstitial fibrosis and manifested an inclina-
tion to further renal degradation. The mechanism might
be that human AMSCs caused oxidative stress by the effect
of CsA [99]. Moreover, exosome-related research is also
involved in xenogeneic AMSC transplantation. Zhu and
his colleagues [100] injected human AMSCs into a UUO
rat model. They found that AMSCs could attenuate AKI
and mitigate subsequent renal fibrosis (the levels of
α-SMA, collagen I, and TGF-β1/Smad3 phosphorylation).
However, these positive effects were demolished by a drug
(GW4869) that inhibits the modulation release of exo-
somes from human AMSCs. Table 3 shows the keynotes
of all the studies above.

3.4. Amniotic Fluid and Placenta-Derived MSCs. To prevent
diseases such as leukemia [101], lymphoma [102], and aplas-
tic anemia [103], more and more umbilical cord tissues and
cells are preserved following the birth of babies. However,
other gestational tissues, including the amniotic fluid, placen-
tal membranes, and placenta, are constantly disposed as junk
after birth. This junk contains abundant highly pluripotent
stem cell resources, including MSCs. By conducting amnio-
centesis in the midterm, amniotic fluid-derived MSCs
(AF-MSCs) may be obtained from a small amount of
amniotic fluid [104]. The collection of amniotic fluid during
routine cesarean deliveries is also a promising method [105].
A method of extracting MSCs from the placenta was intro-
duced by Steigman and Fauza [106], who indicated that by
chorionic villus sampling or blunt dissection, the fetal pla-
cental specimen could be mechanically separated from the
maternal decidua [107]. Currently, almost all studies of
AF-MSCs and placenta-derived MSCs (PMSCs) in renal
fibrosis are in animal models.

Sedrakyan et al. [108] established a mouse model of
Alport syndrome (Col4a5 knockout mice) and transplanted
syngeneic AF-MSCs intracardiacally. The results showed that
AF-MSCs prior to the onset of proteinuria delayed interstitial
fibrosis and the progression of glomerular sclerosis. An
M2 macrophage polarization was also identified in
AF-MSC-treated mouse kidneys. Moreover, the fact that
AF-MSCs suppress the renin-angiotensin system may con-
tribute to these beneficial effects. Baulier et al. [109] used a
porcine model to transplant autologous AF-MSCs directly
into the grafted kidney via the renal artery 6 days after
isogenic kidney transplantation. The injection of
AF-MSCs enhanced tubular and glomerular functions,
thereby abrogating fibrosis and increasing the levels of cir-
culating TGF-β, which indicated that autologous AF-MSCs
might develop their antifibrotic effect through the TGF-β
pathway. Xenogeneic studies are about human AF-MSCs.
In an IRI modeled rat, human AF-MSCs were transfused
via the abdominal aorta. As a result, human AF-MSCs
made significantly less inflammatory cell infiltration and
tubular necrosis [110]. In a UUO mouse model, Sun
et al. [111] showed that human AF-MSCs could increase
the microvascular density, thus ameliorating interstitial
fibrosis and protecting kidney functions.

Japanese scholars Tooi et al. [112] showed that human
PMSCs confer plasticity on fibroblasts in vitro instead of
directly in a fibrosis animal model. They found that PMSC
exosomes considerably increased the expression of NANOG
(stemness-related genes) mRNA and OCT4 expression in
fibroblasts, and these exosomes influence the capability of
fibroblasts to differentiate into both osteoblasts and adipo-
cytes, which indicated novel characteristics of PMSCs and
the promising potential of applying PMSC exosomes in
clinical situations.

3.5. Renal Tissue-Resident MSCs. For one, MSCs could be
derived from variant tissues, including the bone marrow,
umbilical cord, and adipose tissue, and they have exhibited
substantial promise in treating kidney fibrosis as previously
described. For another, it has been shown that MSC-like cells
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in vivo reside in the pericyte or perivascular niche, and not
only do they later become typical cultured MSCs but they
also have strong connections with endothelial cells. Further-
more, they are much more likely to contribute to renal fibro-
sis by differentiating into myofibroblasts [113]. In the
Hedgehog pathway, researchers have determined that Gli1
is a marker expressed specifically in a major population of
tissue-resident MSCs, and these Gli1+ MSCs form a strong
network across organs. Lineage tracing studies have shown
that the Gli1 progeny covers injured areas rich in collagen I
deposition [14], which indicates that these cells actively syn-
thesize collagen and participate in ECM deposition during
transient fibrogenesis.

By establishing UUO and IRI mouse models, Kramann
et al. [23] tracked down the fate of genetically labeled
Gli1+ MSC cells and determined that there was a substan-
tial increase of Gli1+ cells throughout the kidney. The later
ablation of Gli1+ cells after kidney injuries corroborated
that there was an imposing amelioration of fibrosis and a
stabilization of renal function in mice compared with the
sham group. This discovery also applies to other organs,
including the liver and lung [24]. Similar research was
conducted by Humphreys et al. [114] by tracing the origin
of myofibroblasts. After establishing a mouse UUO model,
they discovered that kidney epithelial cells did not become
myofibroblasts; in contrast, cells deriving from FoxD1,
which is a transcription factor expressed in cells, and later
becoming kidney mesenchymal stromal cells are the
progenitor of myofibroblasts [25]. Studies performed by
Leaf et al. [115] demonstrated additional mechanisms of
kidney-resident MSCs leading to renal damages. They
found that myeloid differentiation primary response 88
(MyD88) and its downstream effector kinase IL-1
receptor-associated kinase 4 (IRAK4) intrinsically control
renal tissue-resident MSC migration and conversion to
myofibroblasts. The reason is that IRAK4 and MyD88
regulate inflammation and fibrogenesis, which are the 2
major injury responses in the kidney [116].

3.6. Dental MSCs. Dental stem cells (DSCs) are MSC-like
cells that exist in the human body throughout life [117].
There are five types of DSCs: stem cells from human exfoli-
ated deciduous teeth (SHED), periodontal ligament stem
cells (PDLSCs), dental pulp stem cells (DPSCs), stem cells
from apical papilla (SCAP), and dental follicle precursor cells
(DFPCs) [118]. Barros et al. [119] explored the homing of
cryopreserved DPSCs in an acute renal failure (ARF) rat
model. DPSCs demonstrated renotropic and pericyte-like
properties, after intravenous or intraperitoneal injection,
and contributed to accelerating the regeneration of the renal
tubule structure. Furthermore, Hattori et al. [120] verified
that in ischemia-reperfusion injury-initiated acute kidney
injury, SHED was able to decrease inflammatory cytokines
and promote kidney function. Yamaza et al. [121] investi-
gated the immunomodulatory capacity of SHED as a poten-
tial treatment in a murine systemic lupus erythematosus
(SLE) model. According to the results, the intravenous
administration of SHED resulted in a significant reduction
in the serum antibody levels, trabecular bone reconstruction,

and regulation of Th17 cells. SLE and ARF were both proven
to develop CKD (renal fibrosis) [122, 123].

3.7. Peripheral Blood MSCs. Among all tissues and cells,
peripheral blood mononuclear cells (PBMCs) seem to be
the most convenient to obtain. In research conducted by
Pan et al. [124], human PBMCs were collected, purified,
and reprogrammed by oocyte-inducing agents into
induced mesenchymal stem cells (iMSCs). The iMSCs
were subsequently injected into rabbit UUO models. The
team indicated that significantly lower BUN and serum
creatinine values and higher GFR as well as lower TGF-β1
and almost no fibrosis were identified in the induced
group; this study suggested that iMSCs derived from
human PBMCs could be a new shortcut in the treatment
of chronic kidney diseases.

4. Attempts for MSC-Based Therapy in
Clinical Application

As previously described, in most preclinical trials, MSCs
exhibit few or no adverse side effects and are safe, while the
efficacy remains controversial [96, 97, 109]. However, regard-
ing translation to humans, safety concerns present a strong
impediment to the smooth transition from laboratorial
MSCs to pragmatic clinical MSC treatment. These safety
concerns include the susceptibility to infection due to their
immunomodulatory capabilities, potential canceration from
the active proliferation of MSCs, embolism of the cells, cellu-
lar acute or chronic immunogenicity, and cell culture
reagent-induced zoonoses [125]. A meta-analysis of the ran-
domized control trials (RCTs) did not indicate a connection
between organ system complications, infection, acute infu-
sion toxicity, malignancy, or death [126]. In renal fibrosis,
scientists have continued attempts with MSC-based therapy
in clinical application. Foremost, in phase 1 of the clinical
trial conducted by Togel and Westenfelder [127], patients
who endured high postoperative AKI risks after cardiac oper-
ations safely received allogeneic MSC treatment. In a case of a
living-related kidney transplant study, bone marrow tissue of
the kidney recipient was collected from the posterior iliac
crest to extract autologous BM-MSCs one month before
the transplant. Tan et al. [128] found that there was a
reduced risk of opportunistic infection, lower possibility
of acute rejection, and better predicted kidney function
at the 1-year follow-up using autologous MSCs compared
with those of anti-IL-2 receptor antibody induction ther-
apy. However, the autologous MSC inoculum was not
associated with unfavorable events, and it did not nega-
tively impact kidney transplant survival. Consequently,
Reinders and his colleagues [129] carried out a series of
clinical trials on the effects and safety of autologous and
allogeneic BM-MSCs in renal fibrotic processes. They ini-
tially expanded BM-MSCs procured from end-stage renal
disease (ESRD) patients and age-matched healthy controls
who shared similar phenotypical and functional character-
istics. Moreover, they performed a phase I study of
autologous BM-MSCs on allograft rejection after renal
transplantation. They found that there was tubulitis
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resolution in two patients of allograft rejection without
tubular atrophy (IF/TA) and interstitial fibrosis. They
proved that autologous BM-MSC therapy in transplant
with IF/TA and subclinical rejection is practical and safe
clinically [130]. They subsequently evaluated whether the
combination treatment of autologous BM-MSCs with
everolimus, the mTOR inhibitor, which enhances the with-
drawal of tacrolimus, could reduce renal fibrosis in renal
transplant recipients. They obtained a favorable result
from MSCs in regard to renal fibrosis prevention, safety,
and the preservation of renal structure and function,
which would imply auspicious advancement for patients
who are on kidney transplant waiting lists [131]. Out of
worry of an antidonor immune response of allogeneic
source cell therapy, one year later, they tried to use alloge-
neic BM-MSCs to confirm their effects and safety also for
renal transplant recipients. They concluded that allogeneic
MSCs were an effective and safe treatment alternative for
renal transplant recipients, particularly when faced with
indications where autologous MSC treatment is not tech-
nically possible [132]. Recently, a clinical trial from Iran
revealed the feasibility and safety of autologous AMSCs
in peritoneal dialysis patients (IRCT2015052415841N2).
As a result, no unfavorable lesions and no catheter-related
complications were found in the participants, and one
patient developed an episode of peritonitis and another
patient experienced exit site infection, which did not appear
to be related to the procedure [133]. Of course, there was also
an individual report which revealed potential nephrotoxicity
after CKD patients received autologous MSC treatment.
Kim et al. reported a case report about autologous AMSC
administration for a patient with CKD. Before the MSC
administration, the kidney function of the patient was
consistently stable for years. Without any other implica-
tions of AKI, preexisting renal failure promptly invaded
the kidney one week after the treatment of autologous
MSC. Hemodialysis was applied 3 months after MSC ther-
apy. Renal biopsy during dialysis demonstrated that with a
few cells expressing CD117 and CD34, inflammatory cell
infiltration and severe interstitial fibrosis could be observed
[134]. Additionally, the researching scale has expanded to
more than 500 registered clinical trials (http://clinicaltrials
.gov/) in harnessing MSCs for therapeutic purposes at the
current stage. We summarized the information of 13 regis-
tered MSC clinical trials for renal fibrosis and CKD in
Table 4. Generally, the bench-to-bedside transition of MSCs
in curing renal fibrosis is tantalizingly promising.

As far as dose and frequency are concerned, there is no
exact guideline as to how many cells and how often should
a patient be receiving MSC treatment. It is reported that 1
− 2 × 106/kg of MSCs is most appropriate for the human
body [135]. Some authors suggested that a patient should
receive two doses of therapy with each time and 7 days apart
between two therapies [129, 130]. Others only gave a range
on the quantities of MSCs during the treatment; they believe
that the frequency should be further elucidated, because var-
ious studies have shown that a single infusion may be protec-
tive in kidney diseases while two or more infusions have
better effects [135].

5. Conclusion, Questions, and Perspectives

MSCs are found in almost all postnatal organs and tissues,
including the fat, bone, cartilage, umbilical cord, cord blood,
synovium, synovial fluid, muscle, skin, and pulp. MSCs from
different sources possess similar morphologies and express
identical surface markers. With their ability to differentiate
into multiple lineages and migrate toward injured tissue
and their propensity to secrete factors identified to be impor-
tant in tissue recovery, MSCs undoubtedly have great thera-
peutic potential in renal fibrosis-related diseases. Preclinical
and current clinical results seem promising, but moving the
concept of MSC-based therapy forward to large-scale clinical
application should be assessed critically. There are many
ideas on how to manipulate the isolation and purification
of MSCs to make them safer and more useful. Like many
other cells, manipulation of MSCs in vitro and infusion of
MSCs into CKD patients as a form of cell therapy will require
many explorations before the real application in clinical
practice (Figure 3).

Additionally, some controversial questions should be
addressed when actually doing MSC-based therapy.

(1) The Injection Way of MSCs. Most injection ways of the
studies discussed in this review are systemically intravenous
(e.g., peripheral veins) and via the local artery (e.g., renal
artery). The former one is more feasible in clinical operation,
but the latter one is considered to be more effective because
all the MSCs injected seem to localize in the kidney. In actual,
there was no difference in therapeutic effects between the sys-
temic and local ways of injection. Not in a kidney disease
model, but in a model of permanent middle cerebral artery
occlusion, Gutierrez-Fernandez et al. [136] proved that both
MSC administration routes (external carotid artery and fem-
oral vein) showed no difference in improving neurological
recovery and provided brain protection. Together with the
easy operation and low hurt, the systemically intravenous
way is more recommended.

(2) The Choice of MSC Heterogeneity. Although xenogeneic
human MSC transplantation is very common in animal
models, the reverse way (animal MSCs to human) is mostly
not considered currently because of safety. Therefore, choos-
ing autologous or allogeneic MSC transplantation should be
discussed in clinical application. Autologous MSC transplan-
tation should be considered as the best way for MSC-based
therapy because of the low immunogenicity and noninfec-
tious feature. However, it takes several weeks to months to
manufacture autologous cells due to the expansion period,
quality controls, and logistics, and this period of time is
too long for patients in need of treatment. Moreover,
MSCs derived from patients with renal disease have a
lower capacity for kidney regeneration [137]. Allogeneic
MSCs offer an “off the shelf” advantage for clinical use
and have the potential to be mass-produced rapidly
[138]. This would significantly decrease costs and the
number of procedures and enable use of cells from young
healthy donors that may exhibit higher efficacy than cells
from older individuals.
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Last but not the least, many popular and novel techniques
can be used for investigating the mechanism and clinical
efficacy of MSC-based therapy in renal fibrosis.

(1) RNA Array and Proteomics. Because of the safety of cell
therapy, delivery of MSC-derived EVs could be an
attractive cell-free therapy for renal disease. Just like a pickup
truck, EVs, as the delivery of cell-cell communication, can
take many useful substances, mainly RNAs and proteins, to
affect target cells [61]. Characterization of the transcriptome
of human BM-MSCs and their relative-derived EVs using
real-time quantitative polymerase chain reaction (RT-qPCR)
arrays revealed that EVs contain a wide range of mRNAs
[139]. Moreover, the study of miRNAs (thought to be the
product of “junk DNA” before) is a rapidly expanding field,
and in recent years, several miRNA families have been impli-
cated in kidney fibrosis. According to RNA array, there are
numerous miRNAs found in kidney disease, and the main
families are miRNA-let-7, miRNA-21, and miRNA-29
[140]. Haraszti et al. [141] identified 3,532 proteins and
1,961 lipid species in MSC-derived EVs by high-resolution
lipidomic and proteomic analyses. All the array techniques
could provide abundant information for the mechanism of
MSC-based therapy.

(2) New Biomaterials. Bae et al. [142] made a
three-dimensional bioprinting of an artificial trachea carry-
ing in vitro cultured rabbit BM-MSCs and respiratory epithe-
lial cells. In addition, in order to solve the problems of the cell
washout and immune attack during MSC administration,
Hwang et al. [143] created an “intravascular paracrine factor
(PF) factory” by harnessing stem cells on a stent using a
nanofiber (NF) stent sleeve, thus providing a sheltered milieu
for cells to continuously produce PFs on-stent. NF stent
sleeves were created by covering stents with electrospun
poly-lactic-co-glycolic acid nanofibers and were then uni-
formly coated with MSCs. Moreover, Huang et al. [144]
found that exosomes derived from DPSCs and BM-MSCs
could bind to the ECM, and they were deduced along with
cell-derived ECM-incorporated biomaterials. And these
exosomes can be used to recreate a complete extracellular

environment that can enable safe and reliable differentiation
of stem cells.

In summary, MSC-based therapy in renal fibrosis has
become more and more acceptable because of their many
advantages like ubiquitous sources, convenient procurement
and collection, low immunogenicity, and low adverse effects.
We believe it will keep the flame of cellular therapy burning
and sparkling.
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Background and Purpose. In heart failure (HF), metabolic alterations induce skeletal muscle wasting and decrease of exercise
capacity and quality of life. The activation of skeletal muscle regeneration potential is a prospective strategy to reduce muscle
wasting; therefore, the aim of this project was to determine if functional properties of skeletal muscle mesenchymal progenitor
cells (SM-MPC) were affected by HF-induced functional and metabolic dysregulations. Methods. Gastrocnemius muscle biopsy
samples were obtained from 3 healthy donors (HD) and 12 HF patients to purify mRNA for further analysis and to isolate
SM-MPC. Cells were expanded in vitro and characterized by immunocytochemistry and flow cytometry for expression of
mesenchymal (CD105/CD73/CD166/CD146/CD140b/CD140a/VIM) and myogenic (Myf5/CD56/MyoG) markers. Cells were
induced to differentiate and were then analyzed by immunostaining and Q-PCR to verify the efficiency of differentiation. The
expression of genes that control muscle metabolism and development was compared for HD/HF patients in both muscle
biopsy and in vitro-differentiated myotubes. Results. The upregulation of MYH3/MYH8/Myf6 detected in HF skeletal muscle
along with metabolic alterations indicates chronic pathological activation of the muscle developmental program. SM-MPC
isolated from HD and HF patients represented a mixed population that coexpresses both mesenchymal and myogenic markers
and differs from AD-MMSC, BM-MMSC, and IMF-MSC. The functional properties of SM-MPC did not differ between HD
and HF patients. Conclusion. In the present work, we demonstrate that the metabolic and functional alterations we detected in
skeletal muscle from HF patients do not dramatically affect the functional properties of purified and expanded in vitro
SM-MPC. We speculate that skeletal muscle progenitor cells are protected by their niche and under beneficial
circumstances could contribute to muscle restoration and prevention and treatment of muscle wasting. The potential new
therapeutic strategies of HF-induced skeletal muscle wasting should be targeted on both activation of SM-MPC regeneration
potential and improvement of skeletal muscle metabolic status to provide a favorable environment for SM-MPC-driven
muscle restoration.

1. Introduction

In heart failure (HF), functional and metabolic alterations
are detected not only in cardiac muscle [1, 2] but also in

skeletal muscle tissue. Oxidative stress, systemic inflamma-
tion, chronic hypoxia, and decreased fatty acid oxidation
coupled with mitochondrial dysfunction are the factors
contributing to HF-induced muscle damage that include

Hindawi
Stem Cells International
Volume 2019, Article ID 5690345, 11 pages
https://doi.org/10.1155/2019/5690345

http://orcid.org/0000-0002-3073-7914
http://orcid.org/0000-0002-7577-628X
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/5690345


a shift in fiber type, induction of atrophy, development of
insulin resistance, dysregulation of lipid metabolism, and
ectopic fat depositions in the skeletal muscles. Additionally,
chronic activation of adrenergic and natriuretic peptide
systems in HF results in sustained lipolysis in adipocytes
resulting in the accumulation of toxic and neutral lipid
species in adipose and skeletal muscle that also contrib-
utes to skeletal muscle damage [3–9]. Impairments in
skeletal muscle stem cell function have also been sug-
gested as an important factor causing the loss of muscle
mass with increasing age [10] and could similarly be con-
sidered as a factor contributing to HF-induced skeletal
muscle wasting.

The development of preventive and therapeutic strategies
against muscle wasting disorders remains an unresolved
challenge. By now, exercise training, either alone or in
combination with nutritional support, is the most proven
strategy to reduce skeletal muscle wasting in HF patients
and is recommended by treatment guidelines [7, 11]. Conse-
quently, the activation of skeletal muscle developmental,
growth, and regeneration potential is an essential mechanism
to treat/prevent skeletal muscle wasting. Thus, the skeletal
muscle progenitor cells that contribute to skeletal muscle
regeneration and growth might be a prospective therapeutic
target, and the analysis of the functional properties of skeletal
muscle stem cells derived from heart failure patients has
become a crucial issue.

Identification and characterization of myogenic progeni-
tors in postnatal tissues are important for the evaluation of
regeneration potential. In our recent work [12], we have
demonstrated that bone marrow multipotent mesenchymal
stromal cells (BM-MMSC) derived from heart failure
patients are affected by heart failure in multiple ways: (1) in
HF-derived cultures, we detected the upregulation of genes
that control regeneration and fibrosis, including the Tgf-β
pathway, synthesis of ECM, remodeling enzymes, and
adhesion molecules; (2) during in vitro expansion, BM-
MMSC from HF patients demonstrated early development
of replicative senescence and decrease of proliferative
activity; and (3) altered differentiation potential was also
observed in HF-derived samples. However, when culturing
conditions were modified, we have achieved the predomi-
nant purification and expansion of the highly proliferative
nonprofibrotic CD146+/SMAα fraction that proves the
potential efficacy of HF-derived BM-MMSC in regeneration
processes [12].

Multipotent mesenchymal stromal cells are tissue-
committed progenitors that preferentially contribute to
the regeneration of certain types of tissue. For skeletal
muscle, the role of nonsatellite resident myogenic progen-
itors including multipotent mesenchymal stromal cells in
tissue regeneration was also reported [13–17]. In the cur-
rent work, we sought to investigate whether or not HF-
induced metabolic dysregulations affect the functional
properties of resident skeletal muscle mesenchymal progen-
itor cells (SM-MPC) in order to determine if these cells
could respond sufficiently to therapeutic interventions
aimed at activating muscle regeneration and growth,
including physical rehabilitation programs focused on the

stabilization of muscle metabolism and prevention of skeletal
muscle wasting.

2. Methods

2.1. Study Design and Ethical Issues. The current work is part
of a complex ongoing project focused at evaluating the
efficiency of aerobic physical training and developing person-
alized physical rehabilitation programs for heart failure
patients. The first results that demonstrate the physiological
response to aerobic physical training were published recently
[18, 19]. During this project, the skeletal muscle biopsies
should be taken from a selected group of patients enrolled
in the program before and after a course of exercise training
in order to examine the regenerative potential of muscle
progenitor cells in HF patients as presented in this work;
RNA-Seq analysis will be employed to reveal the global
response of skeletal muscle to exercise training and deter-
mine potential specific targets when sample collection will
be completed. In the current work, the first portion of the
biopsy samples was used. All samples were collected under
the agreement of the Institutional Ethics Committee at the
Almazov National Medical Research Centre. All patients
and donors entering the program agreed to and signed an
institutional review board-approved statement of informed
consent. The study was conducted in compliance with cur-
rent Good Clinical Practice standards and in accordance with
the principles under the Declaration of Helsinki (1989).

2.2. Human Subjects and Gastrocnemius Muscle Biopsy
Samples. Only male donors were recruited into this study.
A total of 3 healthy adult donors (HD) and 12 chronic heart
failure patients (HF) were enrolled. HF patients have the
following characteristics: NYHA II-III functional class, age
54± 12.5 years, body mass index (BMI) 26.5± 6.4 kg/m2,
and left ventricle ejection fraction (LV EF) 26.4± 1.4%. The
NYHA II : III patient ratio is 67% : 33%.

Inclusion criteria for the study are as follows: age 18–65
years, LV EF< 40% (Simpson), stable CHF NYHA II-III
functional class, informed consent signing, ability to perform
CPET, and optimal drug and electrophysiological therapy
(ICD, CRT-D).

Exclusion criteria for the study are as follows: myocardial
infarction and myocardial revascularization less than 3
months, stroke and CRT-D implantation less than 6 months,
expressed cognitive impairment, any chronic disease decom-
pensation, and high-gradation ventricular arrhythmias with
no implanted cardioverter-defibrillator (ICD).

Gastrocnemius muscle biopsy samples were collected
from each donor/patient at baseline and after 3–6 months
of follow-up. Biopsy samples were divided into two portions.
One was immediately transferred to liquid nitrogen for
further mRNA purification. The second portion was used
immediately for skeletal muscle progenitor cell purification.

Since our study was limited by the small number of HD
enrolled into the project, we demonstrate the consistent
response of HD-derived cells to stimulation of myogenic
differentiation and similarities in immunophenotypes in
supplemental Figure S1.
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2.3. Purification and Separation of Skeletal Muscle
Mesenchymal Progenitor Cells (SM-MPC) and Mesenchymal
Stromal Cells from Intermuscular Fat (IMF-MSC). SM-MPC
were isolated enzymatically according to the protocols
described previously [20, 21] with minor changes. In brief,
isolated muscles were placed into an enzyme solution,
mechanically disrupted with scissors, and digested for
60min at 37°C in 5mL filtered 0.1% collagenase I (C0130,
Sigma-Aldrich, Germany). To remove collagenase and cell
debris after digestion, the cell suspension was centrifuged
for 5min at 1000 × g and the supernatant was discarded. To
release the stem cells from the fibers, the pellet was resus-
pended using sterile pipette tips in 2.5mL of washing media
(DMEM supplemented with 10% horse serum (HS) (Gibco,
USA)). After the resuspension, the fibers were allowed to
settle for 5min and then the supernatant containing stem
cells was transferred to a fresh tube. To increase the yield, this
step was repeated twice. The double-collected supernatant
was filtered through a 40μm nylon cell strainer and centri-
fuged for 10min at 1000 × g in order to discard debris. Then,
the resultant supernatant was discarded and the pellet of cells
was placed in a proliferation media (DMEM supplemented
with 10% FCS) on cell culture dishes and cultured until
80% confluence.

IMF-MSC samples were obtained from intermuscular
adipose tissue located in biopsy material. IMF-MSC cultures
were prepared as described in [22]. The separated sample of
adipose tissue was washed with phosphate-buffered saline
(PBS) and suspended in an equal volume of DMEM supple-
mented with 0.1% collagenase type III, prewarmed to 37°C.
The tissue was placed in a shaking water bath at 37°C with
continuous agitation for 30min and centrifuged for 5min
at 300× g at room temperature; then, the tissue sample was
resuspended in culture media (DMEM supplemented with
10% FBC) and plated in a culture dish for expansion.

Bone marrow mesenchymal multipotent stromal cells
(BM-MMSC) and subcutaneous adipose mesenchymal mul-
tipotent stromal cells (AD-MMSC) were collected, character-
ized, and saved as in our previous projects [22]. For this
project, they were obtained from the biobank of the Almazov
National Medical Research Centre, cultured as IMF-MSC,
and used as control samples where appropriate.

2.4. Differentiation Protocols. Fusion of some cells without
external stimuli usually was observed in subconfluent
SM-MPC cultures and served as a reliable indicator, after
which we induced skeletal muscle differentiation. To induce
differentiation, the proliferation media was removed and
replaced with differentiation media that was renewed after
every other day. The DMEM media was supplemented with
2% of horse serum. Cultures were taken for experiments at
day five and day seven after induction when myotubes were
clearly visualized. Adipose tissue differentiation was stimu-
lated as described earlier [22] by replacing the culture media
with adipocyte induction medium composed of culture
medium supplemented with 1μM insulin, 1μM dexametha-
sone, and 0.5μM 3-isobutyl-1-methylxanthine. Differenti-
ated adipocytes were fixed and stained with Oil Red O at
day 9 after induction.

2.5. Immunocytochemistry. The nature of the isolated cells
was confirmed by immunocytochemical staining. Cells
seeded onto cover glasses were fixed in 4% paraformaldehyde
for 10min at 4°C and then permeabilized with 0.02% Triton
X-100 for 5min. Nonspecific binding was blocked by incu-
bation in 15% FCS for 30min, followed by one-hour incu-
bation with the following primary antibodies: anti-MyoG
(R&D Systems, USA), anti-MYF5 (R&D Systems, USA),
anti-vimentin (Sigma-Aldrich, USA), anti-CD146 (Sigma-
Aldrich, USA), anti-desmin (D33, Dako, Denmark), myo-
sin heavy chain (MF20, MAB4470, R&D Systems, USA),
anti-myosin (skeletal fast; human MYH1/MYH2) (M4276,
Sigma-Aldrich, USA), anti-myosin (skeletal slow; human
MYH7) (M8421, Sigma-Aldrich, USA), and anti-myogenin
(MAB6686, R&D Systems, USA). The secondary antibodies
conjugated with Alexa Fluor 546/Alexa-488 (Molecular
Probes, USA) were applied for 45min at room tempera-
ture. Nuclei were counterstained with DAPI (Molecular
Probes, USA).

2.6. Flow Cytometry Analysis. The immunophenotype of
stem cells was evaluated by flow cytometry analysis per-
formed on CytoFLEX (Beckman Coulter). Сells were resus-
pended in 100μL of PBS containing 1% of bovine serum
albumin (Sigma-Aldrich, Saint Louis, MO, USA) and
incubated for 20min at 20°C in the dark with the following
monoclonal antibodies (Ab): anti-CD56 PC7 (Beckman
Coulter, USA, A21692), anti-CD146 PE (Beckman Coulter,
USA, A07483), anti-CD166 PE (Beckman Coulter, USA,
A22361), anti-CD73 PE (BD Pharmingen, USA, 550257),
anti-CD105 APC (R&D Systems, USA, FAB1097A-100),
anti-CD45 PC5 (Beckman Coulter, USA, A07785), anti-
PDGFRβ APC (BD Pharmingen, USA, FAB1263A), and
anti-CD140a PE (BioLegend, USA, 323506). Data were
analyzed using the CytExpert 2.0 (Beckman Coulter).

2.7. Cell Sorting. All sorting procedures were performed on a
BD FACSAria™ III (Becton Dickinson, USA) flow cytometer
using BD FACSDiva (Becton Dickinson, USA) software.
Flow calibration was performed using Acudrop Beads (BD
FACS™) with following stabilization for at least 25 minutes.
The nozzle size was 100mm, and the sheath pressure was
set at 17 psi. During sorting, the flow rate was restricted to
<800 events/sec to ensure minimal contamination. Addition-
ally, a “4-way purity” sort option was used and is sufficient to
gain a 99% pure sample. Before sorting commenced, appro-
priate settings were determined for all parameters.

Cell cultures were stained with antiCD56 PE (Beckman
Coulter, USA, A07788) monoclonal antibodies according to
the manufacturer’s protocols. Primarily cells were detected
in logarithmical scales in forward scattering (FS) and side
scattering (SC). Sorting was performed according to the
electronic gating strategy. Two target cell populations
(CD56+ and CD56-, respectively) were collected in 15mL
falcon tubes containing PBS supplemented with 2% of FBS.

Sorting efficiency was controlled using additional flow
cytometry analysis of sorted samples. Detected purity was
no less than 95%.
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2.8. RNA Isolation, cDNA Synthesis, and Q-PCR. Sequences
for Q-PCR primers can be found in supplemental Table S1.
Total RNA was isolated using the ExtractRNA reagent
(Evrogen, cat. no. BC032, Russia). cDNA was synthesized
from 500ng of total RNA using a Moloney Murine
Leukemia Virus Reverse Transcriptase MMLV RT kit
(Evrogen, SK021, Russia). A quantitative evaluation of gene
expression was performed with qPCR mix-HS SYBR+ROX
(Evrogen, cat. no. PK156, Russia). Q-PCR data are presented
as arbitrary units of mRNA expression normalized to
GAPDH expression and to expression levels in the
reference sample.

2.9. Statistical Methods. Statistical analysis was performed
using GraphPad Prism 7 software. All data were analyzed
with at least three biological replicates and presented as
mean± SEM. See figure legends for details for each spe-
cific experiment.

3. Results

3.1. Pathological Upregulation of Genes That Regulate
Developmental/Regeneration Program and Metabolism
Detected in Skeletal Muscle from HF Patients. In order to
detect markers of HF-induced functional and metabolic
alterations in skeletal muscles, the expression analysis was
performed in HD- and HF-derived biopsy samples for
markers and regulators of skeletal muscle development,
maturation and function (Myf6, Myh3,Myh8, Myh1, Myh4,
Myh9, Myh10, Myh7, TNNI2, and TTNC1), and energy
metabolism, including the expression of genes that regulate
lipids and glucose handling (Pgc1a, HIF1a, GLUT1, GLUT4,
aP2, PLIN2, PLIN3, PPARg, ATGL, SCD1, GOS, CGI58,
CD36, NPRA, NPRB, and NPRC). A few genes from this
panel demonstrated significantly altered expression in
HF-derived samples (Figure 1(a)).

We have found that the balance between expression
levels of slow oxidative skeletal muscle fiber MHC isoform
MYH7 and fast glycolytic isoformMYH1 was notably down-
regulated in HF muscle (Figure 1(b)), along with the down-
regulation of the expression of Pgc1a (Figure 1(c)) that
indicates an impairment in the regulation of the transcrip-
tional program for mitochondrial biogenesis and oxidative
metabolism in HF [23]. Furthermore, the expression levels
of both developmental myosins, embryonic (MYH3) and
neonatal (MYH8), were substantially upregulated in HF-
derived skeletal muscle biopsies, which along with the
upregulation of myogenic regulatory factor Myf6 detected
in HF-derived samples (Figures 1(d)–1(f)) may indicate the
chronic shift to developmental program and pathological
stimulation of muscle regeneration in HF [24, 25].

We have also detected in HF skeletal muscle the alter-
ations in the expression of the NPRA/B-to-NPRC ratio
(Figures 1(g)–1(i)) that controls the biological activity of
the natriuretic peptide system (NP) at the target tissue level
[26], including control of sensitivity to insulin and lipid
oxidative capacity through a Pgc1a-dependent pathway [27]
and cardiac progenitor cell proliferation and differentiation
into cardiomyocytes [28].

3.2. The Characterization of In Vitro Expanded SM-MPC
Cells and Comparison with Mesenchymal Multipotent Cells
from Different Sources. Purified and expanded in vitro
populations of SM-MPC derived from HD and HF muscle
biopsies demonstrated a mixed phenotype that may change
dynamically during in vitro expansion. Cells did not differ
significantly from sample to sample and between HF
patients and HD in both flow cytometry analysis and immu-
nocytochemistry analysis. BM-MMSC, IMF-MSC, and AD-
MMSC were used to demonstrate differences and similarities
between muscle-derived stem cells and mesenchymal multi-
potent stromal cells from other sources. The representative
images are presented in Figure 2.

Most of the SM-MPC cells were CD73+/CD105+/
CD166+/CD140b+, and about 30–40% of the cells in the
sample expressed NCAM/CD56, known as a reliable molec-
ular marker of satellite cells and myoblasts in human skeletal
muscle, as well as myotubes, and muscle fibers during devel-
opment and/or regeneration [29] (Figure 2(a)). Interestingly,
we detected two distinct subpopulations of CD140bdim/bright

cells in some samples, but none of these populations was
CD56+ (Figure 2(b)). Furthermore, practically all SM-MPC
cells demonstrated no CD140a expression and only about
15% of them were CD146dim. Markedly, a substantial fraction
of CD146dim cells was CD56+ (Figure 2(b)).

BM-MMSC demonstrated, as expected, the CD73+/
CD166+/CD140a+/CD140b+/CD146+ phenotype and, sur-
prisingly, expressed NCAM/CD56. The expression of CD56
on bone marrow-derived MSC is not common, but was
reported previously at both mRNA and protein levels and
was donor-specific with the CD56+ fraction ranging from
24 to 88.5% [30]. In our experiments in all 3 samples, we
detected quite a big fraction of CD56+ cells; however, the
fraction of CD56bright cells in these samples was less than
15%, while in SM-MPC samples this fraction was more
than 30% as indicated on Figure 2(a). Interestingly, unlike
SM-MPC, in BM-MMSC samples all CD56+ cells were
CD140a+/CD140b+.

The immunophenotypes of both fat-derived samples,
IMF-MSC and AD-MMSC, were very similar and differ sub-
stantially from the ones of the SM-MPC and BM-MMSC
samples. Virtually all cells in the IMF-MSC and AD-MMSC
samples were CD56 negative and expressed mesenchymal
markers CD73, CD105, CD166, and CD140b (PDGFRb),
but they demonstrated little or no CD140a (PDGFRa) and
CD146 expression.

The immunostaining analysis also revealed the coexpres-
sion of mesenchymal markers and markers of myogenic cells
in SM-MPC (Figure 2(c)). Virtually all cells were expanded
in vitro; however, the cells were not stimulated to differenti-
ate into cells expressing early myogenic regulatory factor
Myf5 [25], and some cells, presumably those that will
undergo spontaneous fusion, expressed myogenin (MYOG)
that regulates the fusion of myocytes and the formation of
myotubes [25]. Furthermore, in vitro expanded skeletal
muscle-derived stem cells expressed vimentin (Figure 2(c)),
known to be expressed not only in mesenchymal cells [31]
but also in myoblasts and in myotubes during early stages
of embryonic development [32, 33]. The promyogenic nature
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of cells that express the melanoma cell adhesion molecule
(MCAM, or CD146) was demonstrated recently [16], and
we also have detected the CD146+ population in our samples
(Figure 2(c)). We did Myf5 and MyoG immunostaining
simultaneously for the same cultures that were stained for
vimentin, and these data in combination with FACS analysis
provide evidence of the coexpression of mesenchymal lineage
cell markers with myogenic markers.

3.3. Both CD56+ and CD56- Fractions of SM-MPC
Demonstrate Myogenic Potential. In order to determine if
both major subpopulations of SM-MPC (CD56-/CD56+)
possess the myogenic potential and may therefore be impor-
tant for the maintenance of skeletal muscle regeneration,
we employed FACS sorting to separate these subpopula-
tions from SM-MPC; purified CD56-/CD56+ samples were
expanded in vitro and induced to differentiate into adipose
and muscle tissue (Figure 3). IMF-MSC samples were used
as a control.

As we expected, IMF-MSC samples did not respond to
the stimulation of myogenesis but were differentiated actively
into adipocytes (Figure 3(b)). On the contrary, both subpop-
ulations of SM-MPC did not differentiate into adipocytes
under adipogenic stimuli but demonstrated the ability to dif-
ferentiate into myotubes (Figure 3(c)). The fusion coefficient
was slightly but not significantly higher in the CD56+
subpopulation (30 ± 3% vs 24 ± 35) (Figure 3(d)), which
confirmed the potential significance of both fractions of
SM-MPC for muscle regeneration/development. Taking
into account all information mentioned above, we choose
to use the whole unsorted HD- and HF-derived SM-MPC
cellular samples in further work.

3.4. Immunohistochemical Analysis and Gene Expression
Analysis during HD- and HF-Derived SM-MPC Differentiation
In Vitro Did Not Reveal Differences between Groups. HD-
and HF-derived SM-MPC demonstrated a similar ability
to respond to the stimulation of myogenesis in vitro. We
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Figure 1: The expression of genes that regulate skeletal muscle development and metabolism is altered in HF patients. (a) Results of Q-PCR
screening of key regulators and markers of skeletal muscle development and metabolism. Green bars: upregulation in HF; red bars:
downregulation in HF; n = 3 (HD) and n = 12 (HF). (b–i) Results of Q-PCR analysis of mRNA expression for genes that demonstrated
significant differences in between HD and HF. n = 3 (HD) and n = 12 (HF).
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have done immunocytochemical staining at early and late
steps of differentiation. At day five after induction, the
formation of myotubes was observed and immunocyto-
chemical staining detected the expression of myogenin,
CD146, and vimentin. It is known that vimentin is the

most abundant intermediate filament protein in immature
myoblasts/muscle progenitors. During the early steps of
muscle development, desmin and vimentin are coexpressed.
Upon further differentiation into mature muscle cells,
desmin is strongly upregulated, while the expression of
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Figure 2: Characterization of SM-MPC, IFM-MSC, BM-MMSC, and AD-MMSC cultures expanded in vitro. (a) Representative histograms
demonstrate the results of a comparative FACS surface marker analysis of SM-MPC, IFM-MSC, BM-MMSC, and AD-MMSC. Green
histograms indicate the stained samples, and grey ones indicate the negative controls. The red ring indicates the CD56bright subpopulations
in SM-MPC and BM-MMSC samples (n = 3–5 in each group). (b) Visualization of FACS analysis in SM-MPC samples: CD56+/CD140a-,
CD56+/CD140b-, and CD56+/CD146+ subpopulations are indicated in a rectangle gate; quadrant gates specify the negative/positive
populations. Unstained cells were used as a negative control for each sample. (c) Immunocytological phenotyping of skeletal muscle
precursor cells at early steps of expansion in vitro. Cells were stained for the expression of MYF5 (red; ~100% of positive), MYOG
(red; 25± 4% of positive), vimentin (VIM, green; ~100 of positive), or CD146 (green; 20± 4.5% of positive). The insert demonstrates
the enlarged region with a CD146+ cell. Nuclei were labelled with DAPI (blue). Scale bars represent 50μm.

6 Stem Cells International



vimentin completely ceased [34]. In our cultures, we
detected vimentin in progenitor cells (Figure 2(c)) and in
myotubes at the early steps of differentiation (Figure 4),
while desmin expression was detected in all tested condi-
tions (Figures 3 and 4).

Staining for desmin (Figure 4) and MF20 (data not
shown) at day 5 did not demonstrate a cross-striated pattern
specific for mature skeletal muscle fiber (Figure 4). At day
seven of immunocytochemical staining with antibodies
against MF20, slow and fast MyHCs confirmed that differ-
entiated myotubes demonstrate a cross-striated pattern,
similar to that seen in adult muscle fibers. Both HD- and
HF-derived cells developed myotubes that were positive
for both slow (MYH7) and fast (MYH1/MYH2) myosins,
and the fractions of nuclei incorporated into myosin-
positive myotubes did not differ significantly between
HF and HD samples (Figure 5(a)). The fusion coefficient
did not differ significantly between HD and HF samples
(28 ± 4% vs 32 ± 5%) (Figure 5(b)).

The gene expression analysis of markers and regulators of
myogenic differentiation of SM-MPC derived from HD and
HF patients confirmed the results of immunohistochemistry:

the expression of slow skeletal muscle fiber MHC isoform
MYH7 and fast isoform MYH1 did not differ significantly
between HD- and HF-derived differentiated myotubes, and
the expression of embryonic (MYH3) and neonatal (MYH8)
myosins did not differ significantly as well. The expression
of myogenic regulatory factor Myf6, Pgc1a, and of atrial
natriuretic peptide receptor C in differentiated myotubes also
did not differ significantly between groups (Figure 5(c)).

4. Discussion

Heart failure is a multiorgan syndrome affecting different cell
types, including skeletal muscle. The development of preven-
tive and therapeutic strategies against muscle wasting disor-
ders in HF remains an unresolved challenge, and activation
of developmental/regeneration programs in skeletal muscle
could be considered as a prospective approach. Therefore,
the activation of skeletal muscle progenitor cells would be
beneficial for the restoration of skeletal muscle structure
and performance. In this work, we aimed to determine if
HF-induced skeletal muscle alterations affect SM-MPC
developmental/regeneration potential.
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Figure 3: Comparative analysis of the functional properties of subpopulations of skeletal muscle progenitor cells derived from muscle tissue
(SM-MPC) and from intermuscular fat (IMF-MSC). (a) The design of the experiment is as follows: SM-MPC and IMF-MSC were purified
from muscle biopsy, expanded in vitro, characterized, and induced to differentiate. (b) IMF-MSC under appropriate stimulation undergo
adipogenesis but do not respond to promyogenic stimulation. (c) Both CD56+ and CD56- fractions of SM-MPC demonstrate the ability
to differentiate into myotubes but do not respond to adipogenic stimuli; scale bars represent 100μm. (d) Fusion coefficient is calculated as
a percent of nuclei incorporated in MF20+ myotubes, and it does not differ between the CD56+ and CD56- subpopulations.
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with multinucleated myotubes. Scale bars represent 50 μm.
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We have detected a number of chronic dysregulations in
the skeletal muscle tissue from our patients. The most
important one was the chronic activation of the develop-
mental program: the expression of mRNA of MYH3/
MYH8 myosins and myogenic regulatory factor Myf6 was
detected in an HF-derived biopsy. These alterations in com-
bination with changes in slow/fast fiber composition may
severely influence skeletal muscle metabolism, structure,
and performance. We suggest that in HF, the regeneration
process is stimulated in response to HF-induced damage:
skeletal muscle progenitor cells progress successfully through
activation, proliferation, differentiation into myoblasts, and
fusion steps; however, instead of advancing to the fiber mat-
uration stage, they get “stuck” at the developmental phase
presumably due to chronic metabolic alterations observed
in HF skeletal muscle. The reexpression of developmental
myosins in adult skeletal muscle was detected in different
pathological conditions that involve muscle degeneration/
regeneration, such as trauma, chronic denervation, muscu-
lar dystrophy, and different types of myopathies (reviewed
in [24]); however, to our knowledge none was previously
reported for HF.

The shift from oxidative fiber type I to glycolytic fiber
type II and reduced oxidative enzyme activities is the best-
described HF-induced metabolic alteration in skeletal muscle
[3, 5, 8, 35, 36]. We have also detected the shift in the expres-
sion ratio between fiber type I and fiber type II in skeletal
muscle from HF patients, as well as the downregulation of
expression of Pgc1a (Figure 1), which is an important medi-
ator of mitochondrial metabolic properties in skeletal muscle
and is downregulated in various types of atrophying muscle
[37] including skeletal muscle of rats with HF [38–41].
Furthermore, HF is a state of chronic activation of adrenergic
and NP systems, which besides their well-documented role in
the cardiovascular system also plays a role in favoring fat
oxidative capacity in human skeletal muscle cells [42] via
the activation of cGMP signaling, induction of PGC1a, and
enhancement of mitochondrial respiration [27]. There are
also recent data showing that the NP system is involved in
the regulation of cardiac progenitor cell proliferation via
NPR-A and differentiation into cardiomyocytes via NPR-B
[28] contributing to heart development and regeneration.
The switch in expression balance from NPR-A/B to NPRC
detected in our work indicates an increase of NP system
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Figure 5: Differentiated myotubes do not differ significantly between HD- and HF-derived skeletal muscle progenitor cells. (a) At day 7 after
stimulation, myotubes were stained for the expression of MyHC with an antibody that recognizes the heavy chain of myosin II (MF20) and
markers of slow MYH7 and fast MYH1/MYH2 fibers. Nuclei were labelled with DAPI (blue). Representative images are given for both HF-
and HD-derived samples. Scale bars represent 50μm. (b) Fusion coefficient is calculated as a percent of nuclei incorporated in MF20+
myotubes at day 7 after stimulation, and it does not differ between HD- and HF-derived samples. (c) mRNA expression analysis was
performed for key markers of muscle development and metabolism for both HF- and HD-derived samples.
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activity [9] that could also impact on the upregulation of
developmental signaling in HF skeletal muscle. Together,
we have detected a number of alterations in HF-derived
skeletal muscle that would affect developmental, metabolic,
structural, and functional properties of skeletal muscle.

Next, we purified SM-MPC from HD- and HF-derived
biopsies and investigated if the functional properties of
HF-derived cells were affected by these alterations. The
SM-MPC that we isolated from skeletal muscle biopsy
samples from HD and HF patients represented a mixed
population of cells that express both mesenchymal and
myogenic markers. Samples were characterized by FACS
analysis (Figures 2(a)–2(c)) and immunocytochemistry
(Figure 2(c)), and they were also investigated for the abil-
ity to differentiate in vitro (Figure 3). In order to better
evaluate the myogenic potential of muscle progenitor cells
derived from HD and HF subjects based on obtained
results, we concluded using the whole unsorted samples
in differentiation experiments in order to retain in cultures
all subpopulations that could possibly contribute to stimu-
lated in vitro myogenesis either via paracrine signaling
mechanisms and/or direct cell-cell interaction.

Indeed, there is a lot of evidence in the literature that
describes different subpopulations of skeletal muscle progen-
itor cells that support skeletal muscle development, growth,
and regeneration (reviewed in [13]). The best characterized
myogenic progenitors in postnatal muscle are satellite cells
that are activated in response to injury or stimulation to
growth, which then start to proliferate and generate a pool
of myoblasts able to fuse into newly formed myofibers.
CD56 is considered as the most reliable satellite cell surface
marker [38]. However, human satellite cells are not easy to
isolate, purify, and expand in culture: most of the studies with
satellite cells were done on mice, but not on humans [16].
Furthermore, in recent years reports of myogenic cells
distinct from satellite cells have accumulated, and not all
of these cells are reported to be CD56+. For example,
PW1+/Pax7– interstitial cells (PICs) that do not express
CD56 but demonstrate bipotential behavior in vitro, gen-
erating both smooth and skeletal muscles, were isolated
and characterized [17]; the coexpression of mesenchymal
(CD90, CD73, CD166, and CD105) and myogenic (CD56)
markers was reported on several cell populations with myo-
genic potential including human embryonic mesodermal
progenitors [43], expanded in vitro muscle-derived primary
cultures [14], and myogenic mesenchymal progenitors
derived from hES and iPSC [29]. It was also shown that sub-
endothelial- (mural) cultured CD146+ cells (also known as
“mesenchymal stem cells”) purified from various groups of
skeletal muscle were able to spontaneously generate myo-
tubes in vitro and myofibrils in vivo, and the expression of
CD146 and CD56 was mutually exclusive in distinct myo-
genic cell subsets, with no coexpression [16]. Importantly,
in this work the authors report that sorted and cultured
CD146+ human muscle-derived cells progressively turn on
the expression of myogenic markers PAX7, PAX3, Myf5,
CD56, desmin, and MyHC, as they were verified by fluores-
cent immunocytochemistry [16]. Finally, in some protocols
CD146 is recommended as a positive selection marker in cell

sorting to obtain a human fetal myoblast population [44].
Together, all these previous findings support observations
made in our work. Firstly, in expanded in vitro adherent
cells purified from gastrocnemius muscle biopsy we also
detected substantial subpopulations of cells that coexpress
mesenchymal and myogenic markers (Figure 2). Secondly,
we have found that not only the sorted CD56+ but also
the sorted CD56- subpopulation demonstrates myogenic
potential (Figure 3). Because of the limited volumes of
samples, we were not able to monitor the dynamics of marker
expression during in vitro expansion of sorted CD56+/CD56-
populations; however, we can speculate that the myogenic
potential of the CD56- subpopulation can be related to the
CD146+ subpopulation of cells and those cells could turn
on the expression of myogenic markers in the course of
expansion as described by Persichini et al. [16]. The data
presented on Figures 2 and 3 support this speculation pretty
well: the coexpression of CD146 and CD56 on certain sub-
populations of expanded in vitro SM-MPC (Figures 2(a)
and 2(c)) and coexpression of myogenic regulatory factor
myogenin (MyoG) with CD146 at early steps of myogenic
differentiation (Figure 3) confirm the importance of the
CD146+ SM-MPC fraction for myogenic differentiation.

Also, as indicated on Figure 3, both major fractions of
SM-MPC (CD56+/CD56-) demonstrated a similar ability to
differentiate into myotubes but not into adipocytes. This is
an important observation: dysregulation of lipid metabolism
in the skeletal muscles of HF patients is a well-described
metabolic disorder [9], and fatty degeneration of skeletal
muscle is often associated with metabolic dysregulation
[45, 46]. In our experiments, neither HD nor HF-derived
SM-MPC demonstrated in vitro adipogenic potential. Our
data fit well the observations described by Uezumi et al.
[45] who demonstrated that only the CD140a+ mesenchymal
progenitor population of muscle-derived cells show efficient
adipogenic differentiation both in vitro and in vivo. In
our work, SM-MPC demonstrated a CD140a- phenotype.
Interestingly, both adipose tissue-derived AD-MMSC and
IMF-MSC, but not BM-MMSC samples that all differentiate
into adipocytes (Figure 2, our previous data [22]), demon-
strated a CD140a- phenotype.

Interestingly, we have detected myotube formation not
only upon canonical differentiation conditions (2% horse
serum), but even under adipogenic stimulation (data not
shown). Similar observations were made previously by
others: myogenesis in skeletal muscle-derived progenitor
cells under adipogenic stimulation was mentioned earlier
by Persichini et al. [16] and by Uezumi et al. [45]; those data,
however, did not get much attention and deserve further
investigation. Together, these observations allow us to con-
clude that SM-MSC samples purified from both HD- and
HF-derived skeletal muscle were restricted/committed to
myogenic differentiation and, in general, do not differ
between healthy donors and heart failure patients.

5. Conclusion

In the present work, we demonstrate that the metabolic and
functional alterations we detected in skeletal muscle from
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HF patients do not dramatically affect the functional prop-
erties of purified and expanded in vitro skeletal muscle
mesenchymal progenitor cells (SM-MPC).

These findings allow us to speculate that skeletal muscle
progenitor cells are quite well protected by their niche from
HF-induced metabolic stress, and they could, under benefi-
cial circumstances, contribute to damaged muscle restora-
tion, prevention, and treatment of muscle wasting; the exact
mechanisms behind alterations in the muscle regeneration
program in HF remain to be investigated, and the potential
new therapeutic strategies of HF-induced skeletal muscle
wasting should be targeted on both activation of skeletal
muscle stem cell regeneration potential and improvement
of skeletal muscle metabolic status in order to provide a
favorable environment for SM-MPC-driven improvement
of muscle structure and performance.
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Safety issues associated with transcription factors or viruses may be avoided with the use of chemically induced pluripotent stem
cells (CiPSCs), thus promoting their clinical application. Previously, we had successfully developed and standardized an
induction method using small-molecule compound, with simple operation, uniform induction conditions, and clear
constituents. In order to verify that the CiPSCs were indeed reprogrammed from mouse embryonic fibroblasts (MEFs), and
further explore the underlying mechanisms, FSP-tdTomato mice were used to construct a fluorescent protein-tracking system of
MEFs, for revealing the process of CiPSC reprogramming. CiPSCs were identified by morphological analysis, mRNA, and
protein expression of pluripotency genes, as well as teratoma formation experiments. Results showed that after 40-day treatment
of tdTomato-MEFs with small-molecule compounds, the cells were presented with prominent nucleoli, high core-to-cytoplasmic
ratio, round shape, group and mass arrangement, and high expression of pluripotency gene. These cells could differentiate into
three germ layer tissues in vivo. As indicated by the above results, tdTomato-MEFs could be reprogrammed into CiPSCs, a
lineage that possesses pluripotency similar to mouse embryonic stem cells (mESCs), with the use of small-molecule compounds.
The establishment of CiPSC lineage, tracked by fluorescent protein, would benefit further studies exploring its underlying
mechanisms. With continuous expression of fluorescent proteins during cellular differentiation, this cell lineage could be used
for tracking CiPSC transplantation and differentiation into functional cells.

1. Introduction

Generation of induced pluripotent stem cells was first
reported by Japanese scientists Yamanaka and Takahashi
for which they were awarded the Nobel Prize. In 2006,

Takahashi and Yamanaka [1] first introduced four transcrip-
tion factors (Oct4, Sox2, Klf4, and c- Myc) into somatic cells
using viral vectors, successfully inducing the transformation
of somatic cells into induced pluripotent stem cells (iPSCs).
The iPSCs, obtained after reprogramming, were similar to
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embryonic stem cells (ESCs) with respect to morphology,
gene and protein expression, epigenetic modification, cell
doubling and multiplication ability, embryoid body and tera-
toma forming ability, differentiation ability, and many more.
In the following year, human iPSCs were produced simulta-
neously by Takahashi et al. and Yu et al. [2, 3]. For more than
10 years, iPSCs have shown better prospects in basic research
as well as novel therapies. Using different transcription fac-
tors, fibroblasts could be reprogrammed into neuronal cells
[4–7], hepatocytes [8–10], cardiomyocytes [8–10], and
hematopoietic cells [11], which were clinically more valuable
than traditional allogeneic stem cell transplantation therapy,
and global regenerative medicine research had thus
entered a new era of milestones [12, 13]. However, inte-
gration of the foreign gene into the host cell genome, by
means of a viral vector, could also cause safety hazards, such
as overexpression of the foreign gene, thus limiting its clinical
application [14].

Researchers have attempted to either replace the
Yamanaka factors with small-molecule compounds or
facilitate the reprogramming process. For example, vitamin
C could promote somatic cell reprogramming in mice and
humans [15], RepSox could replace Sox2, one of the
Yamanaka factors [16] and BMP4 could replace KLF4 factor
in the mesenchymal-epithelial transition (MET) process dur-
ing reprogramming and complete the fibroblast-to-epithelial
cell transformation [17]. In 2013, Hou et al. [18] replaced
Oct4 with the small-molecule compound forskolin, and for
the first time, successfully reprogrammed chemically induced
pluripotent stem cells (CiPSCs) from somatic cells using a
small-molecule compound. Integration of the small-molecule
compound into DNA could remodel the chromatin structure,
thus altering gene expression, which is significantly different
fromwhat happens in traditionalmethods. The safety hazards
and application challenges due to viruses and transcription
factors could be avoided with the use of this novel method.
Further studies were conducted using small-molecule com-
pounds to directly reprogram somatic cells into neurons,
neural progenitor cells [19–21], cardiomyocytes [22], and
many more.

However, there are two obvious limitations of the tradi-
tional chemically induced method, including low efficiency
of the reprogramming induction and the use of serum that
may affect further study of the underlying mechanisms. The
chemically induced reprogramming method, reported by us
earlier, not only improved the induction efficiency remark-
ably but also did not require serum, hence confirming it as
a promising method for inducing pluripotent stem cells [23].

The Cre/loxP recombination system, proposed by
Sternberg and Hamilton [24], refers to the technical core of
conditional gene targeting, inducible gene targeting, and
spatiotemporal-specific gene targeting strategies, which are
widely used in novel gene targeting [25]. Owing to its high
efficiency and simplicity, Cre/loxP localization and recombi-
nation system has been effectively utilized in the deletion of
specific genes, identification of gene functions, integration
of foreign genes, gene capture, and chromosome engineering.

Fibroblast-specific protein 1 (Fsp1), also known as S100
calcium-binding protein A4 (S100A4), is the most specific

molecular marker currently found in fibroblasts [26]. Fibro-
blasts may be genetically modified with the Cre/loxP system
using the promoter of Fsp1 and tracked by the specificity of
fluorescent protein, in order to identify the reprogram-
initiating cells and track the reprogramming process. They
could help in understanding the gradual loss of initial somatic
cell characteristics during reprogramming and gradual acqui-
sition of pluripotent stem cells at reprogramming endpoints,
and in gaining insight into the key factors constraining the
reprogramming efficiency, including the transitions of gene
expression regulation and epigenetic modification involved.

In this study, we successfully established a CiPSC lineage
reprogrammed from fluorescent protein-tracking FSP-
tdTomato MEFs, with small-molecule compounds, ensuring
the accuracy and authenticity of reprogram-initiating cells.
The obtained CiPSCs were identified and analyzed in terms
of morphological characteristics, self-renewal, proliferation,
and differentiation potentials.

2. Materials and Methods

2.1. Mice. FSP1-Cre mice and Rosa26-tdTomato mice, pure
black, were generated from C57B/6J background and were
from Shanghai Institute of Materia Medica. All animal exper-
iments were performed according to the Animal Protection
Guidelines of Guangzhou Institutes of Biomedicine and
Health, Guangzhou, China.

2.2. Cell Culture. High-glucose DMEM (Hyclone), supple-
mented with 10% FBS (NTC), 1× NEAA (Gibco), and 1×
Gluta Max (Gibco), was used for MEF culture.

CiPSCs and mESCs were cultured in N2B27 medium
containing 1× N2 (Gibco), 2× B27 (Gibco), 1× NEAA
(Gibco), 1× Gluta Max (Gibco), 1× Sodium pyruvate
(Gibco), 0.1mM βME (Gibco), 3μM CHIR99021 (MCE),
1μM PD0325901 (MCE), and 1000 units/ml LIF (Millipore).

The first-stage culture medium for CiPSCs (day 0–day
22) contained iCD1, 5μM BrdU (Sigma), 0.05μM AM580
(Selleck), 10 ng/ml BMP4 (RD), 5μM RepSox (ChemBest),
5μM EPZ5676 (TargetMol), 10μM Forsklin (ChemBest),
5μM SGC0946 (TargetMol), 0.5mM VPA (Selleck), and
0.05μM DZNep (Selleck).

The second-stage culture medium for CiPSCs (day 22–
day 40) contained high glucose, DMEM (Hyclone), 1× N2
(Gibco), 2× B27 (Gibco), 1× NEAA (Gibco), 1× Gluta Max
(Gibco), 1× Sodium pyruvate (Gibco), 0.1mM βME (Gibco),
3μM CHIR99021 (MCE), 1μM PD0325901 (MCE), and
1000 units/ml LIF (Millipore).

2.3. Isolation and Culture of Embryonic Fibroblasts. After
mating in the cage, the pregnant FSP1-Cre and Rosa26-
tdTomato mice were sacrificed by cervical dislocation under
anesthesia and the embryos were harvested at day E13.5. The
head, tails, limbs, and the darker visceral parts were removed
from the embryos. The residual part was washed thrice with
DPBS. The tissues were minced, 0.15% trypsin added, and
incubated at 37° C for 15min for digestion. Digestion
was terminated with an equal volume of culture medium
containing 10% FBS. Cells were resuspended in culture
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medium containing 10% FBS after centrifugation and seeded
into a 60mm culture dish. The medium was refreshed every
day, and passage or cryopreservation was performed when
cell fusion reached 90%.

2.4. Cell Reprogramming. MEFs were seeded into a 12-well
plate at a density of 50,000/well. After 24 h, culture medium
containing 10% FBS was replaced by the first-stage CiPSC
culture medium and recorded as day 0. The medium was
refreshed every alternate day and replaced by second-stage
CiPSC culture medium at day 22. The induction process
was continued for 12–18 days.

2.5. Real-Time PCR. The cells were lysed with TRIzol reagent
at 1 million cells/ml to extract RNA. ReverTra Ace (Toyobo)
and oligo (dT) (TaKaRa) were used to produce cDNA, and
Premix Ex Taq (TaKaRa) was used as a template for gene
expression detection in real-time PCR. qPCR was performed
with the primer sequences displayed in Table 1.

2.6. Immunofluorescence. Cells were cultured in a 24-well
plate covered with glass slide (coated with 0.1% gelatin over-
night). The cells were washed with PBS at day 3, fixed with
4% paraformaldehyde for 30min at room temperature
(about 15°C–25°C), and washed thrice with PBS. BSA (3%)
and Trizon X-100 (0.2%) were mixed in 1 : 1 ratio for cell
blocking and permeability. The cells were then incubated
at room temperature for 1 h and washed thrice with PBS.
After 2 h incubation with primary antibody, the cells were
washed with PBS, incubated with the second antibody for
1 h in the dark, washed trice with PBS, incubated with
DAPI diluted at 1 : 5000 for 1min, and finally washed
thrice with PBS before observing under a fluorescence
microscope. The antibodies diluted with 3% BSA were
anti-Oct4 (SC-5279, 1 : 200), anti-Sox2 (sc-17320, 1 : 100),
anti-Nanog (BETHYL no. A300-397A, 1 : 200), and anti-
SSEA1 (RD, MAB2155, 1 : 50).

2.7. Teratoma Detection. CiPSCs were digested with 0.05%
trypsin for 3min and counted after resuspension and cen-
trifugation. Approximately 5× 105 cells were resuspended
in 50μl Matrigel and inoculated into the subcutaneous tis-
sue of NOD-SCID mice. After 1–2 months, the injection
site was examined for tumor formation. If a tumor was
formed, it was fixed with 4% paraformaldehyde after dis-
section and sent to the pathology laboratory of Guangzhou

Institutes of Biomedicine and Health for paraffin sections
and H&E staining.

2.8. Chimeric Mice Detection. Pregnant ICR mice at day E3.5
were subjected to cervical dislocation under anesthesia and
obtained the blastocysts. The blastocysts were transferred to
the micro-operation room for further use. Smooth and round
CiPSCs were selected and injected into the blastocysts at a
dose of 15 cells per blastocyst. After 2–3h culture in an incu-
bator, the blastocysts were transplanted into the uterus of
female ICR mice for pseudopregnancy at day E2.5. Each
mouse was transplanted with 10–15 blastocysts. The incision
was closed with a suture clip and the mice were bred until
pups were born.

2.9. Statistical Method. Statistical analyses and mapping
were performed using SPSS22.0 and Prism version 6. All
quantitative data are expressed as mean± standard devia-
tion and comparisons were made with independent t-test.
P < 0 05 was considered statistically significant (∗P < 0 05;
∗∗P < 0 01; ∗∗∗P < 0 001).

3. Results

3.1. Preparation of FSP-tdTomato MEFs. As shown in
Figure 1(a), when the Fsp1-Cre mice were mated with
Rosa26-tdTomato mice, the fibroblast FSP promoter was
activated in the embryos and Cre recombinase was expressed
to delete the stop sequence between the two loxP sites in the
same direction, thus ensuring continuous expression of
tdTomato. MEFs were labeled in this method to verify that
our reprogram-initiating cells were indeed fibroblasts. Thus,
tdTomato shall be continuously expressed after the cellular
transition of MEFs.

The MEFs isolated at E13.5 were adherent cells. Cell
adherence and complete stretch were observed 2–3h after
digestion, presented as fusiform or polygonal with full cyto-
plasm, strong stereoscopic effect, clear nuclei, and partial
expression of tdTomato red fluorescence (Figure 2(a)). On
the second day of culture, numerous dead cells were found
floating in the culture medium. With vigorous proliferation,
numerous nascent, round, and translucent cells were observed
under the microscope. Generally, cells were completely
fused after 2–3 days, and passage was performed at a ratio
of 1 : 2–3. MEFs at passages 3–5 that were in good

Table 1: Details of primers used for qRT-PCR analysis of selected genes used in the PCR experiments.

Gene name Primer sequences
Annealing T

(°C)
GenBank accession

number

Oct4 F: 5′-CATTGAGAACCGTGTGAG-3′ R: 5′-TGAGTGATCTGCTGTAGG-3′ 60°C NM_013633.3

Sox2 F: 5′-AGGGCTGGGAGAAAGAAGAG-3′ R: 5′-CCGCGATTGTTGTGATTAGT-3′ 60°C NM_011443.4

Sall4 F: 5′-CTAAGGAGGAAGAGGAGAG-3′ R: 5′-CAAGGCTATGGTCACAAG-3′ 60°C NM_175303.4

Nanog F: 5′-CTCAAGTCCTGAGGCTGACA-3′ R: 5′-TGAAACCTGTCCTTGAGTGC-3′ 60°C NM_028016.3

Rex1 F: 5′-CAGCCAGACCACCATCTGTC-3′ R: 5′-GTCTCCGATTTGCATATCTCCTG-3′ 60°C NM_009556.3

Dppa5a F: 5′-CCGTGCGTGGTGGATAAG-3′ R: 5′-GCGACTGGACCTGGAATAC-3′ 60°C NM_025274.3
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condition were used for reprogramming with small-molecule
compounds (Figure 1(b)).

3.2. Reprogramming of Fsp1-Cre:R26RtdTomato MEFs into
CiPSCs with Small-Molecule Compounds. Reprogramming
was performed with small molecule compounds as shown
in Figure 1(b). We found that tdTomato-MEFs experienced
the same morphological changes as the wild-type MEFs,
presenting typical clonal growth. The clones were round or
elliptical with clear boundaries and good refraction. They
were closely arranged, with small size, large nuclei, and the
ratio of the nucleus and cytoplasm is mass (Figure 2(a)).

The number of clones reached 90–108 at day 40, of which
11–20 CiPSC clones were reprogrammed from Fsp1-
Cre:R26RtdTomatoMEFs (Figure 2(b)). Themonoclonal clones
of CiPSCs were selected for passage. Stable morphological
characteristics, self-renewal abilities, stable proliferation, and
passage were observed in the CiPSCs that had been passaged
to 36th generations.

3.3. Detection of Pluripotency Gene Expression in CiPSCs by
Real-Time Quantitative PCR (RT-qPCR). To understand
whether pluripotency genes were activated at transcription
level, Oct4, Sox2, Sall4, Nanog, Rex1, Dppa5a, and other
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Figure 1: Establishment of CiPSCs derived from FSP-tdTomato MEFs. (a) Summary scheme depicting the establishment of FSP-tdTomato
MEFs. FSP: fibroblast-specific protein. (b) Schematic diagram for the induction of CiPSCs from MEFs.
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genes were used as markers to evaluate the pluripotency of
stem cells; expression of these genes was not observed in dif-
ferentiated somatic cells. In this study, real-time quantitative
PCR was used to analyze the expression of CiPSC-related
genes. As shown in Figure 3, the pluripotency genes were
hardly or rarely expressed in MEFs, while CiPSC pluripo-
tency genes were highly expressed with mESC characteristics.

3.4. Immunoassay for Pluripotency Gene Expression in
CiPSCs. To further validate the expression of pluripotency
genes in CiPSCs at protein level, we performed immunofluo-
rescence assay on CiPSCs. Results showed that specific
molecular markers, including ESC, SOX2, OCT4, NANOG,
and SSEA1, were expressed in CiPSCs (Figure 4).

3.5. Teratoma Formation. To verify whether the CiPSCs were
tumorigenic, they were transplanted into NOD-SCID mice.
A teratoma with 2 cm diameter was formed a month after cell
transplantation. H&E staining was used to further detect
whether the CiPSCs had the ability to form three germ layers
in vivo. The ectodermal skin tissue, mesodermal cartilage tis-
sue, and endodermal glandular tissue were observed in the
teratoma under a microscope, with most of the differentiated
tissue expressed with red fluorescence (Figure 5).

3.6. Chimeric Mice Could Be Derived from CiPSCs. The cellu-
lar tissue of each organ in the chimeric mice may be derived
from either the recipient blastocyst (white) or CiPSCs

(black). When some cells of an organ were derived from
blastocysts while others were from CiPSCs, a chimera
may form. For example, if certain cells of the skin origi-
nated from blastocysts (white) while others were from
CiPSCs (black), the chimeric mice would have both black
and white hair. However, intersection of genome does
not occur within any single cell. Chimeric mice carry cells
with two different origins, each containing two different
sets of genomes. However, from the perspective of hair
color, the darker the hair, the greater the contribution of
CiPSCs, indicating higher chimeric efficiency. Besides the
skin color, we could also observe the eye color of the mice.
For example, the eyes of CiPSC-derived mice should be
black, while those of blastocyst-derived mice should be
red. As shown in Figure 6, black eyes and hair in chimeric
mice indicated chimerism from CiPSCs.

4. Discussion

CiPSCs were presented with two major characteristics of
embryonic stem cells, namely, the self-renewal ability and
pluripotency of differentiation into all types of cells. In addi-
tion, CiPSCs not only overcame the ethical issues challenged
by embryonic stem cells but also could avoid the safety issues
associated with viruses and transcription factors and have
broad application prospects in toxicology, drug screening,
disease models, and regenerative medicine [27, 28]. The ear-
liest method for transcription-factor reprogramming was by

Dppa5a

0

1

2

3
Nanog

0.00

0.05

0.10

0.15

Sall4

0.00

0.05

0.10

0.15

0.20
Sox2

0.00

0.01

0.02

0.03

0.04

Oct4

0.00

0.05

0.10

0.15

0.20 ⁎⁎⁎

⁎⁎⁎
⁎⁎⁎

⁎⁎⁎

⁎

⁎

Rex1

0.0

0.1

0.2

0.3 ⁎⁎⁎
⁎⁎⁎

⁎⁎

⁎⁎⁎

⁎⁎⁎

⁎

MEF
ES
CiPS

Re
lat

iv
e e

xp
re

ss
io

n 
to

 G
ap

dh

Figure 3: Expression of pluripotency markers in MEFs, mESCs, and three independent CiPSC lines derived from MEFs by qRT-PCR. Data
are mean± SD, n = 3 independent experiments. P < 0 05 was considered statistically significant (∗P < 0 05; ∗∗P < 0 01; ∗∗∗P < 0 001).

5Stem Cells International



retroviruses and lentiviral vectors, which are still widely used.
Although the reprogramming efficiencies of these methods
were rather high compared to that of other methods, they
tend to integrate stably and randomly into chromosomes,
which may increase the risk of tumorigenesis. Through
biochemical tests and high-throughput screening, the
effects of transcription factors could be gradually replaced
by small-molecule compounds and growth factors. The

main limitation that hinders the application of CiPSCs in
clinical practice is efficiency and safety, and the key to
solving these problems lies in the mechanistic studies
underlying somatic cell reprogramming.

One remaining question is the origin of CiPSCs. It is
estimated that only a small percentage of cells expressing
the pluripotency genes became CiPSCs using the small-
molecule compound reprogramming system. It follows that

SOX2OCT4 NANOG SSEA1

GFP(488)

tdTomato

DAPI

Merge

Figure 4: Expression of SOX2, OCT4, NANOG, and SSEA1 in MNF-derived CiPSC colonies, as detected by immunofluorescence. Scale bars,
100μm.

Ectoderm

(a)

Mesoderm

(b)

Endoderm

(c)

(d) (e) (f)

Figure 5: Phase (a–c) and fluorescence images (d–f) of teratoma and H&E staining of FSP-tdTomato MEF-derived CiPSCs.
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rare tissue stem/progenitor cells that coexisted in the fibro-
blast culture might be the reason for the increase of the
CiPSCs. In fact, researchers have successfully obtained multi-
potent stem cells from skin [29–31]. These studies have also
proved that about 0.067% of mouse skin cells are stem cells.
The transformation of tissue stem cells induced by small-
molecule compound may serve as a possible explanation for
the low frequency of CiPSC derivation. In the current study,
we constructed a fluorescent protein-tagged MEF reporter
system from FSP-tdTomato mice to track the CiPSC-
initiating cells and reprogrammed them into CiPSCs with a
simple and efficient method using small-molecule com-
pounds. Presented with typical mESC morphology, CiPSCs
could still proliferate stably, remain undifferentiated in the
36th generation, express pluripotency genes, form teratomas
in vivo, and later differentiate into three germ cells. Our
results indicated that the reprogram-initiating cells were
accurate and authentic. The reprogrammed CiPSCs pre-
sented with the potentials of proliferation and differentia-
tion and abilities of self-replication and renewal, which
enable them to form highly differentiated functional cells
with sustained fluorescent protein expression.

Furthermore, our CiPSC lineage will facilitate stem cell
studies, because the bright tdtomato fluorescence would
enable the visualization of the cells for long periods both
in vivo and ex vivo; examples include tracing specific cell
lineages derived from CiPSCs and evaluating changes of
the morphology of CiPSCs. And our new CiPSC lineage
may also be an ideal tool for organ transplantation research
owing to improved traceability of cells and tissues [32–34].
Moreover, any tdtomato-labeled cells from CiPSCs would
be traceable in the host tissue, enabling visualization of
how transplanted cells/tissues behave and interact with
the host.

However, the method of reprogramming with small-
molecule compounds is considered to be time consuming
for clinical applications. It takes about 40 days for CiPSC
clone formation, whereas Yamanaka factor-mediated repro-
gramming takes only 7 days [35]. In a recent study, Zhao
et al. [36] could reduce the reprogramming time of small-
molecule compounds to 16–22 days. Theoretically, CiPSC
reprogramming should be as fast as Yamanaka factor-
mediated reprogramming; the discrepancy may be solved

by analyzing and identifying the unique barriers during
reprogramming of small-molecule compounds.

5. Conclusion

We successfully established a red immunofluorescence-
labeled CiPSC lineage from fluorescent protein-tagged
mouse fibroblasts with the Cre/loxP system. The CiPSC
reprogramming method under serum-free and nonserum
replacement conditions, as reported here, should be very
useful for studying the underlying mechanisms of small-
molecule compound-induced reprogramming and could be
used as a screening platform for the barriers in the pathway.
In future, we hope to establish a method of reprogramming,
by small-molecule compounds, as efficient and convenient
as the classical Yamanaka method. Reprogramming of
human somatic cells with small-molecule compounds will
be attempted in future studies, thus promoting the clinical
transformation of CiPSCs.
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A kidney has the ability to regenerate itself after a variety of renal injuries. Mesenchymal stem cells (MSCs) have been shown to
ameliorate tissue damages during renal injuries and diseases. The regenerations induced by MSCs are primarily mediated by the
paracrine release of soluble factors and extracellular vesicles, including exosomes and microvesicles. Extracellular vesicles
contain proteins, microRNAs, and mRNAs that are transferred into recipient cells to induce several repair signaling pathways.
Over the past few decades, many studies identified trophic factors from MSCs, which attenuate renal injury in a variety of
animal acute kidney injury models, including renal ischemia-reperfusion injury and drug-induced renal injury, using microarray
and proteomic analysis. Nevertheless, these studies have revealed the heterogeneity of trophic factors from MSCs that depend
on the cell origins and different stimuli including hypoxia, inflammatory stimuli, and aging. In this review article, we summarize
the secretomes and regenerative mechanisms induced by MSCs and highlight the possible heterogeneity of trophic factors from
different types of MSC and different circumstances for renal regeneration.

1. Introduction

Acute kidney injury (AKI) is a worldwide healthcare problem
associated with higher risks of mortality and increased length
of hospitalization as well as the risk of chronic kidney disease
and end-stage renal failure [1, 2]. In spite of the recent
medical advances, few interventions are available other than
supportive modalities, such as renal replacement therapies,
against AKI. On the other hand, kidney has the ability to
regenerate itself after AKI and some patients recover renal
function after AKI [3]. Many researchers have tried to eluci-
date the mechanisms of renal regeneration. Over the past few
decades, mesenchymal stem cell- (MSC-) based therapy
represents the remarkable strategy to reconstitute the renal
tubular formations and attenuate renal function after AKI.

MSCs are multipotent cells with the ability to differen-
tiate into mesodermal lineages, including bone, muscle,
chondrocyte, and adipocyte [4]. MSCs can be established
from different tissues, such as bone marrow, adipose tissue,

synovial tissue, umbilical cord, and connective tissue [4].
MSCs have shown to ameliorate tissue damages caused by
renal injuries and diseases. Initially, researchers focused on
the differentiation potential of MSCs against renal injury.
Actually, MSCs were able to replace renal tubular cells and
acquire an epithelial phenotype after renal injury in a murine
renal injury model [5]. Nevertheless, the focus on the regen-
erative effects of MSCs has shifted into their ability to secrete
trophic factors. MSCs secrete varieties of cytokines, chemo-
kines, and growth factors as well as extracellular vesicles
(EVs) that contain microRNAs (miRNAs), mRNAs, and
proteins. Recent reports suggest that the therapeutic activity
of MSCs is mainly mediated by the paracrine effect of secre-
tomes. In the past few decades, many studies have identified
these secretomes from MSCs and revealed the therapeutic
mechanisms associated with cell proliferation, autophagy,
cell apoptosis, tissue fibrosis, and inflammation. Meanwhile,
recent reports imply the heterogeneity of secretomes of
MSCs isolated from different origins. In addition, some

Hindawi
Stem Cells International
Volume 2018, Article ID 8693137, 14 pages
https://doi.org/10.1155/2018/8693137

http://orcid.org/0000-0001-5442-7008
http://orcid.org/0000-0003-4535-8092
http://orcid.org/0000-0003-1468-5170
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2018/8693137


reports have revealed that different kinds of stimuli affect the
secretomes from MSCs. These differences might result in the
different outcomes induced by the treatment with MSCs.

In this review article, we summarize the current knowl-
edge about secretomes fromMSCs and the therapeutic effects
on renal injury and discuss about the possible heterogeneity
caused by the differences of cell origins and stimuli.

2. MSC-Derived Soluble Protein for
Renal Generation

MSCs have been reported to secrete a number of soluble
factors including cytokines, chemokines, and growth factors
for tissue regeneration. A number of groups have examined
proteomic analysis of MSC secretomes to identify regener-
ative factors against tissue injury. These factors include
angiogenic factors [6–8], chemokines [8–10], cytokines
[6, 8, 10–13], growth factors [8, 10–12], and other proteins
[10, 14–17] (Table 1). In general, these proteins exert
many biological functions including cell growth, migration,
inflammation, apoptosis, and fibrosis. In fact, under the sta-
tus of kidney injuries, these factors contribute to renal regen-
eration through antiapoptosis, anti-inflammation,
antifibrosis, matrix remodeling, and increased tubular cell
proliferation. In addition, a number of reports demonstrate
the paracrine effect of MSCs against renal injury. For exam-
ple, Rota et al. revealed that human amniotic fluid-derived
MSCs attenuate cisplatin-induced renal injury through the
secretion of trophic factors, such as IL-6, VEGF, and IGF-1
[18]. Lv et al. demonstrated that MSCs ameliorate diabetic
glomerular fibrosis via the secretion of BMP-7 [19]. Taken
together, MSCs contribute to renal regeneration through
the paracrine effect of soluble proteins from MSCs.

3. MSC-Derived Extracellular Vesicles:
Exosomes and Microvesicles

Recent studies demonstrated that the secreted membrane
vesicles called EVs play essential roles on intercellular
communications [20–22]. EVs contain various molecules
including proteins, miRNAs, and mRNAs. EVs can be orga-
nized into several categories such as exosomes (30-100 nm
diameter), microvesicles (100-1000 nm diameter), and apo-
ptotic bodies (50-5000 nm diameter) [23]. Increasing evi-
dences have suggested that the MSC-derived EVs might
be one of the major contributors for renal regeneration
after AKI. Recent analyses identified proteins, miRNAs,
and mRNAs in the EVs from MSCs by proteomic and
microarray analysis.

4. mRNAs in MSC-Derived Extracellular
Vesicles for Renal Regeneration

mRNAs from EVs transfer into target cells and act via trans-
lation into proteins as well as via competing RNAs to regulate
stability, localization, and translational activity of mRNAs in
target cells [24, 25]. Bruno et al., for the first time, demon-
strated the therapeutic effect of MSC-derived EVs in
glycerol-induced AKI in severe combined immunodeficiency

Table 1: Soluble factors from MSCs.

Cytokines Chemokines
IL-1α CCL1
IL-1β CCL2
IL-2 CCL5
IL-3 CCL8
IL-6 CCL11
IL-7 CCL15
IL-10 CCL16
IL-11 CCL18
IL-12 CCL22
IL-13 CCL23
IL-16 CCL24
IFN-γ CCL26
TNF-α CXCL1
LIF CXCL2
TGF-β CXCL3
MIF CXCL5
OSM CXCL6
G-CSF CXCL8
M-CSF CXCL11
GM-CSF CXCL12
FLT3LG CXCL13
SCF CX3CL1
Thrombopoietin XCL1
TSG-6

Other factors
Angiogenic factors CXCR3
Angiogenin PGE2
Angiopoietin PAI-1
VEGF MMP1

MMP3
Growth factors MMP9
HGF MMP10
EGF MMP13
IGF-1 TIMP-1
FGF-2 TIMP-2
FGF-4 TIMP-3
FGF-7 TIMP-4
FGF-9 Leptin
BMP-7 IGFBP-1
BDGF IGFBP-2
GDNF IGFBP-3
NGF IGFBP-4
PIGF Adiponectin
PDGF Adrenomedullin

Osteoprotegerin

IL: interleukin; IFN: interferon; TNF: tumor necrosis factor; LIF: leukemia
inhibitory factor; TGF: transforming growth factor; MIF: macrophage
migration inhibitory factor; OSM: oncostatin M; G-CSF: granulocyte
colony-stimulating factor; M-CSF: macrophage colony-stimulating factor;
GM-CSF: granulocyte macrophage colony-stimulating factor; FLT3LG:
Fms-related tyrosine kinase 3 ligand; SCF: stem cell factor; TSG-6: TNF-
stimulated gene 6; VEGF: vascular endothelial growth factors; HGF:
hepatocyte growth factor; EGF: epidermal growth factor; IGF: insulin-like
growth factor; FGF: fibroblast growth factor; BMP: bone morphogenetic
protein; BDNF: brain-derived neurotrophic factor; GDNF: glial cell-derived
neurotrophic factor; NGF: nerve growth factor; PIGF: placenta growth
factor; PDGF: platelet-derived growth factor; CCL: C-C motif chemokine
ligand; CXCL: C-X-C motif chemokine ligand; CX3CL: C-X3-C motif
chemokine ligand; XCL: X-C motif chemokine ligand; CXCR: C-X-C motif
chemokine receptor; PGE2; prostaglandin E2; PAI: plasminogen activator
inhibitor; MMP: matric metalloproteinase; TIMP: tissue inhibitor of
metalloproteinase; IGFBP: insulin-like growth factor-binding protein.
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(SCID) mice [26]. Using reverse transcription- (RT-) PCR
arrays, they showed that human bone marrow MSC-
derived EVs contain mRNAs involved in transcription (e.g.,
CLOCK, IRF6, and LHX6), immune regulation (e.g., CRLF1,
IL1RN, and MT1X), cell cycle regulation (e.g., SENP2,
RBL1, and CDC14B), DNA/RNA binding (e.g., HMGN4,
TOPORS, and ESF1), actin cytoskeleton regulation (e.g.,
DDN,MSN, and CTNNA1), and extracellular matrix remod-
eling (e.g., COL4A2, IBSP) as well as cell differentiation into
neuron (e.g., RAX2, OR11H12), bone (e.g., NIN, BMP15),
endothelium/epithelium (e.g., MAGED2, CEACAM5), and
hematopoietin (e.g., HK3, EPX). Importantly, the effect of
EVs on the recovery from AKI was similar to the effect of
MSCs, suggesting that the therapeutic effect by MSCs is
mainly mediated by the MSC-derived EVs. In addition,
pretreatment of RNase into MSC-derived EVs abolished
the therapeutic effects by MSC-derived EVs, implying that
RNAs from MSCs might be the main contributor for renal
regeneration. Eirin et al. also characterized the mRNA
cargo of EVs from porcine adipose tissue-derived MSCs
by high-throughput RNA sequencing [27]. They revealed
that EVs from MSCs contain mRNAs involved in transcrip-
tion (e.g., MDFIC, POU3F1), angiogenesis (e.g., HES1,
TCF4), adipogenesis (e.g., CEBPA, KLF7), and transforming
growth factor- (TGF-) β signaling (e.g., TGFB1, TGFB3). In
comparison with these two studies of mRNA analysis (Bruno
et al.: 43 genes; Eirin et al.: 182 genes), only 1 overlap of
mRNA was observed [28], suggesting the possible heteroge-
neity of mRNAs of EVs from different types of MSCs.

5. MicroRNAs in MSC-Derived Extracellular
Vesicles for Renal Regeneration

miRNAs are one of the non-protein-coding RNAs that regu-
late gene expressions. In mammals, miRNAs are predicted to
control approximately 30% of all protein-coding genes and
have shown to contribute to majority of cellular processes
[29]. MSC-derived EVs contain a number of miRNAs.
Ferguson et al. indicated the biological processes and
pathways modulated by miRNAs from MSC-derived EVs
using the NanoString profiling of miRNAs from EVs
[30]. They revealed that enriched miRNAs regulate target
gene transcriptions associated with Wnt signaling, profi-
brotic signaling via TGF-β and PDGF, cell proliferation,
and antiapoptosis. The top 23 miRNAs account for 79.1% of
total miRNAs present in MSC-derived exosomes, and the
remaining 148 miRNAs were at a very low ratio, suggesting
that the top 23 miRNAs have predominant effects. These 23
miRNAs, miR-1246, miR-23a-3p, miR-451a, miR-125b-5p,
miR-199a-3p/199b-3p, let-7a-5p, miR-4454/7975, miR-21-
5p, let-7b-5p, miR-100-5p, miR-29a-3p, miR-144-3p,
miR-29b-3p, miR-22-3p, miR-630, miR-221-3p, let-7i-5p,
miR-424-5p, miR-191-5p, miR-25-3p, miR-130a-3p, miR-
376a-3p, and miR-27b-3p, were predicted to target 5481
genes using the microRNA Data Integration Portal (miR-
DIP). Among these miRNAs, miR-29, let-7, miR-451,
miR-630, miR-191, miR-21, and miR-22 are overlapped
in other reports on miRNA analysis from MSC-derived
EVs [27, 31–38] (Table 2).

Although the role of miRNAs has just recently begun to
be analyzed, emerging evidences indicate that MSC-derived
miRNAs have essential roles on tissue regeneration. For
example, the let-7 family has been shown to repress multiple
genes involved in cell cycle, cell apoptosis, and cell prolifera-
tion, including CCNA2, CDC34, AURA/STK6, AURKB/
STK12, E2F5, and CDK8 [39]. In addition, the Let-7 family
has been shown to switch macrophages to the M2-like profile
by targeting the toll-like receptor (TLR) 4 [33] as well as the
induction of osteogenic differentiation [36]. Furthermore,
Wang et al. reported that the overexpression of let-7c from
MSCs attenuates kidney injury and downregulates fibrotic
markers, such as collagen IVα1, TGF-β1, and TGFβR1, in
a unilateral ureteral obstruction (UUO) model [40]. miR-
125 has been reported to promote endothelial cell angiogen-
esis [41] while miR-29 has been reported to inhibit MCL-1
expression, an antiapoptotic protein [42], as well as ZFP36,
which is an anti-inflammatory gene [43]. In fact, miR-29b
inhibits the apoptotic pathway in doxorubicin-induced car-
diotoxicity [44]. Furthermore, miR-29b attenuates angioten-
sin II-induced epithelial-mesenchymal transition (EMT) of
rat renal tubular epithelial cells through the PI3K/AKT
signaling pathway [45]. miR-21 is one of the miRNAs iden-
tified for the first time in mammals. miR-21 silences PTEN
and GSK3b and reduces NFκB activity, which induces
inflammation [46]. In addition, miR-21 ameliorates ische-
mia/reperfusion- (I/R-) induced AKI by preventing epi-
thelial cell apoptosis and inhibiting the maturation of
dendritic cells [47]. Taken together, miRNAs from MSCs
might be one of the major contributors for promoting
renal regeneration.

6. Proteins in MSC-Derived Extracellular
Vesicles for Renal Regeneration

In addition to the soluble factors from MSCs, MSC-derived
EVs contain proteins that directly transfer into recipient
cells. Kim et al. analyzed the EV-contained proteins from
human bone marrow MSCs and identified 730 proteins
[48]. Using functional analysis by the Database for Anno-
tation, Visualization and Integrated Discovery (DAVID)
software, they indicated that these proteins are involved
in cell proliferation, cell adhesion, cell migration, and the
regulation of cell morphogenesis. They also highlighted the
trophic proteins, including surface receptors (e.g., PDGFRB,
EGFR, and PLAUR), signaling molecules (e.g., MAPK1,
CDC42, RRAS/NRAS, and VAV2), and cell adhesion
(e.g., EZR, FN1, IQGAP1, CD47, integrins, and LGALS1/
LGALS3) and MSC-associated proteins (e.g., CD9, CD63,
CD81, CD109, CD151, CD248, and CD276). Another
group also analyzed the proteins in EVs from human
embryonic and bone marrow-derived MSCs, revealing that
EVs contain trophic proteins associated with angiogenesis
(VEGF, angiopoietin), inflammation (TNF-inducible gene
6 protein (TNFAIP6)), and TGF-β signaling [49–51].
Taken together, MSC-derived EVs contain a number of
trophic proteins that have the potential for the promotion
of tissue regeneration.
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Table 2: miRNAs in MSC-derived EVs.

Reference
[30] [35] [31] [32] [33] [27] [34] [36] [37] [38]

miRNA

miR-1246 ○
miR-23a ○
miR-451a ○ ○ ○
miR-125b ○
miR-199a ○
let-7a ○ ○ ○
miR-4454/7975 ○
miR-21 ○ ○ ○
let-7b ○ ○
miR-100 ○
miR-29a ○ ○ ○
miR-144 ○
miR-29b ○ ○
miR-22 ○ ○ ○
miR-630 ○ ○
miR-221 ○
let-7i ○
miR-424 ○
miR-191 ○ ○
miR-25 ○
miR-130a ○
miR-376a ○
miR-27b ○
miR-30 ○
miR-210 ○
miR-24 ○
miR-1202 ○
miR-638 ○
miR-148a ○ ○
miR-532 ○
miR-378 ○
let-7f ○
miR-486 ○
miR-10a ○
miR-10b ○
miR-222 ○
miR-143 ○ ○
miR-199b ○
miR-218 ○
miR-135b ○
miR-203 ○
miR-219 ○
miR-299 ○
miR-302b ○
miR-145 ○
miR-338 ○
miR-1260 ○
miR-1908 ○
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7. MSC-Derived EV Therapy in Experimental
AKI Models

Emerging evidences have shown that treatment with MSC-
derived EVs attenuates renal injury after AKI in a variety of
murine models (Table 3). For example, Bruno et al.
revealed that human bone marrow MSC-derived EV injec-
tion improves renal function and tubular injury in a
glycerol-induced AKI rat model through the stimulation
of tubular cell proliferation and inhibition of cell apoptosis
[26, 52]. With the fact that the pretreatment with RNase
into MSC-EVs reversed the therapeutic effects, these trophic
mechanisms might be induced by RNAs in MSC-EVs. They
also examined using another AKI model of cisplatin-induced
AKI, indicating similar therapeutic effects includingdecreased
renal cell apoptosis and preserved renal function [53].

Gatti et al. applied human bone marrowMSC-derived EVs
into an I/R-induced AKI model, revealing that MSC-EV treat-
ment attenuates I/R-induced AKI by reducing cell apoptosis
and increasing renal tubular cell proliferation [54]. These tro-
phic effects were abolished by RNase treatment similar to the
study by Bruno et al. [26], reinforcing the concept that the tro-
phic effect by MSC-EV treatment is mainly mediated by the
mRNAs and/or miRNAs in MSC-EVs. Furthermore, they
demonstrated that MSC-EV treatment also inhibits the pro-
gression of subsequent chronic kidney disease after AKI.

Zhou et al. showed that the injection of human umbilical
cord MSC-derived EVs into the renal capsule attenuates
cisplatin-induced AKI by improving oxidative stress as well
as the inhibition of tubular cell apoptosis and necrosis [55].
Likewise, Zhang et al. reported that MSC-EV treatment pro-
tects against I/R-induced AKI through antioxidation possibly
by enhancing NF-E2-related factor 2 (Nrf2)/antioxidant
responsive element (ARE) activation [56]. They also reported
thatMSC-EV treatment ameliorates oxidative stress and renal
injury in I/R-inducedAKI through thedecreased expressionof
NOX2 and reactive oxygen species (ROS) [57]. Furthermore,
decreased renal fibrosis was observed with MSC-EV treat-
ment. Zou et al. also reported decreased renal fibrosis with
the treatment of human umbilical cord MSC-derived EVs as
well as the downregulation of CXCL1 and decrease of CD68+

macrophage [58]. They also reported the increased expression
of renal VEGF with the treatment of MSC-EVs as well as
decreased renal fibrosis, indicating that MSC-derived EVs
affect angiogenesis [59]. Importantly, the pretreatment with
RNase into MSC-EVs abolished the trophic effects [59].

Reis et al. reported that rat bone marrow MSC-derived
EV treatment improves renal function in gentamicin-
induced AKI by increasing tubular cell proliferation, sup-
pressing cell apoptosis and necrosis, and inhibiting renal
inflammation [60]. With MSC-EV treatment, proinflamma-
tory cytokines decrease while anti-inflammatory cytokines
increase. Likewise, Wang et al. reported that MSC-EV treat-
ment ameliorates I/R-induced AKI by reducing inflamma-
tory cytokines such as IL-1β and TNF-α [61], indicating
that the regulation of inflammation is one of the major mech-
anisms for renal protection by MSC-EVs.

Ju et al. reported that human umbilical cord MSC-
derived EV treatment protects from I/R-induced AKI by

increasing ERK1/2 expression and HGF, which promotes
tubular cell dedifferentiation and growth [62]. RNase treat-
ment abolishes these trophic effects, suggesting that RNAs
in MSC-EV are essential factors for renoprotection. Gu
et al. reported that human umbilical cord MSC-derived EV
treatment attenuated AKI-induced renal injury by preserving
mitochondrial morphology that was paralleled with reduced
apoptosis. They also revealed thatmiR-30 antagomirs dramat-
ically reduced these protective effects [63]. Furthermore, Col-
lino et al. reported that miRNA deletion in MSCs and EVs
reduces regenerative effects in glycerol-induced AKI [64].
These reports imply the critical role of miRNAs in MSC-EVs
on promoting renal protection and regeneration after AKI.

Wang et al. reported improved renal function with the
treatment of umbilical cord MSC-derived EVs in cisplatin-
induced AKI [65]. They revealed that MSC-EV treatment pre-
vented renal injury through the activation of autophagy, and
the effect was abolished with the autophagy inhibitor, 3-
methyladenine. In the same line, Jia et al. recently reported
that umbilical cord MSC-derived EV treatment prevents
cisplatin-induced renal injury through the activation of
autophagy via trophic factor 14-3-3ζ which interacts with
ATG-16L [66], indicating proteins inMSC-EVs also contribute
to renal protection. Taken together, the activation of autophagy
is one of the important mechanisms by MSC-EV treatment.

In addition to the bone marrow-derived and umbilical
cord-derived MSC analyses, MSCs from different origins
were also examined. Choi et al. applied EVs from kidney-
derivedMSCs in I/R-induced AKI mice, revealing the trophic
effects through the increased cell proliferation as well as the
inhibition of cell apoptosis [67]. Lin et al. applied adipose-
derivedMSCs in I/R-induced AKI and revealed that the com-
bination of adipose-derived MSC-EVs and MSC treatment
protects from renal injury after AKI through the inhibition
of cell apoptosis, oxidative stress, and renal fibrosis [68].
These reports suggest MSC-EVs from different origins also
provide renal protection and regeneration.

Taken together, renoprotective effects by MSC-derived
secretomes might be mainly mediated by EV-containing
mRNA, miRNA, and proteins through a variety of mecha-
nisms. Importantly, these trophic mechanisms from MSCs
can be divided into two types, renal protection and regener-
ation after injury. Renal protection is mainly mediated
through the suppression of cell apoptosis, cell necrosis, renal
fibrosis, renal inflammation, and oxidative stress as well as
the promotion of autophagy. Regeneration is mediated
through the increase in cell proliferation, migration, tubular
cell dedifferentiation, and angiogenesis. Secretomes from
MSCs and the trophic mechanisms against renal injury are
summarized (Figure 1). Further analyses are required to elu-
cidate the detailed mechanisms by which MSC-EVs protect
the kidney from AKI.

8. Heterogeneity of Secretomes from MSCs by
Different Origins

While a number of studies have identified the secretomes
from MSCs for renal protection, the origin of MSCs might
affect the types and quantities of trophic secretomes. As
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described above, Nargesi et al. reported the heterogeneity of
mRNAs in MSC-EVs from bone marrow-derived MSCs
and adipose-derived MSCs. They indicate that less than
3% of mRNA expression is overlapped between these 2
types of MSCs [28]. Lindsay et al. reported that human
MSCs from the olfactory mucosa but not from the bone
marrow enhance central nervous system myelination,
implying the difference of secretomes from MSCs from dif-
ferent origins [69]. They also reported the different quanti-
ties of miRNAs between human olfactory mucosa-derived
MSCs and bone marrow-derived MSCs [70]. Using the
analysis of miRNA analysis, they showed that 64% of
miRNAs isolated from both MSCs were equivalently
expressed while 26 miRNAs showed different amounts of
expressions, especially in the expression of miR-140-5p
and miR-146a-5p, which regulate inflammatory cytokines,
such as CXCL12, IL-6, IL-8, and CCL2. These data strongly
suggest the heterogeneity in the point of secretomes from
different sources of MSCs, which may affect the regenera-
tive effect in MSC-based therapy. Because miRNAs are
known to act as regulatory signals for maintaining stem-
ness, self-renewal, and differentiation in adult stem cells,
the characterization of miRNAs from MSCs from different
tissues may give us insight into what makes the different
biological activities [71]. Indeed, it is known that the signal-
ing pathways involved in cell fate specification, including
Wnt, BMP, Notch, and TGF-β pathways, are associated
with MSC differentiations [72–74]. miRNAs are reported
to control the balance between self-renewal and differentia-
tion [75]. Lazzarini et al. reported that MSCs isolated from
skin and amniotic fluid shared the expression of core
miRNAs related to stemness and authorize the definition
of MSCs while there were significant differences in the
expression of miRNAs associated with adipogenesis, indi-
cating the existence of tissue specificity [76].

Although MSCs from different origins have similarities,
characteristic differences have been reported. For example,
placental MSCs have superior migratory capacity but less
adipogenic potential [77, 78]. Umbilical cord-derived MSCs
do not express tumor-associated fibroblast phenotypes [79]

and thus have no opportunity to grow tumors. Adipose-
derived MSCs possess a higher potential for angiogenesis
and vasculogenesis as well as adipogenesis [80]. Tsai et al.
applied a microarray comparison between amniotic fluid-,
amniotic membrane-, and cord blood-derived MSCs, reveal-
ing specific biological functions for MSCs from different ori-
gins [81]. In addition, Pelekanos et al. compared MSC-like
cells from the heart, bone marrow, and kidney [82] and
reported that these 3 types of MSCs share morphological
and molecular characteristics as well as multipotency while
there are differences in the expression of organ-specific genes
to maintain the “memory of tissue origin” reflective of
their unique ontogeny and functional roles. They revealed
the increased expressions of Mylk, Myom, Desmin, and
Serpinb2 in kidney-derived MSCs, suggesting a strong rela-
tionship with the perivascular and mesangial cells, indicat-
ing kidney-specific gene expressions. Taken together, there
might be distinct functional roles of MSCs isolated from
different tissues.

What makes the differences in MSCs from different ori-
gins? One of the essential differences between MSCs from
different origins might be their cellular niche. The fate of
stem cells might be regulated by their microenvironment
[83], which might provide the tissue specificity. The trans-
membrane cell adhesion proteins, cadherins, act in cell-cell
adhesion, differentiation, and polarity in MSCs and interact
with Wnt, which are involved in the MSC niche [83]. The
location of MSCs is associated with how they interact with
these molecules, and it would affect their functions. Because
MSCs interact with other niche cells both locally and system-
ically [84], the difference of MSC niche might make the dif-
ference of secretomes from MSCs. In addition, the bone
marrow milieu is hypoxic in nature. The oxygenic difference
also makes the characteristic change of MSCs from the bone
marrow and others.

Despite the heterogeneity of secretomes from MSCs iso-
lated from different tissues, there are few papers focusing
on the different secretomes of MSCs from different origins.
Further analysis and comparison are necessary for elucidat-
ing the heterogeneity of secretomes from different MSCs.

Secretomes

Soluble proteins Extracellular vesicles
Cytokines
Chemokines Exosomes Microvesicles

(i)
(ii)

(iii)
(iv)

(i)
(ii)

(iii)

(iv)(v)
(vi)

Soluble proteins
mRNAs

Growth factors

MicroRNAs

Mesenchymal stem cell Recipient renal cell

Trophic effect

Reno-protection Regeneration

Cell proliferation
Cell migration

Angiogenesis

Tubular
dedifferentiation

Anti-apoptosis
Anti-necrosis
Anti-inflammation
Anti-oxidative stress
Autophagy
Anti-fibrosis

Figure 1: Schema of trophic mechanisms via secretomes from mesenchymal stem cells.
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9. Inducible Secretomes from MSCs by
Different Stimuli

In addition to the difference of MSC origin, increasing
evidences have proposed the changes of secretomes by
different stimuli into MSCs that include aging, hypoxia,
inflammatory stimuli, 3-dimensional (3D) culture condition,
microparticle stimuli, nanosilicate stimuli, and TGF-β stim-
uli (Table 4). Bustos et al. demonstrated the age-dependent
decrease in the expressions of several cytokine/chemokine
receptors, which diminish the cell migration and activation
of MSCs [85]. They showed the decreased expressions of
TNFR, IFNGR, and CCR7 in aged bone marrow-derived
MSCs, which might result in the decrease in protective
potential. Fafián-Labora et al. explored the difference in the
point of miRNA expressions in MSC-EVs, revealing the
age-dependent decrease in miR-146a, miR-155, and miR-
132 expression and increase in miR-335 expression [86].

Hypoxic condition affects a number of gene transcrip-
tions via stabilization of HIF-1α, including angiogenic factors
such as VEGF [87]. Song et al. performed the proteomic anal-
ysis of MSC secretomes under hypoxia [88], revealing the sig-
nificant difference in the expressions of 66 out of 231 proteins
between the normoxic and hypoxic conditioned media. Espe-
cially, they indicated the dramatic increase in 2 tropomyosin
isoform expressions in hypoxic condition in a HIF-1α-
dependent manner. They hypothesize according to the
GeneMANIA network analysis that tropomyosin might
activate NOS3, which is known to protect against ischemic
injury [89]. In addition, Ceradini et al. reported that HIF-
1α-induced SDF-1 expression in MSCs mediates the recruit-
ments of MSCs to the sites of injured tissue [90]. Further-
more, Crisostomo et al. reported the increased expressions
of FGF-2, HGF, and IGF-1 from bone marrow-derived MSCs

as well as VEGF in an NFκB-dependent manner under hyp-
oxia [91]. In addition to the secretomes from MSCs, hypoxic
condition keeps MSCs in an undifferentiated phenotype for
self-renewal. Hypoxic condition increases the expression of
stem cell markers, such as Oct-4 and Rex-1 from MSCs,
indicating the increased stemness [92]. Hypoxic condition
also affects the secretomes related to inflammation. Munn
and Mellor reported that the hypoxic condition increases
the expression of IDO from MSCs, which regulates the
immune system through limiting T cell function and engag-
ing mechanisms of immune tolerance [93]. In summary,
hypoxic condition increases the secretomes from MSCs that
are associated with angiogenesis and inflammation.

Inflammatory stimuli also affect the secretomes from
MSCs. For example, IFN-γ treatment into MSCs increases
IDO expression [94], which results in the inhibition of
MSC cell proliferation as well as the inhibition of the differ-
entiation potential of MSCs into neuron and adipocyte.
IFN-γ also upregulates the expression of PGE-2 [95]. Inflam-
matory stimuli by IFN-γ, TNF-α, and TLR signals increase
the expressions of Gal-9 from MSCs [96]. TNF-α also
increases the expression of BMP-2, which leads to the
increase in cell proliferation, migration, and osteogenic dif-
ferentiation [97]. Like hypoxic condition, TNF-α and lipo-
polysaccharide (LPS) treatments increase the expressions of
VEGF, FGF-2, HGF, and IGF-1 from MSCs [91]. Xing et al.
reported that inflammatory stimuli increase chemokine
secretion to promote the MSC recruiting capacity [98].
They showed the significant increase in cytokine and che-
mokine expressions including CXCL-16, GRO, ENA-78,
MIP-1-delta, osteoprotegerin, MCP-1, MCP-2, MCP-3,
IL-6, GCP-2, and IL-2Rα in proinflammatory treated (IL-1β,
IL-6, IL-20, and TNF-α) culture supernatant compared to
nontreated culture supernatant during MSC culture. They

Table 4: Summary of studies about secretome changes from MSCs in different stimuli.

Stimuli Increased secretomes Reference

Hypoxia
Tropomyosin, VEGF, SDF-1, FGF-2, HGF,

IGF-1, Oct-4, Rex-1, and IDO
[88, 90–93]

IFN-γ IDO, PGE-2, and Gal-9 [93–96]

TNF-α Gal-9, BMP-2, VEGF, SDF-1, FGF-2, HGF, and IGF-1 [91, 96, 97]

TLR signal Gal-9 [96]

Inflammatory stimuli
(IL-1β, IL-6, IL-20, and TNF-α)

CXCL-16, GRO, ENA-78, MIP-1-delta, osteoprotegerin,
MCP-1, MCP-2, MCP-3,
IL-6, GCP-2, and IL-2RA

[98]

LPS VEGF, SDF-1, FGF-2, HGF, and IGF-1 [91]

3D culture TSG-6, STC1, TRIL, IL-24, and CD82 [100–102]

Nanosilicate More than 4000 gene expression change [103]

Aging
Increase: miR-335

[85, 86]
Decrease: TNFR, IFNGR, CCR7, miR-146a, miR-155, and miR-132

TGF-β

Cytoskeletal factors (e.g. T-platin, gelsolin)

[99]
Matrix synthesis factors (e.g., collagen-binding protein 2)

Membrane proteins (e.g., annexin A6, annexin A2)

Metabolic enzymes (e.g., thioredoxin reductase, transaldolase,
and malate dehydrogenase)

LPS: lipopolysaccharide; 3D: 3-dimensional.
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also indicated the increased migration of MSCs in the pro-
inflammatory factor-treated culture medium, suggesting
that increased soluble factors affect the recruiting ability
of MSCs. Overall, inflammatory stimuli increase the regen-
erative process through the enhanced release of secretomes
from MSCs.

Wang et al. applied proteomic profiling to explore the
expression pattern of soluble proteins from MSCs with the
stimuli of TGF-β1 [99], revealing the secreting differences
in around 30 proteins with TGF-β1 treatment, including
cytoskeletal factors (e.g., T-platin, gelsolin), matrix synthesis
factors (e.g., collagen-binding protein 2), membrane proteins
(e.g., annexin A6, annexin A2), and metabolic enzymes (e.g.,
thioredoxin reductase, transaldolase, and malate dehydroge-
nase). They also demonstrated that the decreased expression
of gelsolin with TGF-β1 treatment enhances the assembly of
α-actin and actin filaments, which might lead to MSC differ-
entiation. Hence, we need to point out that these different
stimuli not only affect the secretomes from MSCs but also
affect MSC differentiation.

3D culture systems, such as spheroid culture also,
affect the secretomes from MSCs. Bartosh et al. reported
the increased expressions of TSG-6 as well as STC1 and
three anticancer proteins, TRIL, IL-24 and CD82, from
MSCs when they are grown in 3D spheroids [100]. They
also revealed that the assembly of MSC into spheres triggers
caspase-dependent IL-1 signaling and the secretion of
modulators of inflammation [101]. In addition, Frith et al.
indicated the increased expression of IL-24 from MSCs
cultured in dynamic 3D culture condition compared to
monolayer culture condition [102]. These data indicate the
importance of the niche and/or environment of culture con-
dition in the point of secretomes from MSCs.

More recently, Carrow et al. reported that human MSCs
show widespread change of secretomes when they are stimu-
lated by two-dimensional nanosilicates [103]. They revealed
the change of more than 4000 gene expressions by nanosili-
cate exposure using high-throughput sequencing (RNA-
seq). Nanosilicate attaches to the cell membrane, internalizes
the cells, and activates stress-response pathways including
MAPK, which also affects MSC differentiation toward bone
and chondrogenic tissue. This information about the change
of secretomes with different stimuli is important for the sta-
ble and high-quality supply of secretomes for the cell-free
therapy by MSC-EVs against tissue injuries.

10. Conclusion

In this review article, we summarize the current evidence
about the secretomes from MSCs and the therapeutic mech-
anisms against AKI. There are several advantages with the
use of MSC-EVs. MSC-EVs are the cell-free sources for tissue
regeneration which might be safer rather than using MSC
cells themselves. In addition, EVs are the sources for cell-
cell communications, which might be easily transferred into
recipient cells with lower concentration of the factors.
Because the renoprotective effect of MSCs against AKI is
mainly mediated by MSC-EVs, it may open a new strategy
to treat against AKI. There might be the heterogeneity of

secretomes of MSCs that depend on the cell origin of MSCs
and different stimuli, including hypoxia, inflammatory sig-
nals, and aging. Therefore, we need to explore the change
of secretomes and further specify the trophic factors, so
that we can identify the best sources and factors for the
therapy with MSC-EVs. It can also help to get stable and
high-quality secretomes from MSCs. In summary, MSC-
EV treatment is the promising therapeutic option for the
renal protection and regeneration after AKI. Although fur-
ther analysis and experiments are necessary to develop this
therapy, it would open a new strategy to treat against AKI.
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There is still much to learn about the cells used for cell- and gene-based therapies in the clinical setting. Stem cells are found in
virtually all tissues in the human body. As a result, cells isolated from these tissues are a heterogeneous population consisting of
various subpopulations including stem cells. Several strategies have been used to isolate and define the subpopulations that
constitute these heterogeneous populations, one of which is the side population (SP) assay. SP cells are identified by their ability
to efflux a fluorescent dye at a rate that is greater than the main cell population. This elevated rate of dye efflux has been
attributed to the expression of members of the ATP-binding cassette (ABC) transporter protein family. SP cells have been
identified in various tissues. In this review, we discuss the research to date on SP cells, focussing on SP cells identified in
haematopoietic stem cells, adipose-derived stromal cells, and dental pulp.

1. Introduction

Stem cells are increasingly being considered for their use in
cell- and gene-based therapies, which constitute the most
recent phase of the biotechnology revolution in medicine.
Stem cells can be defined as a population of undifferentiated
cells capable of proliferation and self-renewal whose differen-
tiated progeny constitute all of the cell types of the human
body [1–6].

Stem cells exist in a tightly regulated microenvironment
referred to as a niche, dispersed between differentiated cells
in various tissues in the body [7]. The stem cell niche does
not refer to a specific location but rather to a microenviron-
ment which provides a milieu in which the cells receive var-
ious stimuli that determine their fate or differentiation status
[8]. As a result, stromal cells isolated from tissues in the
human body are a heterogeneous population, consisting of

subpopulations including a subpopulation of true stem cells.
Various strategies have been used to isolate and define these
subpopulations. In general, stem cell biology is limited by the
lack of specific cell surface markers that unambiguously label
the cells [9] and most investigators agree that the current
“stem cell pool” consists of true (primitive) stem cells and
progenitors at different stages of differentiation.

One of the methods currently used in an attempt to iden-
tify primitive stem cell subpopulations is the side population
(SP) assay. The SP assay is based on the ability of cells to
actively efflux a fluorescent dye [7, 10–13]. The cells are incu-
bated for a predetermined period of time with a fluorescent
dye that passively diffuses across the cell membrane. After
the incubation period, the cell populations are interrogated
using flow cytometry to detect and quantify the subpopula-
tion with lower intracellular levels of the substrate, suggesting
that these cells have the ability to actively efflux the
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fluorescent substrates at a greater rate compared to the other
cells. Fluorescent dyes, such as Hoechst 33342 and Vybrant®
DyeCycle™ (VDC) Violet, are usually the substrates used in
the flow cytometric SP assay.

The assay makes use of the broad emission spectrum
(ranging from around 350nm to 650nm) of these fluorescent
substrates by measuring the changes in intracellular fluores-
cent emission at the optimal wavelength (460 nm; blue
spectrum) as well as at the tail end of the emission spec-
trum (630 nm; red spectrum) [7, 10–13]. This subset of cells
with decreased levels of fluorescent dye is termed the SP
(Figure 1). The elevated rate of dye efflux seen in SP cells
has been attributed to the expression of members of the
ATP-binding cassette (ABC) transporter protein family.
The Ca2+ channel blocker, verapamil, is often used to confirm
that the decreased fluorescence intensity observed in the SP
subpopulation is due to active efflux of the fluorescent sub-
strate (Figure 1(b)). Verapamil blocks the activity of efflux
proteins by reducing the membrane potential of the cells [14].

2. ABC Transporters

ABC transporters represent one of the largest families of
membrane transport proteins and are expressed in all organ-
isms [7, 15, 16]. The human ABC transporter family consists
of 50 proteins which are divided into seven subfamilies—A to
G—based on similarity in gene structure, order of the
domains, and sequence homology [15–19]. Most human
ABC transporters are primary active transporters, coupling
the binding and hydrolysis of ATP to movement of solutes
across the plasma membrane and the intracellular mem-
branes of the Golgi apparatus, endoplasmic reticulum
(ER), peroxisomes, and mitochondria [7, 15, 17]. They are
known for their role in maintaining cellular homeostasis,

transporting lipids and organic anions, and facilitating iron
metabolism [7, 16, 18–20].

ABC transporters also play a vital role in cellular/tis-
sue defence due to their ability to actively efflux various
xenobiotics out of the cells [7, 16, 18–20]. The three most
well-studied transporters known for their efflux capabilities
include P-glycoprotein (P-gp; ABCB1), multidrug resistance-
associated protein 1 (MRP1; ABCC1), and breast cancer
resistant protein (BCRP; ABCG2) [11, 21–24].

3. Side Population and Stem Cells

Several studies have suggested that the degree of efflux activ-
ity of SP cells is inversely correlated to their maturity, with
the most primitive cells (the stem/progenitor cells) having
the greatest efflux activity due to the high concentration of
efflux proteins on their surface [13, 25, 26]. It is hypothesized
that ABC transporter expression is functionally connected to
the pluripotency/multipotency of stem or progenitor cell
populations and may also play an important physiological
role [13, 24, 27]. It is believed that primitive, undifferentiated
cells have an increased ability to efflux certain toxins, includ-
ing fluorescent substrates, as a mechanism to protect them-
selves against potential harmful xenobiotics [28]. These
theories are supported by studies comparing the expression
of ABC transporters in embryonic stem cell lines and MSCs.
It has been reported that different cell types have characteris-
tic expression patterns of ABC transporters which depend on
the cell’s maturation state, further supporting the idea that
multiple ABC transporter proteins may facilitate the pluripo-
tency of the stem cell population [20, 27].

However, the terms “side population” and “stem cell”
should not be used interchangeably, as SP cells and stem cells
are not necessarily the same cells [10]. It was found that
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Figure 1: Representation of the SP in flow cytometric dot plots. (a) Dot plot showing the fluorescence pattern of hematopoietic stem and
progenitor cells (HSPCs) freshly isolated from the umbilical cord blood that has been stained and incubated with the fluorescent dye VDC
Violet. The main population of cells (gate B) shows greater fluorescence intensity than the cells in the tail (gate E). This tail is known as
the SP and represents a subpopulation of cell with greater efflux ability than the rest of the cells. (b) Dot plot showing the disappearance
of the SP tail when HSPCs are incubated with VDC Violet and the ABC transporter blocker, verapamil. Cells that were part of gate E have
now moved up to join the main population of cells. This is due to the blocking effect of verapamil, which prevents the dye from being
effluxed by the cells.
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subpopulations within the SP have different immunopheno-
typic markers and rates of clonogenic expansion [29, 30]. It is
therefore generally accepted that the SP is still heterogeneous
in nature and may only contain a subpopulation of stem cells
with efflux ability [10, 30]. The SP phenotype should thus be
viewed as a useful enrichment strategy for the isolation of
potential stem or progenitor cells from a heterogeneous pop-
ulation, rather than a characteristic of primitive stem cells in
general. In addition, it should be taken into consideration that
the dye efflux ability may not be a common property of all
stem cell populations [11]. For example, Zeng and colleagues
reported that undifferentiated Oct4+ human embryonic stem
cells (H9) were Hoechst+ whilst the Hoechst− population
also contained spontaneously differentiated H9 cells [31].

The SP has been identified in various tissues (see Table 1).
Here we review the research conducted to date on selected
stem/stromal cell populations with a specific focus on the
following:

(a) Characterization of SP cells

(b) SP cells in in vitro and/or in vivo environments

(c) Expression of ABC transporters and their possible
roles in the SP with a focus on P-gp, MRP1, and
BCRP

3.1. Side Population in Hematopoietic Stem Cells. In the early
1990s, several investigators observed and reported on the
presence of a subpopulation (“side population”) in murine
hematopoietic stem cells (mHSCs) that have the ability
to actively efflux fluorescent dyes such as Hoechst 33342
and/or Rhodamine 123 [57, 58]. Goodell and colleagues
improved the method used to detect these cells in 1996
[12]. The SP cells isolated from mHSCs were characterized
on the basis of expression of defined mHSC cell surface
markers such as Lin−, c-Kit (CD117)+, and Sca-1+ [12, 32,
33]. SP cells isolated from mHSCs were reported to have
greater stemness properties when compared to the main pop-
ulation of cells. The SP cells showed increased self-renewal
capacity in both cobblestone area-forming cell (CAFC) assay
in vitro and long-term competitive repopulation experiments
in vivo [12, 33].

Following the observation that the SP is usually lost after
cells are treated with verapamil, a Ca+ channel and known P-
gp blocker, it was assumed that the ABC transporter protein
P-gp is responsible for Hoechst dye efflux [13, 24, 32]. Inves-
tigations have however revealed that even though mHSCs
express various ABC transporters, BCRP is the only protein
associated with the dye efflux properties of the SP phenotype
[24]. It is believed that the expression of ABCB1 and the pres-
ence of P-gp protein may not be needed for the efflux ability
of these cells but may play an important physiological role in
progenitor cells [21, 24].

In humans, the SP phenotype has been discovered in
HSCs (hHSCs) isolated from the peripheral blood [34, 59],
umbilical cord blood [35], and bone marrow [13].

Scharenberg studied the expression of the three best
known efflux proteins associated with the ABCB1, ABCC1,
and ABCG2 genes in SP cells from hHSCs isolated from
the bone marrow. Similar to mHSCs, ABCG2, which codes
for BCRP, was the predominant efflux transporter gene
expressed in hHSC SP cells [13].

While characterizing SP cells from hHSCs isolated from
umbilical cord blood, Storms et al. [35] reported heterogene-
ity within the isolated SP cells with distinct CD34+ and
CD34− populations [35]. When comparing these two sub-
populations with regard to immunophenotype and in vitro
behaviour, they found that both Lin−CD34+ and Lin−CD34−

SP subpopulation had a similar phenotype with cells nega-
tive for CD38, Thy-1, CD33, CD45RA, and CD71 and inter-
mediate expression levels of HLA-DR [35]. However, the
Lin−CD34+ subpopulation resulted in enriched myeloid and
erythroid progenitors in both short-term and 5-week long-
term colony-forming unit (CFU) assays while the Lin−CD34−

SP subpopulation failed to grow in standard short-term or
long-term myeloerythroid CFU assays [35]. The SP cells in
hHSCs derived from peripheral blood were also reported to
be CD34+ and CD38−. These SP cells displayed greater prolif-
erative capacity and generated more clonogenic progenitors
during culturing and also showed greater engraftment capa-
bilities in xenotransplantation studies [34, 59].

Table 1: List of tissues in which the SP has been identified.

Source Species References

Hematopoietic stem/stromal cells

Bone marrow
Human
Murine

Rhesus monkey

([12]; [32]; [33];
[21]; [24]; [13])

Peripheral blood Human [34]

Umbilical cord blood Human [35]

Embryonic stem cells

Immortalized cell lines
Mouse
Human

([20]; [31])

Multipotent stromal/stem cells

Cells derived from ESC lines Murine ([20]; [31])

Bone marrow Canine [36]

Neural tissue
(neural stem cells)

Human
Murine

([37]; [7]; [38])

Dental pulp
Human
Canine
Porcine

([9]; [36]; [39];
[40]; [41]; [42])

Cardiac tissue
Human
Murine

([20]; [43]; [44];
[45]; [38])

Lung tissue
Human
Murine

([46]; [47]; [38])

Muscle tissue Murine
([48]; [24]; [49];
[50]; [51]; [38])

Adipose tissue

Human
Murine
Rat

Canine

([36]; [52]; [29];
[53]; [54])

Epidermis (keratinocytes) Human [55]

Endometrium
Human
Murine

([30]; [56])
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3.2. Side Population in Adipose-Derived Stromal Cells. Adi-
pose-derived stromal cells (ASCs) contain a subpopulation
of multipotent stem/progenitor cells [2]. Over the last
decade, the use of ASCs in cell-based therapies has gained
increasing attention since these cells are found in abundance
in adipose tissue, can easily be isolated with minor donor site
morbidity, and, reportedly, have promising regenerative
properties [60].

A SP has been identified in murine [29, 52, 53] and
human [52, 54, 61] ASCs.

SP cells derived from murine adipose tissue have been
shown to differentiate in vitro into myogenic, osteogenic,
chondrogenic, and adipogenic lineages [29, 53]. Andersen
et al. [29] identified SP cells in freshly isolated ASCs (known
as the stromal vascular fraction (SVF)) isolated from mouse
gonadal fat pads. Using immunophenotypic analysis, they
identified two subpopulations within the SP: cells positive
and cells negative for the common leukocyte marker, CD45
[29]. This once again highlights to the notion that the SP is
not a homogenous population. The CD45− SP subpopulation
was enriched with cells expressing the ABCG2 gene (along
with other transcripts such as CD31, CD106, CD133, and
endoglin) and showed greater efflux capacity when compared
to the CD45+ SP subpopulation [29]. ABCB1 was mainly
expressed by cells in the CD45+ subpopulation while ABCC1
was expressed in both subpopulations [29].

The SP cells isolated from mASCs have also been studied
in various wound-healing models. Andersen et al. created
knife-cut lesions in the M. gastrocnemius of NMRI mice.
They showed that when CD45− SP cells from ASCs (ASC-
SP) were injected directly into the lesion, the CD45− SP cells
showed better intramuscular engraftment compared to SVF
[29]. Not only did the CD45− SP cells engraft better but they
also differentiated into myotubes whereas only mononuclear
cells were observed in the lesion area in the mice that were
injected with SVF cells [29]. Ramos et al. studied the
wound-healing abilities of SP-ASCs which were injected
intradermally into NOD/SCID mice which had received a
3mm incision through the epidermis and dermis [53]. They
reported complete healing and regeneration of dermis and
epidermis layers of the mice within 7 days with minimal scar
formation compared to the control mice, which were injected
with only PBS [53]. In 2012, Sayre and Silva [52] patented a
method for using ASC-SP cells for promoting tissue regener-
ation. The patent states that ASC-SP cells can be isolated and
transplanted via intradermal injection adjacent to the wound
site, aiding in tissue regeneration in both acute and chronic
wounds [52].

Little has been published on SP cells derived from human
(h) ASCs with regard to their characterization or the expres-
sion of ABC transporters. The literature has mainly focussed
on the therapeutic efficacy of SP cells in vitro and in vivo.
Du et al. [61] studied the ability of cultured hASCs to differ-
entiate into keratinocytes in vitro. They used a SP assay to
indicate the presence of multipotent adult stem cells in ASC
cultures but did not conduct further experiments to charac-
terize the identified SP cells [61]. In their patent, Sayre and
Silva [52] identified SP cells from freshly isolated mouse
and human ASCs, stating that their method could be

implemented with ASCs from both species. SP cells
derived from hASC reportedly had an immunophenotype
of Lin−, Sca-1+, CD90+, CD34+/low, CD13+/low, CD117−, and
CD18+/low [52]. Supronowicz et al. [54] studied human
ASC-SP cells in tissue engineering applications; these authors
used immunophenotypic markers, CD90 and CD117, in
conjunction with Hoechst staining, to identify SP cells.
They found that human ASC-SP cells were able to attach
and proliferate on demineralized bone matrix (DBM) and
to differentiate into the osteogenic lineage in vitro [54]. Fur-
ther in vivo studies showed that when added to DBM grafts in
a rat ectopic pouch model, hASC-SP cells enhanced bone
formation [54].

3.3. Side Population in Dental Pulp. The dental pulp consists
of highly vascular tissue that plays an important role in tooth
homeostasis. This tissue is rich in natural stem and progeni-
tor cells that play a direct role in innate healing. Cell therapies
promoting the regeneration of pulp tissue have the potential
to treat pulpitis or periapical disease, assuring longevity of
teeth and improved quality of life [36]. In 2006, Iohara
et al. proposed that dental pulp SP cells are enriched for stem
cell properties [39]. Since then, SP cells have been identified
in the dental pulp of several species including pigs [39],
canines [36], and humans [9, 42].

Ishizaka and colleagues [36] isolated SP cells from canine
dental pulp and compared these cells to mesenchymal stro-
mal cell side population (MSC-SP) cells isolated from canine
bone marrow and adipose tissue. Due to their gating strategy,
SP cells, from all three tissues, did not express CD31 [36]. SP
cells from all three tissues demonstrated CFU ability and
were CD29, CD44, CD73, and CD90 positive [36]. At the
molecular level, SP cells from all three tissues expressed
the stem cell markers Sox2, Tert, BMI1, CXCR4, Stat3, and
Oct4 [36]. The regenerative capacity of SP cells isolated from
dental pulp was further studied using an in vivo pulp regen-
eration model. SP cells from the three canine tissues were
compared, and all were able to affect regeneration of pulp-
like tissue; bone marrow CD31− SP cells produced the smal-
lest amount of regenerated tissue [36].

CD31− SP cells obtained from porcine dental pulp tissue
had more potent angiogenic, vasculogenic, neurogenic, and
regenerative potential compared to CD31− SP cells isolated
from the bone marrow and adipose tissue [62]. Furthermore,
condition medium from porcine pulp CD31− SP cell cultures
exhibited a strong stimulatory effect on angiogenesis and
inhibition of apoptosis in pulp regeneration, which may be
due to higher expression of MCP1 and CXCL14 in dental
pulp SP cells [40].

In humans, SP isolated from dental pulp has increased
CFU ability compared to main population cells [9]. The
SP cells were able to differentiate in vitro into multiple cell
lineages including odontoblasts/osteoblast-like cells, adipo-
cytes, neural-like cells, and endothelial cells [9]. These SP
cells expressed stem cell markers, including the Oct4, BMI1,
and Stat3 genes, at higher rates when compared to main pop-
ulation cells [9].

Efflux-related heterogeneity is dependent on ABC trans-
porter proteins. Wang et al. [9] considered the expression
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of BCRP and found that only SP cells, and not main popula-
tion cells, expressed BCRP. It was also found that this expres-
sion decreased over time [9]. In situ immunohistochemistry
investigations demonstrated that BCRP is mainly expressed
in endothelial cells of some microvessels and in odonto-
blasts at the periphery of the dental pulp [9, 63]. In earlier
studies, Wang et al. also described BCRP expression in a
small fraction of dental pulp cells (DPCs) from both decidu-
ous (3.6± 0.8% DPCs expressed BCRP) and permanent teeth
(2.7± 0.2% DPCs expressed BCRP) [41]. The expression of
the ABCG2 gene is evident in human DPCs cultured in
keratinocyte growth medium [9, 64], and the rate of mRNA
and protein expression has been shown to increase in human
cultured DPCs under ischemic culture conditions [65]. How-
ever, in rat dental pulps, ABCG2 mRNA expression was
decreased after tooth fracture induction, possibly due to the
differentiation of stem cells following this insult [66]. Even
though SP cells of the dental pulp have been described as a
homogenous population [39], their heterogeneous nature is
becoming apparent and needs to be elucidated.

4. Final Comments on the Side
Population Assay

The SP assay is a very sensitive but highly technical assay.
Dye efflux is a dynamic process, and slight variations in tissue
dissociation, cell preparation and counting, dye concentra-
tions, staining time, temperature, the stringency of the gating
strategies, and selection of the SP cells by flow cytometry can
dramatically affect the viability, homogeneity, and SP cell
yield [10, 11, 30]. A great deal of variation is evident when
published SP data is scrutinized. Lin and Goodell [32] clearly
state that the SP assay is sensitive to slight modifications
leading to variable SP results from person to person and
one laboratory to another [32]. Golebiewska et al. [11] also
highlighted the importance of improving the reproducibility
of SP results between laboratories and standardizing data
reporting for the SP assay [11].

In summary, the SP assay should not be considered as a
definite characteristic of stem cells but rather as a useful puri-
fication strategy for isolating apparently more primitive cells
from the main heterogeneous population. This was well illus-
trated by Wilson et al. [67] who compared different purifica-
tion strategies for the enrichment of mHSCs using single-cell
analysis [67]. Their findings showed that all purification
strategies, including the SP assay, resulted in a heterogeneous
population of cells with differences in engraftment potential
[67]. To truly understand the heterogeneity of stem or stro-
mal cell populations, other techniques will be required.
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Menstrual blood is a unique body fluid that contains mesenchymal stem cells (MSCs). These cells have attracted a great deal of
attention due to their exceptional advantages including easy access and frequently accessible sample source and no need for
complex ethical and surgical interventions, as compared to other tissues. Menstrual blood-derived MSCs possess all the major
stem cell properties and even have a greater proliferation and differentiation potential as compared to bone marrow-derived
MSCs, making them a perspective tool in a further clinical practice. Although the potential of menstrual blood stem cells to
differentiate into a large variety of tissue cells has been studied in many studies, their chondrogenic properties have not been
extensively explored and investigated. Articular cartilage is susceptible to traumas and degenerative diseases, such as
osteoarthritis, and has poor self-regeneration capacity and therefore requires more effective therapeutic technique. MSCs seem
promising candidates for cartilage regeneration; however, no clinically effective stem cell-based repair method has yet emerged.
This chapter focuses on studies in the field of menstrual blood-derived MSCs and their chondrogenic differentiation potential
and suitability for application in cartilage regeneration. Although a very limited number of studies have been made in this field
thus far, these cells might emerge as an efficient and easily accessible source of multipotent cells for cartilage engineering and
cell-based chondroprotective therapy.

1. Introduction

Mesenchymal stem cells (MSCs) with their multipotent
differentiation capability attract a lot of attention from
researchers, developing possible ways of employing these
cells in clinical practice. MSCs have been isolated and studied
from different sources, including bone marrow, adipose
tissue, synovial membrane, umbilical cord, and dental pulp
[1]. The bone marrow is the primary tissue where MSCs were
firstly isolated in 1957 and is considered to be a classical MSC
source, which is often used as a control for other source
MSCs [2].

In 2007, Meng with colleagues isolated a MSC popula-
tion from menstrual blood (MenSC) [3]. MSC properties,
including multiple differentiation, have been confirmed
for these cells, while their differentiation capability and

multipotency were even greater than bone marrow-derived
MSCs (BMMSCs), suggesting that MenSCs are potent
candidates for clinical applications. Furthermore, MenSCs
are much easier to access compared to BMMSCs as their
collection does not require complicated ethical procedures
or any invasive surgical interventions, thus providing an
option of repeated sample collection in the same donor.
These advantages suggest MenSCs as an attractive tool for
regenerative medicine.

Articular cartilage is an avascular load-bearing connec-
tive tissue with unique mechanical properties. However, the
cartilage is a poor self-regenerating tissue and is highly
susceptible to trauma or degenerative diseases such as osteo-
arthritis (OA), which is characterised by varying degrees of
physical and functional limitation and reduced quality of life,
with a major impact on the quality of life of the ageing
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population in European countries [4]. The cartilage is popu-
lated exclusively by chondrocytes; however, its regenerative
capacities are limited due to a complicated extracellular
matrix (ECM) structure and difficulties associated with repo-
pulating the cells within the tissue after trauma and inflam-
mation [5]. Currently, there is no efficient therapeutic
approach for cartilage lesions, and cell-based therapies such
as multipotent MSCs from different sources seem promising
candidates for cartilage tissue engineering and stimulation of
cartilage regeneration [6, 7]. Although the majority of thera-
peutic techniques using MSCs produce poor outcomes with
limited success rates, these cells remain a key focus on studies
aimed at differentiating them into a robust chondrogenic
lineage and establishing novel protocols for clinical studies.

The main goal of stimulating a qualitative chondrogenic
response in cells is to select an appropriate protocol to induce
cell cascades responsible for chondrogenesis. One of the
major components of all chondrogenic differentiation media
is the growth factor transforming growth factor β (TGF-β),
which is crucial for in vivo and in vitro chondrogenesis;
however, other factors which also play an important role in
this process are not always involved in stimulating MSCs to
differentiate. In fact, different tissue MSCs might require
novel protocols with different biologically active factors,
optimized for a correct tissue source MSCs, which may reveal
stronger effects in cell chondrogenic response.

Although MenSCs are known to have a great potential
to differentiate into various tissue cells, their chondrogenic
differentiation potential has not been extensively investigated
so far. In this review, we aim to gather all up-to-date knowl-
edge considering MenSC potential to differentiate into chon-
drogenic lineage. Currently, BMMSCs have been considered
as the most potential candidates for cartilage regeneration
techniques; however, these cells deploy a number of disad-
vantages in their usage, including invasive and painful
sample collection, shortage of biological material, and small
number of cells in it, whereas, those issues are not relevant
to MenSCs.

2. MenSC Characteristics

The female reproductive system is a complicated combina-
tion of biological components where the uterine endome-
trium plays an exclusive role. This fast-regenerating tissue
has been considered as a source for easy-accessible stem cells
decades ago [8]. It is known that the endometrium undergoes
over 400 cycles of regeneration and menstruation during a
woman’s reproductive life cycle, allowing for pregnancy,
and can be even continued to regenerate after menopause
using estrogen therapy [9]. It was repeatedly confirmed that
the endometrium is rich with epithelial progenitor cells as
well as MSCs [10–12]. Moreover, endometrium MSCs
(EnSCs) have been shown to regenerate into all three
different layers—endoderm, mesoderm, and ectoderm—and
maintain similar properties to BMMSCs [11, 12]. EnSCs
can be isolated directly from the endometrium using hyster-
ectomy or endometrial biopsy; however, these procedures are
invasive and require surgical intervention. Another way of
collecting EnSCs is their isolation from menstrual blood,

which is being naturally discarded from organism each
month as waste and requires minimal ethical issues.

Menstrual blood-derived EnSCs (MenSCs) were firstly
observed by Meng and his team in 2007. From that time, this
source of collecting MSCs has attracted huge scientific
interest, leading to a number of different research avenues
and possible applications of MenSCs in clinical practice. It
has been shown that MenSCs possess such typical MSC
qualities as self-renewal, high proliferative potential, and a
multipotent differentiation ability into chondrogenic, adipo-
genic, and osteogenic lineages in vitro [13], (see Figure 1).

3. Differences between BMMSC and MenSC
Phenotypes and Differentiation Potentials

BMMSCs are a classical MSC population, which is often
employed as a reference control for evaluation of phenotype
and functional peculiarities of other sources of MSCs.
Although MenSCs share a lot of similar typical properties
with BMMSCs, MenSCs seem to have some advantageous
characteristics. For instance, recent studies have shown that
MenSCs are even able to differentiate into cardiomyocytes
with the functions of beating spontaneously after induc-
tion resulting in the decreased myocardial infarction area
in a rat model [14, 15]. Furthermore, it has been shown
that MenSCs are capable to differentiate into neural and
epidermal-like cells [16–19] and even functional hepatocytes
[20], which suggest superior spectrum of their differentiation
potential, as compared to BMMSCs (Figure 1). In addition to
the whole range of MSC surface markers, including CD73,
CD90, and CD105, MenSCs also express some pluripotency
markers, such as OCT-4, SSEA-4 [17, 21], highly upregulated
levels of CD49a [22] but lack of STRO1 expression [23, 24],
which further distinguishes them from BMMSCs. Further-
more, it has been shown that the proliferation capability of
MenSCs is much higher than that of BMMSCs [3, 23, 24].
Colony forming unit (CFU) rate and proangiogenic capacity
in vitro have been also established as much higher in MenSCs
as compared to BMMSCs [22]. Lower tumorigenicity has
been reported for MenSCs, as compared to BMMSCs, which
implies safety of MenSC-based therapies [20, 25]. These
findings support MenSCs as a unique and promising cell
population; however, the beneficial clinical efficacy of those
cells in comparison to BMMSCs remains to be investigated.

4. Articular Cartilage and Its Regenerative
Disability—Stem Cells Might Be an Answer

Articular cartilage, due to its low capacity for self-repair,
is highly susceptible to trauma or degenerative low-grade
inflammatory diseases such as OA, leading to disability and
the loss of quality of life in a considerable part of population
worldwide. In 2014, there has been registered more than 237
million (3.3%) of the world’s population that are suffering
from OA [26]. The prevalence of OA increases with age:
13.9% of adults at age 25 years, while 33.6% of adults at
age 65 and older have OA, where more than a half of
them are women. This gender difference is important
and relevant to the topic of this review. The major factors
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that increase the risk of OA are age, obesity, gender, joint
disease, or abnormalities with its functions, metabolic dis-
orders, and genetic factors [27] but gender is especially
important after menopause.

Age is the primary factor for OA, as it usually forms in
the 40s onwards. Obesity creates a harmful load on joints
and has a negative influence on cartilage, increasing the
chance of developing OA and even getting it worse with time
[28]. Moreover, according to statistics, OA is most common
and severe in women and any kind of surgical operation on
a joint can lead to OA [29]. Furthermore, metabolic disorders
have also been considered as one of the causes for OA.
Altered metabolic pathways and mediators in OA cartilage
have been even highlighted as potential therapeutic targets
[30]. Equally, alterations in the ion channels that enable
Ca2+ transport across the plasma membrane seem to be
critical for the development of cartilage degeneration in
OA [5, 31]. Although all of these factors have been exten-
sively studied, the knowledge has not been translated to

therapies—there are still no efficient cell-based therapeutic
approaches for cartilage lesions. Cell-based therapies such
as multipotent MSCs seem promising candidates for cartilage
engineering and regeneration [32]. Tissue engineers have
constructed different ways of a possible cartilage treatment
with MSCs, including direct injection into cartilage, mixing
them with hydrogels, or seeding on scaffolds [33] (see
Figure 2). BMMSCs have been identified as the most pop-
ular choice for cartilage tissue regeneration techniques due
to their plasticity and close location to the cartilage. Fur-
thermore, the placenta, umbilical cord blood, and adipose
tissues were also used as MSC sources in cartilage tissue
engineering [34, 35].

However, the majority of cartilage engineering or repair
techniques using MSCs have failed so far due to a number
of complicating factors, such as development of hypertrophy
[36]. Hypertrophy is often acquired in MSCs during chon-
drogenic induction, leading to a possible further differenti-
ation to endochondral bone formation. It is marked by
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Figure 1: Mesenchymal stem cell isolation from uterine endometrium and menstrual blood and their differentiation potential.
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sudden increase in cell volume (more than 10-fold) and
structural remodelling of ECM, forming calcification and
mineralization of ECM. Cells begin to synthesize collagen
type X, produce destructive metalloproteinases. Therefore,
hypertrophy affects not only chondrocyte homeostasis
but also cartilage structure [37]. Furthermore, there are
other MSC application restrictions, as isolating them from
a large number of donors, small amount of available cells,
and decrease in their proliferation/differentiation rate with
age [9].

Menstrual blood is a unique easily accessible source of
stem cells, which eliminates the majority of BMMSCs and
other tissue MSC restrictions and can be used to treat
different diseases, where OA might not be an exception.
Although MenSCs were not applied in cartilage regeneration
techniques yet, their candidature in these procedures is high.
For instance, to the best of our knowledge, there is no data
concerning potential formation of fibrocartilage (collagen
type I) or hypertrophy (collagen type X, VEGF, MMP-13)
during chondrogenesis in MenSCs, which might appear an
additional advantage for their application for cartilage repair.

Noteworthily, it is logical to assume that the ability to
collect menstrual blood for autologous treatment with
MenSCs is progressively reduced in elderly women which
could appear a limitation for their therapeutic applications
in OA. On the other hand, if these cells could be collected
and cryopreserved in advance, there will always be an oppor-
tunity to use them later in the donor’s lifetime. Moreover,
MenSCs are derived from shedding endometrium, suggesting
that if the endometrium can maintain its regenerative capa-
bilities even after menopause, this may prolong and sustain
stem cell collection, allowing application of autologous bio-
logical material in future clinical therapies even for elderly
women [25].

5. Chondrogenesis and Impact of MSCs

Molecular mechanisms that control chondrogenic differenti-
ation in MSCs have been the major focus of research and
important puzzle to solve for exploiting biochemical path-
ways to induce cartilage regeneration. In vivo chondrogene-
sis is initiated by several growth factors, such as tumor

growth factors-β (TGF-βs), Activin A, bone morphogenetic
proteins- (BMP-) 2, BMP-4, BMP-7, and fibroblast growth
factors (FGFs) [38]. TGF-β is critical for chondrogenesis as
it is considered to be a crucial stimulator for chondrogenic
differentiation both in vitro and in vivo [32]. TGF-βs (mainly
TGF-β1 and TGF-β3) stimulate chondrogenesis through
SMAD3 protein, which further stimulates transcriptional
activity of Sox9 leading to activation of cartilage-specific
protein genes, as type II and type IX collagen, aggrecan,
CD-RAP, and cartilage oligomeric protein (COMP) [39].
FGFs have been shown to promote chondrocyte proliferation
in vivo. FGF-2, FGF-9, and FGF-18 are the most studied
growth factors in chondrogenesis, where FGF-2 upregulates
Sox9 and early activation of chondrogenesis and FGF-9/18
maintain chondrocyte phenotype, delaying hypertrophy
[36, 40]. Furthermore, FGFs often act in concert with other
growth factors such as insulin-like growth factors (IGFs) that
are required for a proper chondrogenesis formation, as well
as cell proliferation and motility. IGF-1 was found to be
equally potent to TGF-β1 in chondroinductive actions of
BMMSCs (Longorbardi et al., 2006). Moreover, it enhances
cartilage matrix formation, regulates apoptosis, and blocks
interleukin-1-induced turnover of proteoglycans in chon-
drocytes, which makes this factor an important element
in chondrogenesis (Chun du oh, 2003). Wingless proteins
(Wnts) are important in a variety of cellular activities
during chondrogenic differentiation, including prolifera-
tion and gene expression, as they induce production of
FGFs [41–43]. Sonic hedgehog (SHH) induces MSCs to
synthesize BMPs, directing MSC differentiation into chon-
drogenic lineage [44]. Furthermore, several factors main-
tain the chondrocyte phenotype in the cartilage, such as
parathyroid-related peptide (PTHRP) and Indian hedgehog
(IHH) [44].

All of these growth factors play a key role in tissue repair
and regeneration, and most importantly—these are crucial
factors in all chondrogenesis stages [45, 46] (see Figure 3).
Transcription factors also play an essential role in chondro-
genesis as they regulate not only the expression of ECM
proteins but also the expression of growth factors according
to the differentiation stage. Sox9 is one of the earliest markers
expressed in the MSCs and is the key transcription factor
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Figure 2: Major OA risk factor strategies for promoting cell-based cartilage repair.
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in chondrocyte maturation [47]. Sox5 and Sox6 maintain
chondrocyte phenotype at later stages and directly regulate
expression of ECM molecules, such as collagen (IIB, IX, X)
and proteoglycans (aggrecans) [48]. RunX2 and osterix
negatively affect chondrogenesis, as they induce mineraliza-
tion of the cartilage matrix [49], by promoting matrix metal-
loproteinase 13 (MMP13) synthesis [50]. Generally, MMP
synthesis in cells is stimulated by proinflammatory cytokines,
allowing them to negatively regulate cell processes. In the
cartilage, MMPs (mainly MMP-9, MMP-10, MMP-13, and
MMP-14) lead chondrocytes to hypertrophy and remodel
ECM, forming cartilage degradation [44].

In the meantime, classical chondrogenic differentiation
medium consists of a combination of growth factors (pre-
dominantly TGF-βs), ITS, high-glucose, dexamethasone,
ascorbic acid-phosphate, sodium pyruvate and proline, and
in major cases—lacks serum. These factors along with natu-
ral stem cells secreting biologically active compounds stim-
ulate their differentiation towards chondrogenic lineage.
For this reason, before applying stem cells in tissue regen-
eration techniques, it is useful and important to evaluate
their secretome profile.

MSCs are beneficial for OA repair techniques due to their
anti-inflammatory and chondroprotective properties. They
are known to secrete a broad range of various paracrine
factors and bioactive molecules that can modulate metabo-
lism of extracellular matrix in OA cartilage [7]. Cytokines
are major factors that regulate cell differentiation capabilities.
BMMSC secretome was characterised in many studies. It was
found that BMMSCs secrete a wide range of different
cytokines/growth factors, including interleukins: IL-6, IL-7,
IL-8, IL-11, IL-12, IL-14, IL-15, leukemia inhibitory factor
(LIF), granulocyte colony-stimulating factor (G-CSF), granu-
locyte macrophage colony-stimulating factor (GM-CSF),
macrophage colony-stimulating factor (M-SCF), Flt-3 ligand
(FL), and stem cell factor (SCF) [51].

6. Growth Factors Secreted by MenSCs and
Their Potential Impact on
Chondrogenic Differentiation

As for MenSCs, their secretome is less studied; however,
several studies already published their results according to
MenSC cytokine and growth factor secretion, cultivating
them in monolayer (see Table 1).

It has been observed that among basal proliferative,
angiogenetic, and chemo-attractive proteins, such as VEGF,
PDGF, HGF, and ANG-2, MenSCs secrete biologically active
molecules IGF-1 and FGF-2, which are involved in different
stages of chondrogenesis (Figure 3) [25, 53], as described
earlier. Furthermore, MenSCs express Activin A, which is a
member of the TGF-β superfamily. Several studies suggest
that Activin A plays a pivotal role in the early stages of
MSC chondrogenesis [55, 56]. Activin A induces the
expression of Oct4, Nanog, Nodal, Wnt3, and FGF8 and is
necessary for the maintenance of self-renewal and pluripo-
tency of MSC [55]. Enhanced production of Activin A was
demonstrated in OA cartilage, associated with the suppres-
sion of aggrecanase-mediated cleavage of aggrecan in human
articular cartilage [57], suggesting a chondroprotective role
of Activin A during destructive OA process. Chimeric
ligands of Activin A and BMP-2 have been used to induce
chondrogenic differentiation in adipose tissue-derived MSCs
(ASCs) resulting in Peran et al. [56]. They demonstrated
increased expression of collagen type 2, Sox9, and aggrecan
in ASCs (toluidine blue and Masson’s trichrome staining),
which was also confirmed by RT-PCR in response to Activin
A/BMP-2 chimeras [56]. Besides, Activin A is involved in
regulation of women menstrual cycle [58] suggesting that it
may appear pivotal for modulation of MenSC differentiation
potential. Our preliminary data also confirmed chondrogenic
differentiation capacity of MenSCs and its modulation by
Activin A (unpublished data).
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Conversely, MenSCs secrete immunomodulating factors
as IL-6, IL-8, IL-10, IFN-γ, GRO, OPG, HGF, and MCP-1,
which take place in an inflammatory process. These factors
were studied according to immunosuppressive properties of
MenSCs and BMMSCs, which were analyzed in collagen-
induced arthritis model in mice and their secreted factors,
activated with/without IFN-c and IL-1b. The study con-
cluded that MenSCs are less responsive to cytokine activation
and express less immunosuppressive molecules compared to
BMMSCs [22], which is not an advantageous fact if consider-
ing their applicability in cartilage regeneration. Moreover,
MenSCs are shown to express matrix metalloproteases
(MMP-3, MMP-10) [3]. The secretion of these factors is con-
sidered to negatively affect chondrogenesis in these cells, as
they promote chondrocyte hypertrophy, as described earlier.

Nevertheless, these are only few studies made in the field
of MenSC secretome. This niche requires more studies to
truly understand the nature of these cells and their secreting
factors, which can possibly approve or disprove already
published results.

7. MenSC Chondrogenic Differentiation
Capability for Tissue
Engineering Approaches

MenSCs are known to have a great potential to differentiate
into various tissue cells; however, their chondrogenic differ-
entiation potential has not been extensively investigated so
far. The primary study which analyzed ESC chondrogenic
differentiation potential in time was made in 2007 by Wolff
and colleagues [59]. They reported that ESC pellets cultured

in chondrogenic media secreted proteoglycan as the extra-
cellular matrix was stained with Alcian blue, while control
pellets were cultivated in chondrogenic media without
growth factors and in DMEM did not. They concluded
that endometrial stem cells are capable to differentiate into
chondrogenic lineage and that there is a coherence between
the staining intensity and differentiation time; for instance,
as longer pellets were differentiated, the more proteoglycan
were accumulated. In Table 2, we have summarized data
from all published studies in the field of MenSC chondro-
genic differentiation, including the exact methodologies
used by the authors including growth factors and differen-
tiation duration.

According to these studies, MenSCs revealed different
results in chondrogenic response. Several published studies
suggest that MenSCs could be a suitable candidate for
cartilage tissue engineering and may have direct effects on
cartilage tissue repair, as determined by sulfated glycosami-
noglycans and express collagen type II [20, 21]. Other
authors suggest that MenSCs have low chondrogenic differ-
entiation potential and are not a suitable stem cell population
for cartilage regeneration. For instance, in 2015, there was a
study published where authors compared gene expression
between MenSCs and umbilical cord MSCs (UCMSCs)
from the same donor and between MenSCs and BMMSCs
from the same donor. They screened 768 genes in MenSCs,
UCMSCs, and BMMSCs. Furthermore, they report that
important osteogenic and chondrogenic genes POSTN and
OSTM1 were largely downregulated in MenSCs compared
with UCMSCs and BMMSCs, which also confirmed the infe-
rior osteogenic and chondrogenic differentiation potentials
of MenSCs [18]. However, these authors did not induce their

Table 1: The analysis of MenSC secretome in published studies∗.

Analyzed cytokines/growth
factors

MenSCs positive for Conclusion Reference

MMP-3, MMP-10, GMCSF,
PDGF-BB, ANG-2, VEGF,
HGF, EGF

MMP-3, MMP-10, GM-CSF,
PDGF-BB, ANG-2, VEGF,

HGF, EGF

MenSCs share some properties of mesenchymal stem cells based
on phenotype but functionally produce factors that are unique.

[3]

VEGF, BDNF, GDNF, NT-3 VEGF, BDNF, NT-3
Oxygen glucose deprivation (OGD) conditions showed

upregulation of VEGF, BDNF, and NT-3 inMenSCs, comparing
to normal condition cultivation.

[8]

IL-10, IFN-γ, MCP-1, IDO1,
COX-2, FOXP3

IDO1, COX-2, FOXP,
IFN-γ, IL-10, MCP-1

MenSCs from patients with endometriosis express higher
amounts of IDO1, IFN-γ, MCP-1, and IL-10.

[52]

Activin A, IL-6, Cox2,
IDO, PDL-1

IL-6, Cox2, Activin A, IDO,
PDL-1

MenSCs are less responsive to cytokine activation and express
less immunosuppressive molecules compared to BMMSCs.

[22]

VEGF, HGF, IGF-1 VEGF, HGF, IGF-1
MenSCs make a significant stem cell population, producing

cytokines, crucial for tissue repair and regeneration.
[53]

VEGF, FGF, KGF, HGF VEGF, FGF-2, KGF, HGF
MenSCs secrete higher concentration of HGF than from dental
pulp—MSCs at the sixth and tenth passage and had the lowest

concentration in FGF (from P2 to P10).
[25]

MCP-1, IL-6, HGF, GRO,
IL-8, OPG

MCP-1, IL-6, HGF, GRO,
IL-8, OPG

MenSCs have a potential for reducing liver fibrosis in mice. [54]

∗Abbreviations: BDNF: brain-derived neurotrophic factor; Cox: cyclooxygenase; EGF: epidermal growth factor; FGF: fibroblast growth factor; FOX: forkhead
transcription factor; GDNF: glial cell line-derived neurotrophic factor; GMCSF: granulocyte macrophage colony-stimulating factor; GRO: growth-related
oncogene; HGF: hepatocyte growth factor; IDO: indoleamine 2,3 dioxygenase; IFN: interferon; IGF: insulin-like growth factor; IL: interleukin;
KGF: keratinocyte growth factor; MCP: monocyte chemoattractant protein; MMP: metalloprotease; NT: neurotrophin; ANG: angiogenic factor;
OPG: osteoprotegerin; PDGF: platelet-derived growth factor; PDL: programmed cell death-ligand; VEGF: vascular endothelial growth factor.
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cells to differentiate, which is uncertain due to changes in
chondrogenic genes during differentiation process. POSTN
gene codes periostin, which was shown to promote osteo-
genic differentiation [63], inducing ECM mineralization
but not chondrogenic differentiation [64]. Furthermore, the
expression of these genes in cells is upregulated during differ-
entiation process, so it is unclear what the true expression of
these genes is during chondrogenic induction.

On the other hand, the majority of authors claim that
differentiated MenSCs (ESCs) showed strong immunoreac-
tivity to a monoclonal antibody against Collagen type 2 and
accumulation of proteoglycan that were revealed by Alcian
blue staining [24, 59, 60, 62], which are believed to be
considerable confirmation of chondrogenesis. Moreover,
the comparison of differentiated MenSCs and BMMSCs
showed a similar pattern of proteoglycan accumulation
[24]. However, the expression of Collagen 2A1 mRNA was
particularly observable in differentiated BMMSCs, although
not in MenSCs [24], which can be related to inappropriate
growth factor induction, which the authors used—TGF-β3,
BMP-6. Nevertheless, during MenSC differentiation, they
detected a significant increase in the expression level of
Collagen 9A1 and the transcription factor SOX9, suggesting
that these cells positively respond to chondrogenic induction.
Moreover, considering different growth factor influence on
chondrogenic differentiation, it is important to note that
there are studies suggesting that TGF-β3 does not always
induce chondrogenesis in such cells as ADSC and BMMSCs,
where BMP-2 was shown to act as a major chondrogenic dif-
ferentiation inducer in ADSC [65, 66], and the combination
of TGF-β1, GDF-5, and BMP-2 stimulated robust chondro-
genic response in BMMSCs [67]. These observations may
lead to the development of new strategies for novel chondro-
genic differentiation protocols for MenSCs, which will
include additional factors that these cells may require. For
instance, Activin A is known to be crucial in the early
stages of chondrogenesis, as described earlier; however,

classical chondrogenic differentiation medium does not
contain it. Additional growth factors might be useful in
MenSC differentiation capability.

8. Conclusions

Menstrual blood is a unique body fluid that contains multi-
potent cells with typical characteristics of MSCs, while with
a greater proliferative and differentiation capability than
classical bone marrow-derived MSCs (BMMSCs). These
advantages, as well as the ease of access of MenSCs due to
possibility of repeated noninvasive menstrual blood sample
collection even from the same donor, make MenSCs a prom-
ising cellular source for regenerative medicine applications.

Although these cells have many more benefits comparing
to other tissue MSCs, some of the research niches still need
further investigation to fully identify the applicability of
MenSCs for basic research and clinical applications. One of
these niches is their chondrogenic differentiation. As articu-
lar cartilage has difficulties in self-regeneration and is suscep-
tible to OA, especially in women, MenSCs could serve as a
perfect stem cell therapy tool for cartilage regeneration.
However, the chondrogenic differentiation potential of
MenSCs remains controversial. One concept and claim is
that these cells have a strong potential to differentiate, as
they efficiently produce proteoglycans and collagen type
II [20, 22–24, 62] and may have direct effects on cartilage
tissue repair. Another concept is that MenSCs have a weak
chondrogenic response [18]. Induction of relevant differ-
entiation cascades in those cells by stimulating them with
adjusted set of appropriate growth factors may result in
efficient chondrogenic differentiation. However, those issues
remain unresolved and require thorough investigation.
Taken together, the application of MenSCs for chondrogenic
differentiation can provide important information about
cartilage function and repair potential and may possess
significant regenerative value both as a tool for cartilage

Table 2: Evidence of MenSC chondrogenic differentiation.

Method Visualization with
Growth factors/other
components used

Duration Results Reference

2D

Alcian blue TGF-β3 14–20 days Alcian blue positive [60]

Alcian blue, RT-PCR for collagen
type II and Sox9

TGF-β3, BMP-6,
fibronectin-coated

21 days
Alcian blue positive, collagen type 9 and Sox9

positive, collagen type II negative
[24]

IHC collagen type II antibody TGF-β3, BMP-6 21 days Collagen type II positive [52]

Alcian blue TGF-β3 14 days Alcian blue positive [20]

Alcian blue TGF-β3 21 days Alcian blue positive [53]

3D

Alcian blue, IHC with collagen
type II antibody

TGF-β3, IGF-1,
nanofibrous scaffolds

4 weeks Alcian blue and collagen type II positive [11]

Alcian blue, IHC with collagen
type II and type I antibodies

TGF-β3, nanofibrous
scaffolds

3 weeks
Alcian blue and collagen type II positive,

collagen type I negative
[23]

Alcian blue TGF-β, BMP-6 21 days Alcian blue positive [61]

IHC with collagen type II
antibodies

TGF-β3, IGF-1 4 weeks Collagen type II positive [62]

Safranin O, collagen type II RNA
gene analysis

TGF-β3 21 days
Safranin O and collagen type II

gene positive
[22]
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tissue engineering and for intra-articular cellular therapy
based on stimulating paracrine effects. We conclude that
these cells might become a realistic and attractive alternative
for cartilage regeneration.
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The therapeutic potential of mesenchymal stromal cells (MSCs) from various tissue origins have extensively been explored in both
experimental and clinical studies, and peritoneal dialysis effluent-derived MSC (pMSC) may be an easily obtainable MSC source for
clinical applications. In this study, we expanded and characterized the pMSCs after expansion in a human protein culture medium.
The pMSCs were expanded in plastic dishes with the human protein medium. MSC marker expression was examined by flow
cytometry. Spherical formation was tested by hanging drop method, and osteogenic, adipogenic, and chondrogenic
differentiation capacities were confirmed by positive staining with Alizarin red, Oil red O, and Alcian blue, respectively. Here, we
showed that after four passages of culturing in plastic dishes, pMSCs in the human protein medium displayed a homogeneous
pattern of classical MSC markers (positive: CD29, CD44, CD73, CD90, and CD166; negative: CD14, CD34, CD45, CD79a,
CD105, CD146, CD271, HLA-DR, SSEA-4, and Stro-1), while in the standard medium, pMSCs from some donors were CD45 or
HLA-DR positive. For nonclassical MSC markers, pMSCs were CD200 positive from all the donors, negative for CD163, CD271,
CD36, and CD248, and either positive or negative for CD274 and CD140b. Further, pMSCs from the human protein medium
had the spherical formation capacity and multipotent differentiation capacity in vitro. In conclusion, upon expansion in a
human protein medium, pMSCs showed a differential MSC marker expression profile from those of bone marrow or adipose
tissue-derived MSCs and could maintain the multipotency. The therapeutic potential of the pMSCs requires further investigation.

1. Introduction

Mesenchymal stromal cells (MSCs) are self-renewal, multi-
potent, fibroblast-like adult cells that have been found in a
variety of adult tissues in our body, such as the bone marrow
(BM), adipose tissue, lung, peripheral blood, umbilical cord
blood, placenta, and fetal tissues [1]. Since the first time
Friedenstein and his colleagues identified MSCs in the BM
in 1976 [2], the therapeutic potential of a MSC-based therapy
has been widely explored in treatment of a variety of human

diseases, particularly in the field of both regenerative medi-
cine and immunotherapy [3, 4]. Indeed, currently, more than
800 clinical trials have been registered at the American
National Institute of Health (clinicaltrials.gov) aimed at
evaluating the therapeutic potential of MSCs worldwide.

BM-derived MSCs (BM-MSCs) are the most extensively
studied source of MSCs, but the low yield (0.001%–0.01%)
and invasive aspiration procedure greatly hinder the clinical
use of BM-MSCs [5]. Both embryonic and aborted fetal
tissues can provide a high yield of MSCs [6–8]; however,
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the use of these sources of MSCs for clinical applications and
research is limited due to ethical and safety issues. Therefore,
finding alternative sources of MSC is crucial in the current
development of a MSC-based therapy. Our group, for the
first time, has identified and isolated MSCs in peritoneal dial-
ysis (PD) effluent from PD patients [9]. With its large source
of otherwise discarded PD effluent, which can easily be col-
lected from PD clinics, the PD effluent-derived MSCs
(pMSCs) may be a feasible alternative source of MSCs for
the MSC therapy [9].

As in vivo sources usually do not provide enough number
of MSCs, one of the requirements for successful development
of the MSC-based therapy is having an effective culture
method for in vitro expansion, to obtain a large quantity of
clinically graded MSCs [10]. Currently, the standard in vitro
expansion ofMSCs uses a fetal bovine serum- (FBS-) contain-
ing culture medium, in which FBS provides nutrients and
attachment factors for cell growth and attachment [11]. How-
ever, the clinical use of animal-derived (xeno) products such
as FBS poses several safety concerns [11–13]. For instance,
xeno antigens and infectious agents in FBS may be transmit-
ted to the MSC recipients [11]. Therefore, careful use of or
avoiding such xeno products in the process of MSC expan-
sion is an important aspect in the clinical translation of the
MSC therapy [11, 12, 14]. The objective of this study was
to characterize pMSCs in a xeno-free human protein-based
culture system.

2. Materials and Methods

2.1. PD Effluent Collection. PD effluents were collected from
anonymized donors as described by Liu et al. [9], which
was approved by the Clinical Research Ethics Board at the
University of British Columbia (Vancouver, BC) in accor-
dance with the Canadian Tri-council policy statement:
ethical conduct for research involving humans (protocol
number: H15-02466). A total of ten PD effluent samples were
collected from ten donor patients (one from each) who were
on PD therapy with either Dianeal or Physioneal PD solution
within 4 weeks (Table 1).

2.2. Antibodies. The following fluorescent-conjugated mono-
clonal antibodies were used in this study: rat allophycocyanin
(APC) anti-human/mouse CD44 (clone IM7, eBioscience,
San Diego, CA, USA), APC mouse anti-human CD34 (clone
4H11, eBioscience), fluorescein isothiocyanate (FITC) mouse
anti-human Stro-1 (clone MOPC-104E, BioLegend, San
Diego, CA, USA), phycoerythrin (PE) mouse anti-human
CD146 (clone P1H12, BD Biosciences, Mississauga, ON,
Canada), APC mouse anti-human CD29 (clone TS2/16,
BioLegend), FITC mouse anti-human CD90 (Thy-1) (clone
eBio5E10, eBioscience), FITC mouse anti-human HLA-DR
(clone L243, eBioscience), PE mouse anti-human CD79a
(clone HM47, eBioscience), PE mouse anti-human CD166
(ALCAM) (clone 3A6, eBioscience), APC mouse anti-
human CD14 (clone 61D3, eBioscience), FITC mouse anti-
human CD105 (Endoglin) (clone 266, BD Biosciences),
APC mouse anti-human CD45 (clone H130, BD Biosci-
ences), PE mouse anti-human CD271 (clone C40-1457, BD
Biosciences), FITC mouse anti-SSEA-4 (clone MC813-70,
BD Biosciences), PE mouse anti-human CD73 (clone AD2,
BD Biosciences), PE mouse anti-human CD36 (clone
CD38, BD Biosciences), PE mouse anti-human CD 140b
(clone 28D4, BD Biosciences), PE mouse anti-human CD
274 (clone MIH1, BD Biosciences), FITC mouse anti-
human CD 163 (clone GHI/61, BD Biosciences), Alexa Fluor
647 mouse anti-human endosialin CD 248 (clone B1/35, BD
Biosciences), and PE-Cy™mouse anti-human CD 200 (clone
MRC Ox-104, BD Biosciences).

2.3. Isolation of Adherent Cells and Proteins from PD Effluent.
The isolation of both adherent cells and proteins from PD
effluent was processed within 12h after collection from
donors. Adherent cells were isolated from the effluents and
cultured, as described previously by Liu et al. [9]. In brief, cells
in PD effluents were pelleted by centrifugation at 751×g at
10°C for 10min. After washing with phosphate-buffered
saline (PBS, pH 7.4), the resultant cells were suspended and
cultured in plastic culture dishes with Dulbecco’s modified
Eagle’s medium/Ham’s nutrient mixture F12 (DMEM/F12,
50/50) containing either 10% human protein solution (v/v),
as described below, or FBS and 1% penicillin/streptomycin
solution (100×, Thermo Fisher Scientific, Mississauga, ON,
Canada) at 37°C in a 5% CO2 atmosphere incubator.

After the cell isolation, proteins were isolated from PD
effluents for preparation of a human protein-based culture
system for ex vivo expansion of pMSCs. In brief, after pelleting
the adherent cells from the PD effluents as described above,
the supernatant was further centrifuged at a high speed
(8000 ×g), in order to remove cell debris. Then, the proteins
were precipitated by addition of ammonium sulphate
(to 80% saturation) at room temperature (RT), and the pre-
cipitated protein fraction was pelleted from the solution by
centrifugation at 48000 ×g for 20min (Avanti J-E centrifuge
with JLA-16.25 rotor, Beckman Coulter Inc., Mississauga,
ON, Canada). The protein pellets were dissolved in distilled
water, and the remaining ammonium sulphate in the solu-
tion was removed by dialysis in distilled water, using a cellu-
lose tubular membrane (Cellu-Sep T2/Nominal MWCO:
6000-8000, Genprice Inc., San Jose, CA, USA) for three days

Table 1: The demographic information of donors.

Donor
no.

Age
(yr)

Gender
(F/M)

Race/
ethnicity

Time on PD
(wk)

PD
solution

1 65 M Caucasian 1 Physioneal

2 49 M Asian 3 Physioneal

3 83 M Caucasian 2 Physioneal

4 62 M Caucasian 1 Dianeal

5 57 F
Latin

American
2 Physioneal

6 60 M Caucasian 4 Dianeal

7 60 M Caucasian 3 Dianeal

8 71 M Asian 4 Physioneal

9 53 M Asian 2 Dianeal

10 60 F Asian 3 Physioneal

The PD effluents were collected under protocol H15-02466 approved by the
Clinical Research Ethics Board at the University of British Columbia.
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with daily water change. After a three-day dialysis, the protein
content was measured by using Bio-Rad protein assay
(absorption at 595nm), and the optical density (OD) reading
at 595nmof the human protein solutionwas approximately 1.
The stock protein solution was kept at −25°C until it was used
in the culture medium.

2.4. Flow Cytometric Analysis of Cell Surface Markers. After
four passages (P4) of culturing cells in plastic dishes, the
expression levels of panels of both classical and nonclassical
MSC surface markers were examined using fluorescence-
activated cell sorting (FACS) analysis, as described by Liu
et al. [9]. In brief, after a short trypsinization of the adherent
cells from the plastic dishes using Trypin-EDTA solution
(Sigma-Aldrich Canada, Oakville, ON, Canada), a single cell
suspension was prepared by suspending cells in a culture
medium. Then, the cells were incubated with each type of
the antibodies as listed above in the dark for 30min at 4°C.
After washing with PBS, the fluorescence intensity of the
stain was counted using a Calibur flow cytometer (BD Biosci-
ences). Data were analyzed with the FlowJo software (FlowJo
LLC, Ashland, OR, USA).

2.5. Trilineage Differentiation Assays. The chondrogenic dif-
ferentiation was performed using a high-density cell culture,
as described by Liu et al. [9]. In brief, after the cells have been
cultured to P4, 10μL droplets of cells (1× 106/mL) were
placed on a 10 cm petri dish and incubated at 37°C for 2 h,
followed by incubation in high glucose DMEM medium
supplemented with 1% (v/v) human proteins, 10 ng/mL
transforming growth factor-β1 (Sigma-Aldrich Canada),
50μg/mL ascorbate acid, 0.1μM dexamethasone, 100μg/mL
sodium pyruvate, 40μg/mL proline, and 50mg/mL ITS
premix (5μg/mL insulin, 5μg/mL transferrin, and 5ng/mL
selenious acid). The cultures were then maintained for 4
weeks, and the medium was changed twice a week. After 4
weeks of incubation, the cells were stained with 1% of acidic
Alcian blue in 80% methanol (v/v) (pH 2.5). The positive
results indicated chondrogenic differentiation or the presence
of cartilage formation.

The osteogenic or adipogenic differentiation was induced
in confluent cultures in plastic culture dishes after P4 accord-
ing to protocol described by Liu et al. [9]. For osteogenic
differentiation, the cells (1× 106 cells/well in 6-well plates)
were treated with high glucose DMEM supplemented with
10% (v/v) human proteins, 50μg/mL ascorbic acid, 10 nM
dexamethasone (Sigma-Aldrich Canada), 10mM β-glycerol
phosphate (Sigma-Aldrich Canada), and 3.7mg/mL sodium
bicarbonate for 4 weeks. The culture medium was changed
twice a week. After the 4-week incubation period, the osteo-
genic differentiation was confirmed by staining Ca2+ matrix
mineralization with 2% Alizarin red S in 0.5% NH4OH
(pH 4.2). For adipogenic differentiation, the cells (1× 106
cells/well in 6-well plates) were incubated with high glucose
DMEM supplemented with 10% (v/v) human proteins, 5 nM
hydrocortisone, 50μg/mL ascorbic acid, 50μg/mL indometh-
acin, and 1μM dexamethasone. The culture medium was
changed twice a week for 4 weeks. The adipogenic differentia-
tion has been examined by the presence of lipid droplets

which are stained with 0.14%Oil red O following the protocol
in Lonza website (http://www.lonza.com).

2.6. Determination of Spheroid Formation In Vitro. The
spheroid formation of adult pMSCs in vitro was determined
by using hanging drop cell culture technique as described
previously [15]. In brief, after P4, 0.25× 106 cells in a volume
of 10μL were dropped onto the bottom of the lid of a tissue
culture dish. Around 10 droplets were placed per dish, with
sufficient rooms between the droplets. The lid was inverted
onto a PBS-filled bottom chamber and incubated in a humid-
ified 37°C/5% CO2 incubator. Spheroids were observed under
a light microscope after approximately 2–5 days of incuba-
tion and were separated by gentle shaking.

3. Results

3.1. Morphology and Cell Surface Markers of pMSCs from the
Human Protein-Based Culture System. One of the challenges
in clinical translation of MSC therapies is to have basic
characterization of the MSC product [16]. In this study,
we characterized the expression of common MSC surface
markers in pMSCs after expansion in the human protein-
based (xeno-free) culture medium. We compared the expres-
sion of MSC markers on the pMSC after expansion between
the xeno-free human protein culture medium and in FBS
standard medium. We randomly selected five donors for this
study (Table 1, donor #1 to #5); the cell pellets from PD efflu-
ent of each donor were split into two parts; one part was
grown in the standard FBS medium and the other in human
protein (xeno-free) medium. The cell growth rates were not
significantly different between these two different media at
each passage (data not shown). After P4, all of the cells were
plastic-adherent and exhibited spindle or fibroblastoid mor-
phology in plastic culture dishes (Figure 1). The cell surface
markers of these adherent cells were compared at P4. As
listed in Table 2, the adherent cells from all of the five donors
in the xeno-free medium had a similar expression profile of
the following cell surface markers: positive expression of
CD29, CD44, CD73, CD90, and CD166 and negative expres-
sion of CD14, CD34, CD45, CD79a, CD105, CD146, CD271,
HLA-DR, SSEA-4, and Stro-1. In the standard FBS medium,
although a similar expression pattern was seen (Table 2),
positive expression of CD 45 was seen in the cells from donor
#3 (Figure 2(a), Table 2) and of HLA-DR from donor #4
(Figure 2(b), Table 2).

To further compare the cell surface MSC markers of
pMSCs with other types of MSCs, expression of a panel of
nonclassical MSC markers in pMSCs was examined after
expansion in the human protein medium. The nonclassical
MSC markers were identified in adipose-derived MSCs
(AMSCs) grown in human platelet lysate (hPL) culture
medium [17] and included CD163, CD271, CD200, CD36,
CD274, CD146, CD248, and CD140b. As shown in
Figure 3 and Table 3, CD200 was the only marker that was
strongly expressed in the pMSCs from all of the five ran-
domly selected donors (Table 1, donor #6 to donor #10),
and there were some weak expressions of CD274 and
CD140b in donor #6 (Figure 3(a)) and CD274 and CD146
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in donor #10 (Figure 3(b)). The rest of the markers (CD163,
CD271, CD36, and CD248) were negative in pMSCs
(Figure 3, Table 3).

3.2. Multipotential of pMSCs from the Human Protein-Based
Culture System for Trilineage Differentiation. One of the
biological properties of adult MSCs is their multipotent
differentiation capacity that is an important aspect for

clinical application in regenerative medicine [18]. In this
study, we confirmed the trilineage differentiation capacity
after expansion in human protein culture medium in vitro as
compared with those in standard FBS medium. Following
incubation with differentiation media, specific for each cell
type, the pMSCs that had been expanded in the human pro-
tein medium underwent differentiation into chondrocytes,
adipocytes, or osteocytes in the same manner as pMSCs

Table 2: Comparison of classical MSC marker expression of pMSCs after P4 in FBS standard medium with that after P4 in human protein
(xeno-free) medium.

Donor no. 1 2 3 4 5
Medium Standard Xeno-free Standard Xeno-free Standard Xeno-free Standard Xeno-free Standard Xeno-free

CD14 214 117 155 110 207 140 189 156 135 101

CD29 16,435 27,096 27,172 49,100 48,154 70,848 50,064 38,239 45,174 40,875

CD34 143 135 153 162 230 190 106 163 192 104

CD44 34,600 16,572 20,185 39,866 63,599 53,580 21,398 43,814 50,905 50,764

CD45 147 151 132 117 1184 548 135 158 175 178

CD73 1126 1265 1563 5656 1500 5382 519 1941 2444 2424

CD79a 145 164 171 136 535 246 248 128 123 189

CD90 17,962 15,247 8252 10,723 14,105 14,383 8391 19,469 23,128 36,576

CD105 189 203 198 142 443 228 532 238 253 244

CD146 377 196 243 156 394 246 148 144 199 169

CD166 704 495 530 409 1462 2944 567 1611 5019 4895

CD271 144 161 164 133 282 215 92.4 158 126 186

HLA-DR 138 143 176 141 329 127 1077 150 182 189

SSEA 163 24.1 224 117 334 137 301 119 210 195

Stro-1 158 17.6 194 126 338 135 279 134 203 222

Data were presented by median of fluorescence intensity (MFI). Background MFI: 224 ± 50.7.

FBS standard medium (P4) Human protein medium (P4)

(a1) (a2)

(b1) (b2)

Figure 1: A typical microscopic view of adherent pMSC morphology after expansion in human protein medium. Adherent cells from PD
effluent of a donor were divided into two parts: one growing in FBS-containing standard medium and the other in human protein medium.
After four passages (P4) in both media, unsorted cells in the plastic culture dishes displayed a typical morphology of mesenchymal cells.
(a1, a2) Low-density cells; (b1, b2) high-density or confluent cells. Scale bar, 100μm. Data were representative of five donors.
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expanded in the standard FBS medium [9]. Chondrogenic
differentiation was demonstrated by Alcian blue staining
of cartilage matrix in the cells that formed colonies
(Figure 4(a)), adipocyte differentiation by Oil red O staining
of the lipid droplets in the differentiated cells (Figure 4(b)),
and osteocyte differentiation by Alizarin red S staining,
showing the presence of extracellular calcium deposits
(Figure 4(c)). No staining was seen in those control undiffer-
entiated pMSC cultures—grown in the xeno-free medium
only (without induction of differentiation with the differenti-
ation media). The differentiation capacity of pMSCs from
this xeno-free culturing system was not different from those
from the standard FBS cultures.

3.3. Spheroid Formation of pMSCs from the Human Protein-
Based Culture System. One approach to optimize MSC prep-
aration for the cell therapy is generation of MSC spheroids
[19]. In this study, we examined the in vitro spheroid forma-
tion capacity of pMSCs after expansion in the human protein
medium. After P4 in plastic dishes with the human protein
medium, cells were harvested and their capacity of forming
spheroids was tested by incubation in hanging drop cultures.
As shown in Figure 5, pMSCs from the xeno-free culture
system formed a significant number of spheroids after 5 to
7 days of incubation, suggesting that these pMSC spheroids
could be prepared in a large quantity for future clinical
applications [20].

200
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Figure 2: A different expression of CD45 or HLA-DR of pMSCs after expansion between standard medium and human protein medium. The
different expression of a panel of classical MSC markers in unsorted pMSCs was compared after P4 between FBS-containing standard
medium and in human protein-based xeno-free medium. Histograms of FACS analysis showed CD45 positive in pMSCs from donor #3
after expansion in the standard medium but not in the xeno-free medium (a1, a2), HLA-DR positive in pMSCs from donor #4 in the
standard medium but not in the xeno-free medium (b1, b2). Dotted line: background fluorescence intensity of a control antibody, solid
line: fluorescence intensity of anti-CD45 or anti-HLA-DR antibody staining.
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4. Discussion

The therapeutic potentials of MSCs have been widely
explored in many preclinical and clinical studies. Recent
meta-analysis of clinical trials supports the clinical benefits
of MSCs on treatment of osteoarthritis [21], Crohn’s disease
[22], acute myocardial infarction [23], and chronic liver dis-
ease [24]. However, a robust and reproducible manufactur-
ing of clinical-graded MSCs in a xeno-free condition is
required for wide application of the MSC therapy [20]. We
were the first group to identify pMSCs in otherwise discarded
PD effluent that may become an alternative source of MSCs
[9]. In this follow-up study, we have demonstrated that these
pMSCs can be expanded in a human protein medium with-
out alteration of MSC morphology, cell surface phenotype,
and in vitro trilineage differentiation. Also, the isolated
pMSCs were able to expand in spheroids, which suggests
the possibility of manufacturing pMSC spheroids in a large
batch for future clinical applications.

The International Society for Cellular Therapy (ISCT)
has recommended minimal criteria for identifying MSCs,
which included plastic-adherence, trilineage differentia-
tion capacity (osteogenic, adipogenic, and chondrogenic),

positive expression of CD105, CD73, and CD90, and negative
expression of CD45, CD34, CD14 or CD11b, CD79a or
CD19, and HLA-DR [25]. Similar to the minimal criteria
proposed by ISCT, a recent systemic review summarized
common MSC surface markers in literatures [26], in which
the most common positive markers of adult MSCs are
CD29, CD44, CD90, and CD105, while the most prominent
negative markers are CD14, CD34, and CD45 [26]. Our stud-
ies have demonstrated that pMSCs from all donors express
all the positive markers (CD29, CD44, CD73, and CD90),
except CD105 that is negative in both FBS and human pro-
tein culture media (Table 1) [9]. Similar to pMSCs, the
human skin-derived MSCs are negative in the expression of
CD105 [27], and the lack of CD105 does not affect the chon-
drogenic potential of human BM-MSCs [28]. Together, all
these data may suggest that CD105 may not be a necessary
marker for MSCs from the different sources. Furthermore,
pMSCs were negative in the expression of CD14, CD34,
and CD45 after expansion in the human protein culture
medium (Table 2), which are also listed as top negative
markers for MSCs in literatures [26]. Similar to CD105,
Stro-1 was negative in pMSCs in both FBS standard and
human protein culture conditions (Table 2) [9]. Again,
Stro-1 is positive in the BM-MSCs [26], adipose tissues
[29], and dental pulp [30] but was negative in pMSCs in
our studies. In the comparison between pMSCs and
AMSCs in the expression of nonclassical cell surface markers,
Camilleri et al. [17] have reported that the AMSCs positively
express CD36, CD146, CD248, CD140b, and CD274 and lack
of expression of CD163, CD271, and CD200, but in the pres-
ent study, pMSCs are CD200-positive and CD248-negative
(Table 3). Taken together, the expression of some cell surface
markers (i.e., CD105, Stro-1, CD200, and CD248) in pMSCs
is different from that in other types of MSCs, such as
BM-MSCs and AMSCs. This findingmay suggest that pMSCs
have unique origin, different from BM or adipose tissues.

Mechanisms of how different cell surface molecules
(markers) regulate biological functions of MSCs are not fully
understood. Unlike the AMSCs [17], pMSCs consistently
expressed CD200 (OX-2 membrane glycoprotein) which is
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Figure 3: Histograms of nonclassical MSCmarker expression in pMSCs from selected donors. The expression of a panel of nonclassical MSC
markers in unsorted pMSCs from different donors was investigated after P4 in a human protein-based xeno-free medium. Histograms of
FACS analysis showed the positive expression of CD200, CD274, and CD140b in pMSCs from donor #6 (a) and the positive expression of
CD200, CD274, and CD146 in those from donor #10 (b). The rest of nonclassical markers were negative. Dotted line: background
fluorescence intensity of a control antibody, solid line: fluorescence intensity of an anti-non-classical MSC marker antibody staining.

Table 3: Nonclassical MSCmarker expression of pMSCs after P4 in
human protein (xeno-free) medium.

Donor no. 6 7 8 9 10

CD163 191 262 143 138 129

CD271 181 242 233 175 167

CD200 2218 5547 834 11,809 10,249

CD36 198 218 160 179 167

CD274 591 394 241 469 757

CD146 269 328 246 475 628

CD248 116 232 116 138 141

CD140b 1224 254 407 337 231

Data were presented by median of fluorescence intensity (MFI). Background
MFI: 224 ± 50.7.
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absent/expressed at a low level in AMSCs. Interestingly,
CD200 expression is associated with adipogenic capacity
and, the expression declines in AMSCs during adipogenesis
[31]. Since CD200 expression is inversely correlated with adi-
pogenesis, the level of CD200 may reflect innate adipogenic
capacity of MSCs. For example, since AMSCs require high
adipogenic capacity in vivo in order to replenish cells from
adipose tissues, the expression of CD200, which is inversely
correlated to adipogenesis, is kept low. Thus, low level of
CD200 in AMSCs and high level of CD200 in pMSCs may
suggest that CD200 expression is tissue-specific and depends
on the need from the source. Moreover, pMSCs did not
express CD36 and CD248, both of which are expressed in
AMSCs [17]. It further addresses that CD 36 is a highly
specific marker for AMSCs [17]. CD 248 (endosialin), on
the other hand, is known to play various roles in MSCs
such as negative regulation of bone formation and thymus
remodeling and regeneration [32, 33].We also observed weak
expression of CD274 (B7H1/PDL1), CD140b (PDGFRB), and

CD146 with greater variabilities between donors (Table 3).
The functional roles of CD274 in pMSCs are not yet inves-
tigated; however, CD274 has been shown to be involved in
immunosuppressive roles in BM-MSCs [34–37]. The
expression of CD146 is associated with vascular smooth
muscle commitment in BM-MSCs and defines a subpopula-
tion of BM-MSCs that are capable of differentiating
towards osteogenesis in vitro and bone formation in vivo
[38, 39]. CD140b (PDGFRB) is involved in the recruitment
of MSCs and enhances the development and repair of
stromal tissue types [40], but its expression is MSC type-
dependent, positive in AMSCs, endometrium-derived MSCs
(eMSCs), and perivascular MSC from human brain but
negative in BM-MSCs [17, 40–42].

In mammalian cell cultures, FBS is commonly added to a
culture medium to support cell growth and attachment.
However, in clinical cell therapies, the use of FBS should be
avoided as it poses several safety concerns, such as disease-
induced antigens [43, 44]. We compared the expression of
cell surface markers of pMSCs expanded in the human pro-
tein medium with those cells expanded in FBS-containing
medium (Table 2) [9]. It was interesting to note that weak
expression of three typical hematopoietic markers (CD14,
CD45, and HLA-DR) was found in some donors after expan-
sion in the standard FBS medium (Table 2) [9], but none of
these hematopoietic markers was expressed in the cells from
the same donors after expansion in the human protein
medium (Table 2). These data may suggest the possibility
of the presence of monocytes/macrophages in pMSCs
expanded in the FBS medium, and/or some undefined xeno-
geneic components from FBS may stimulate the expression
of CD14, CD45, or HLA-DR in pMSCs from some donors,
which, however, requires further investigation.

In addition to the need to use a xeno-free cell culture sys-
tem, optimization of MSC preparation in a large quantity is
also urgently required [45]. Production of MSC spheroids
represents one method of the optimization of MSC prepara-
tion for MSC therapies [19, 20], by which the anti-inflamma-
tion, multilineage differentiation potential, and survival of
MSCs after transplantation are enhanced [19]. Following
the standard protocol, the adherent cells from PD effluent
after P4 were capable of being expanded in a 3D culture con-
dition in spheroidal cell aggregates (Figure 5), which may
reflect the capability of manufacturing large quantity of
pMSC spheroids, optimal for clinical use. However, the sig-
nificance of pMSC spheroids in their biological activities
requires further investigation. Currently, we are testing the
therapeutic efficacy of pMSCs after ex vivo expansion in the
xeno-free human protein medium in a rat model of PD.
Our preliminary data show that infusion of these pMSCs
back to the peritoneal cavity protects the peritoneal mem-
brane from hypertonic PD solution-induced tissue damage
(manuscript in preparation).

The limitations of the present study can be found as fol-
lows. Firstly, we only sampled a limited number of donors
for each experiment due to time constraints and sample
availability; thus, the results could be strengthened more with
additional donors. Secondly, the human proteins we tested
were purified from PD effluent, and their donor-to-donor
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Figure 4: A typical microscopic view of differentiated cell staining.
Adherent cells from PD effluent were grown in plastic culture
plates with human protein medium. After P4, unsorted pMSCs
were induced to chondrocytes, adipocytes, or osteocytes by
incubation with each different differentiation medium for 4 weeks.
The nondifferentiated pMSCs were collected without incubation
with the differentiation medium. (a1, a2) Differentiation to
chondrocytes, both differentiated and nondifferentiated cells were
stained with Alcian blue. Arrow: cartilage matrix in “clustering”
cells. (b1, b2) Differentiation to adipocytes, both differentiated and
nondifferentiated cells were stained with Oil red O. Arrows: lipid
droplets. (c1, c2) Differentiation to osteocytes, both differentiated
and nondifferentiated cells were stained with Alizarin red S. Red:
extracellular calcium deposits. Scale bar, 100μm. Data were
presented as trilineage differentiation of representative pMSCs
from ten donors.
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variability remains unknown. Finally, the biological activities
of pMSCs from plastic petri dishes or in spheroids were not
examined as compared with other well-studied MSCs such
as BM-MSCs or AMSCs.

5. Conclusion

It has previously been suggested that pMSCs isolated from
otherwise discarded PD effluent may serve as an alternative
source for MSCs for a cell therapy [9]. In this study, we dem-
onstrated that pMSCmay serve as a unique alternative source
with its distinct expression patterns of both classical and
nonclassical MSC markers after expansion in a human pro-
tein medium. In addition to the differences in the expressions
of CD 105, Stro-1, and SSEA-4 in pMSCs from BM-MSCs,
pMSC expressed CD200, CD248, and CD36 differentially
from AMSCs. We also highlighted the potential for the clin-
ical translation of pMSC-based therapy by demonstrating the
expansion of pMSC in a 3D spheroid culture condition.
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Newborns with critical congenital heart disease are at significant risk of developing heart failure later in life. Because treatment
options for end-stage heart disease in children are limited, regenerative therapies for these patients would be of significant
benefit. During neonatal cardiac surgery, a portion of the thymus is removed and discarded. This discarded thymus tissue is a
good source of MSCs that we have previously shown to be proangiogenic and to promote cardiac function in an in vitro model
of heart tissue. The purpose of this study was to further evaluate the cardiac regenerative and protective properties of neonatal
thymus (nt) MSCs. We found that ntMSCs expressed and secreted the proangiogenic and cardiac regenerative morphogen sonic
hedgehog (Shh) in vitro more than patient-matched bone-derived MSCs. We also found that organoid culture of ntMSCs
stimulated Shh expression. We then determined that ntMSCs were cytoprotective of neonatal rat cardiomyocytes exposed to
H2O2. Finally, in a rat left coronary ligation model, we found that scaffoldless cell sheet made of ntMSCs applied to the LV
epicardium immediately after left coronary ligation improved LV function, increased vascular density, decreased scar size, and
decreased cardiomyocyte death four weeks after infarction. We conclude that ntMSCs have cardiac regenerative properties and
warrant further consideration as a cell therapy for congenital heart disease patients with heart failure.

1. Introduction

Loss of vasculature appears as an important pathophysio-
logical mechanism in heart failure associated with complex
congenital heart disease (CHD) [1, 2]. In pressure-overload-
induced ventricular failure, myocardial capillary density
leads to ischemia and coincides with loss of systolic function
[3]. Reduced coronary artery flow caused by morphological
abnormalities (such as anomalous coronary artery from the
pulmonary artery, coronary artery stenosis, and coronary
artery fistula) or from surgical complications (coronary
artery obstruction post arterial switch procedure) can also
contribute to heart failure in children with CHD [4]. Heart
transplantation is the standard treatment for end-stage heart
failure in children and is severely limited by the lack of donor
organs, limited graft life, and significant side effects of immu-
nosuppressive agents. Therefore, regenerative medicine and
cell therapy deserve significant consideration as potential

therapies for these children with limited and unsatisfactory
treatment options [5, 6].

Open heart surgery in neonates and infants with
complex CHD usually requires partial excision of the thy-
mus gland to gain access to the underlying heart and great
vessels. We have previously shown that neonatal thymus
mesenchymal stem cells (ntMSCs) are proangiogenic and
can improve systolic function in a “heart in a dish” model
[7, 8]. We found that this improvement was likely due to a
paracrine mechanism and that ntMSCs did not differentiate
into cardiomyocytes [7].

Sonic hedgehog (Shh) is a secreted factor that has been
shown to promote both cardiac regeneration as well as
neovascularization in the setting of tissue ischemia [9–11].
The ability of ntMSCs to produce Shh is unknown. Based
on these findings, we hypothesized that ntMSCs may provide
protective and regenerative effects in the setting of myocar-
dial ischemia. To evaluate this hypothesis, we performed
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experiments to determine if ntMSCs could express Shh, be
cytoprotective to cardiomyocytes in vitro, and promote
cardiac regeneration in vivo.

2. Materials and Methods

2.1. Cell Isolation and Culture. All studies were performed
under an approved protocol from the University of Michigan
Institutional Review Board. The isolation, detailed character-
ization, and culture of neonatal thymus (nt) MSC and bone
(nb) MSC lines used in this study have been described
previously [8, 12]. Briefly, after informed consent was given
by the parents, discarded thymus and sternal bone tissue
from infant heart operations were mechanically minced
into <3mm fragments under sterile conditions. Tissue
fragments were placed in 100mm culture dishes and sub-
merged in MSC media (Dulbecco’s modified Eagle medium,
with high-glucose concentration, GLUTAMAX I, 10% heat
inactivated fetal bovine serum, 100U/mL penicillin, and
100μg/mL streptomycin, all from Gibco, Carlsbad, CA).
Tissue fragments were incubated for 10–14 days prior to
removal. MSCs that had migrated from the tissue explants
were allowed to achieve 80% confluence prior to passaging
with trypsin/EDTA (Gibco). Human umbilical vein endothe-
lial cells (HUVECs) were cultured in EGM-2 (both from
Lonza, Basel, Switzerland) with growth factors under stan-
dard conditions, unless stated otherwise. Unless specified
otherwise, all experiments were performed with cells from
passages 3–9.

2.2. Hanging Drop Culture.HUVEC, nbMSC, and ntMSC cell
cultures were dissociated using trypsin/EDTA, centrifuged,
and resuspended in EGM-2 media containing 0.275%methyl-
cellulose (Sigma). Cells in suspension were then seeded on the
lid of a nonadhesive Petri dish (20μL per drop) containing
800 cells/hanging drop. For HUVEC+MSC combinations,
400 cells from each cell type was used to make the hanging
drop. Hanging drops were then incubated overnight at 37°C
and 5% CO2 to allow for spheroid formation.

2.3. Gene Expression Analysis. Differential gene expression
in the different cell types and culture conditions were
determined with qPCR. Total RNA was extracted from
cells, hanging drops, or cell sheets using the RNeasy Mini
Kit (Qiagen, Valencia, CA). Reverse transcription was carried

out using the High Capacity cDNA Reverse Transcription
Kit with random primers (Applied Biosystems, Invitrogen).
Quantitative real-time polymerase chain reaction was
performed in StepOne Plus Real time PCR System (Applied
Biosystems) with a reaction mixture (10μL) containing
cDNA, forward and reverse primers (see below), and 1x iTaq
Universal SYBR Green Supermix (Bio-Rad Laboratories,
Hercules, CA). Expression of each gene was normalized
to the expression of β-actin. Mean cycle threshold (Ct)
value was calculated as the average of triplicates for each
gene, and the fold change in gene expression was calculated
based on 2-ΔΔCT method. Primers used in this study are
listed in Table 1.

2.4. Shh ELISA. Shh levels in conditioned media from mono-
layer or hanging drop culture were measured using an ELISA
kit (RayBiotech, Norcross, GA) according to the manufac-
turer’s directions. Conditioned media from monolayers were
generated by incubating 5× 105 cells in flasks with serum-free
DMEM for 5 days. Conditioned media from hanging drops
were generated by collecting culture supernatants from
hanging drops using centrifugation. When comparing condi-
tioned media from monolayers and hanging drops, the same
number of cells and volume of supernatant were used. Two
independent experiments were performed and conditioned
media samples were tested in triplicate by ELISA.

2.5. H2O2 Oxidative Stress Assay. Neonatal rat cardiomyo-
cytes (CMs) were isolated as previously described [7]. CMs
were then cultured in 24 well plates (5× 104 CMs/well) for
24 hours using MSC media and standard culture conditions.
Then, H2O2 was added to achieve a final concentration of
50μm. In one group, 5× 104 ntMSCs were seeded onto
porous cell culture inserts which were then inserted into wells
containing CMs treated with H2O2. In another group, 5× 104
ntMSCs were added to the well containing CMs treated
with H2O2 to permit direct contact. After 4 hours, cells
were harvested for apoptosis analysis by flow cytometry
and TUNEL staining.

Apoptosis was detected using a fluorochrome conjugated
anti annexin V antibody (BD Biosciences, San Jose, CA). The
antibody was incubated with cells for 60 minutes at room
temperature followed by three washes. Stained cells were
then analyzed using a MoFlo® Astrios™ flow cytometer
(Beckman Coulter Inc.) using the appropriate isotype-

Table 1

Gene Forward primer Reverse primer

β-Actin TCCCTGGAGAAGAGCTACGA AGCACTGTGTTGGCGTACAG

Shh GATGTCTGCTGCTAGTCCTCG CACCTCTGAGTCATCAGCCTG

Slit3 TGATGGCAACGAGGAGAGTA ACGGCTGTTAGGTGGTTTCC

HGF CTCACACCCGCTGGGAGTAC TCCTTGACCTTGGATGCATTC

HIF-1α CAGCAACTTGAGGAAGTACC CAGGGTCAGCACTACTTCG

VEGFA GCCTTGCTGCTCTACCTCCA ATGATTCTGCCCTCCTCCTTCT

bFGF GCTGGTGATGGGAGTTGTATTT CTGCCGCCTAAAGCCATATT

ANGPT1 GCTCACCATCATCTCCCTTATC CTCACAGACTCAATCACCTTCC

2 Stem Cells International



matched and unstained controls. TUNEL staining was
performed using the In Situ Cell Death Detection Kit
(Sigma-Aldrich Corp., St. Louis, MO) according to the
manufacturer’s protocol. Briefly, cells were fixed with freshly
prepared 4% PFA in PBS for 1 hour at room temperature,
then permeabilized with 0.1% Triton X 100 in 0.1% sodium
citrate for 2 minutes on ice. TUNEL reaction mixture was
added and incubated in the dark at 37°C for 1 hour in a
humidified incubator. The TUNEL positive cells were
quantified in 5 randomly chosen high power fields.

2.6. Scaffoldless ntMSC Cell Sheet Generation. Scaffoldless
ntMSC cell sheets were generated by culturing 4× 106
ntMSCs in thermoresponsive polymer coated 35mm culture
dishes (Nunc™ Dishes with UpCell™ Surface, Thermo Fisher
Scientific, Waltham, MA) for 48 hours under standard
culture conditions. Cell sheets lifted off the culture surface
and were harvested for use after exposing the dishes to room
temperature for 10 minutes.

2.7. Rat Coronary Ligation Model. The care of animals was in
accordance with institutional guidelines. Male RNU nude
rats (n = 13, 200–250 grams, Charles River, Wilmington,
MA) underwent left coronary artery ligation after endotra-
cheal intubation, mechanical ventilation, and left thoracot-
omy. ntMSC cell sheets were placed on the epicardial
surface of the left ventricle (LV) in 8 randomly chosen
animals. On days 3 and 28, all animals underwent a sedated
echocardiogram (VisualSonics Vevo 770, FUJIFILM Visual-
Sonics Inc., Toronto, ON, Canada) to determine ejection
fraction and fractional shortening from the parasternal short
axis view [13]. After the last echocardiogram, animals were
euthanized and the hearts were harvested after administra-
tion of a potassium rich solution to ensure diastolic arrest.
Heart tissue was then formalin fixed, paraffin embedded,
sectioned at 5μm thickness, and stained with H&E and
Masson’s Trichrome according to routine histology proto-
cols. The infarct size was analyzed using Image J software.
For immunohistochemistry studies, heart sections were
deparaffinized and rehydrated. After antigen retrieval, the
slides were treated differently according to the further stain-
ing purposes. For vWF staining, the sections were incubated
in 0.3% peroxide hydrogen for 30min to block the endoge-
nous peroxidase activity. Then, the sections were incubated
with rabbit polyclonal vWF primary antibody (anti-von
Willebrand factor antibody, ab6994, Abcam) overnight at
4°C. Following three washes with PBS, the sections were
incubated with biotinylated goat anti-rabbit immunoglobulin
G and a streptavidin-biotin complex, respectively. Then, they
were incubated with diaminobenzidine (DAB) for 3min
at room temperature, counterstained with hematoxylin,
cleared, mounted, and examined. For immunofluorescence
staining, the specimens were blocked with 10% goat
serum and proceeded overnight primary antibody (mouse
monoclonal anti-α-actinin, clone EA-53, Sigma-Aldrich)
incubation at 4°C. Secondary antibody was goat anti-rabbit
Alexa Fluor 488 (Invitrogen, Eugene, OR). Sections were
then stained with DAPI. TUNEL staining was performed
using the In Situ Cell Death Detection Kit (Sigma-Aldrich

Corp., St. Louis, MO) according to the manufacturer instruc-
tions, as described above.

2.8. Statistical Analysis. Data were expressed as mean± SD.
When subject-matched comparisons were performed, a
paired t-test was used. Statistical differences between multi-
ple groups were determined using one-way analysis of vari-
ance (ANOVA) with post hoc Tukey’s Honestly Significant
Difference test. Significance was defined as a p value< 0.05.

3. Results and Discussion

We first determined if ntMSCs expressed and secreted Shh
in vitro. Shh transcript expression was determined by qPCR
in pairs of ntMSCs and neonatal sternal bone (nb) MSCs
isolated from 7 patients (Figure 1(a)). We found that ntMSCs
expressed Shh at significantly increased levels as compared to
nbMSCs (Figure 1(a)). We then confirmed these findings
with Western blot (Figure 1(b)) and ELISA of conditioned
media from nbMSCs and ntMSCs (Figure 1(c)). Because
our prior results indicated that high density, 3D culture of
MSCs could regulate gene expression [8], we next deter-
mined if spheroid formation by hanging drop culture of
ntMSCs would stimulate Shh expression. We found that
hanging drop culture significantly stimulated the transcrip-
tion of Shh in ntMSCs isolated from different subjects
(Figure 1(d)). The amount of secreted Shh was also quantified
by ELISA and confirmed that organoid culture of ntMSCs
stimulated Shh secretion (Figure 1(e)). Collectively, these
results indicated that ntMSCs express and secrete the Shh
and that this is stimulated by high density, 3D culture.

We next asked if ntMSCs could exert cytoprotective
effects on cardiomyocytes in the setting of oxidative stress,
as this type of injury is present in the setting of myocardial
ischemia and heart failure [14, 15]. We exposed neonatal
rat cardiomyocytes (CMs) to H2O2 and determined if the
presence of ntMSCs (either separated but sharing same
media or in direct contact) influenced CM survival
(Figure 1(f)). We found that H2O2-induced CM death was
abrogated by ntMSCs as determined by Annexin V surface
expression (Figure 1(g)) and TUNEL staining, and the great-
est amount of cytoprotection was noted when ntMSCs were
in direct contact with CMs (Figures 1(h) and 1(i)).

In light of these findings, we then asked if ntMSCs could
mitigate the effects of severe myocardial ischemia in a rat
model of myocardial infarction achieved by left anterior
descending coronary artery ligation. Since our prior [8] and
above results (Figure 1) indicated that high density, 3D
culture of ntMSCs activated the expression of Shh and other
proangiogenic factors, we decided to deliver the ntMSCs to
the ischemic regions of the left ventricle in the form of
scaffoldless cell sheets (4× 106 ntMSCs/sheet) formed by
culturing on thermoresponsive polymer-coated culture sur-
faces (Figure 2(a)) [16] and resulted in a high cell density,
3D arrangement (Figure 2(b)). Furthermore, cell sheet
creation stimulated the expression of Shh and other
proangiogenic genes as compared to monolayer culture of
ntMSCs (Figure 2(c)).
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Figure 1: (a) Subject-matched ntMSCs possess a higher Shh expression as compared to nbMSCs. All cells were cultured in monolayers prior
to analysis. Comparison performed with a paired t-test. (b) Shh cellular protein levels are higher in ntMSCs as compared to adult bone (a, b)
MSCs and subject-matched nbMSCs (numbers denote subject). As another comparison, Shh content was also measured in monolayer-
cultured HUVECs. (c) Conditioned media from ntMSCs contained a higher concentration of Shh than that from subject-matched
nbMSCs as determined by ELISA. Mean± SD is shown of three technical replicates. Data is representative of two independent
experiments performed with MSCs isolated from two subjects. (d) Hanging drop culture of ntMSCs stimulated Shh expression. Data are
from ntMSCs from five subjects and comparison was performed with a paired t-test. (e) Hanging drop culture stimulated Shh secretion.
Conditioned media was generated from HUVECs and subject-matched nbMSCs and ntMSCs cultured in monolayers of hanging drops.
Hanging drop culture of HUVEC+ntMSCs stimulated the most Shh secretion. (f) Experimental setup to determine the cytoprotective
effects of ntMSCs on H2O2-induced death of neonatal rat CMs. Controls were exposed to H2O2 in the absence of ntMSCs. The second
group contained ntMSCs cultured on an insert, thereby sharing the same media but was physically separated from the CMs. The third
group containing ntMSCs cocultured with CMs on the same culture surface permitted direct contact between the two cell types. (g) H2O2
induced apoptosis in all groups but was decreased in the presence of ntMSCs. The most cytoprotection was seen when ntMSCs were
cultured in direct contact with the CMs. Results are representative of two independent experiments. (h, i) TUNEL staining confirmed that
the presence of ntMSCs prevented apoptosis. Results are representative of two independent experiments. Scale bar = 100 μm (h).
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Figure 2: (a) Scaffoldless cell sheet made by culturing 4× 106 ntMSCs in a thermoresponsive polymer-coated 35mm dish. (b) H&E stain of an
ntMSC cell sheet demonstrates high cell density, 3D organization. Scale bar = 100μm. (c) Cell sheet generation stimulated the expression of
proangiogenic genes in ntMSCs as compared to monolayer culture. (d) Echocardiogram evaluation of untreated controls (n = 5) and ntMSC
cell sheet-treated RNU nude rats (n = 8) that underwent left coronary ligation. Ejection fraction (EF) and fractional shortening (FS) for both
groups were identical 3 days after left coronary ligation but only the ntMSC cell sheet treated animals showed significant improvement at 28
days. (e, f) Immunohistochemistry with anti-vWF antibody demonstrated that the vascular density in the peri-infarct region increased with
ntMSC cell sheet treatment. White asterisks denote blood vessel lumens containing red blood cells. Scale bars = 50μm. (g, h) Masson
trichrome stain demonstrated that the postinfarct scar region (blue) was decreased by ntMSC cell sheet treatment. Scale bars = 3mm. (i, (j)
Confocal microscopy and TUNEL staining revealed decreased apoptosis in the LV myocardium of ntMSC cell sheet-treated animals.
Scale bars = 50μm.
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Immediately after left coronary ligation, we placed
ntMSC cell sheets onto the surface of the left ventricle in
the treatment group (n = 8 animals), whereas control animals
did not receive cell sheets (n = 5 animals). Echocardiogram
at day 3 revealed that LV ejection fraction (EF) and frac-
tional shortening (FS) were significantly depressed in all
animals (Figure 2(d)). At 4 weeks, the animals underwent a
second echocardiogram which demonstrated that untreated
controls (n = 5) did not demonstrate any change in LV func-
tion over the study period whereas treatment animals (n = 8)
demonstrated a significant improvement in LV ejection
fraction (Figure 2(d)). Furthermore, there was increased
peri-infarct vWF+blood vessel density in the treated group
(Figures 2(e) and 2(f)) and decreased scar size (Figure 2(g)
and Figure 2(h)). We then evaluated the amount of cell
death in the LV in both groups by using TUNEL staining.
We found that ntMSC cell sheet treatment significantly
decreased the frequency of TUNEL positive-stained CMs,
indicating a cytoprotective effect (Figures 2(i) and 2(j)).

Our results indicate that discarded thymus tissue
obtained from neonatal cardiac surgery are a source of MSCs
that possess regenerative properties. These thymus-derived
MSCs are able to secrete Shh and to protect CMs against
cytotoxic oxidative stress in vitro, and further work is needed
to determine how much of these properties contribute to
the therapeutic effects seen in vivo. A distinguishing char-
acteristic of ntMSCs is its higher expression and secretion
of Shh as compared to bone-derived MSCs. Jia et al.
forced the expression of Shh in bone-derived MSCs to
increase their therapeutic potency in a spinal cord injury
model [17]. Our results suggest that Shh-endowed, nonmo-
dified ntMSCs may also have therapeutic utility in this model
and clinical situation.

WhileMSCs frommultiple tissue types have demonstrated
salutatory cardiac properties in the preclinical settings, results
of clinical trials have been overall disappointing [18, 19].
Therefore, rigorous and unbiased head-to-head comparisons
are needed to determine which tissue source provides the
MSC with the greatest therapeutic potency.

4. Conclusions

In the neonate with critical CHD undergoing cardiac surgery
who is also at significant risk for developing heart failure
later in life, the discarded thymus tissue is a practical
and ample source of cardiac regenerative MSCs that can
be expanded and cryopreserved, and thus ntMSCs warrant
further evaluation for clinical translation.

Data Availability
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histochemistry data used to support the findings of this study
are available from the corresponding author upon request.
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