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Abstract

Background: Progressive loss of cell functionality caused by an age-related impairment in cell metabolism concerns
not only mature specialized cells but also its progenitors, which significantly reduces their regenerative potential.
Adipose-derived stem cells (ASCs) are most commonly used in veterinary medicine as an alternative treatment option
in ligaments and cartilage injuries, especially in case of high-value sport horses. Therefore, the main aim of this study
was to identify the molecular alternations in ASCs derived from three age-matched horse groups: young (< 5), middle-
aged (5–15), and old (> 15 years old).

Methods: ASCs were isolated from three age-matched horse groups using an enzymatic method. Molecular changes
were assessed using qRT-PCR, ELISA and western blot methods, flow cytometry-based system, and confocal and
scanning electron microscopy.

Results: Our findings showed that ASCs derived from the middle-aged and old groups exhibited a typical senescence
phenotype, such as increased percentage of G1/G0-arrested cells, binucleation, enhanced β-galactosidase activity, and
accumulation of γH2AX foci, as well as a reduction in cell proliferation. Moreover, aged ASCs were characterized by
increased gene expression of pro-inflammatory cytokines and miRNAs (interleukin 8 (IL-8), IL-1β, tumor necrosis factor
α (TNF-α), miR-203b-5p, and miR-16-5p), as well as apoptosis markers (p21, p53, caspase-3, caspase-9). In addition, our
study revealed that the protein level of mitofusin 1 (MFN1) markedly decreased with increasing age. Aged ASCs also
displayed a reduction in mRNA levels of genes involved in stem cell homeostasis and homing, like TET-3, TET-3 (TET
family), and C-X-C chemokine receptor type 4 (CXCR4), as well as protein expression of DNA methyltransferase (DNMT1)
and octamer transcription factor 3/4 (Oct 3/4). Furthermore, we observed a higher splicing ratio of XBP1 (X-box binding
protein 1) mRNA, indicating elevated inositol-requiring enzyme 1 (IRE-1) activity and, consequently, increased
endoplasmic reticulum (ER) stress. We also observed reduced levels of glucose transporter 4 (GLUT-4) and
insulin receptor (INSR) which indicated impaired insulin sensitivity.

Conclusions: Obtained data suggest that ASCs derived from horses older than 5 years old exhibited several
molecular alternations which markedly limit their regenerative capacity. The results provide valuable information that
allows for a better understanding of the molecular events occurring in ASCs in the course of aging and may help to
identify new potential drug targets to restore their regenerative potential.
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Introduction
Mesenchymal stem cells (MSCs) are adult stem cells
with the ability to differentiate into cells of mesodermal
lineage such as adipocytes, osteocytes, and chondrocytes.
MSCs were originally described in the bone marrow by
Friedenstein and coworkers in the 1960s and 1970s, who
identified MSCs as clonal osteogenic progenitors and
showed their colony-forming capacity [1]. Currently,
MSC can be isolated from several vascularized types of
tissue like dental pulp (DPSCs), adipose tissue (ASC),
and Wharton’s jelly (WJ-MSCs) [2]. MSC exhibits
expression of specific surface antigen, such as CD105,
CD73, and CD90, and lacks expression of hematopoietic
and endothelial markers (CD45, CD34, CD11, CD14)
[3]. Additionally, they express pluripotency markers like
Oct-4 and SOX-2 [4]. One of the main points of interest
regarding MSC in cellular therapy is graft and host com-
patibility. Extensive evidence has shown that MSC ex-
hibits low expression of MHC class I and lack of MHC
II along with the secretion of soluble immunomodula-
tory agents that regulate B cell and T cell function,
which makes them a promising tool in regenerative
medicine [5, 6]. Interestingly, several studies have re-
ported that only a small fraction of transplanted MSCs
engraft in the host body. The fact suggests that paracrine
soluble factors produced and secreted by MSCs have a
specific responsibility for tissue repairing [7, 8].
Aging is an inevitable physiological consequence of

living organisms. Mammalian aging is characterized by
the complex cellular processes called cellular senescence.
Cellular senescence does not only affect mature special-
ized cells but also stem cells. As mentioned previously,
adult stem cells, such as MSC, are found throughout the
body. Their primary roles are to maintain and repair the
damaged tissue where they are found; however, their re-
generative potential can be diminished by several factors,
such as age [9, 10] and metabolic disorders [11–14].
Senescence causes lower cell proliferation and viability,
dramatic mitochondria deterioration, and insufficient
protection against oxidative stress. Moreover, senescent
cells secrete pro-inflammatory and matrix-degrading fac-
tors called senescence-associated secretory phenotype
(SASP) [15]. Recent experimental evidence has shown an
increased inflammatory potential of adipose tissue in
aged animals by overproduction of interleukin 6 (IL-6),
IL-8, IL-1β, and tumor necrosis factor α (TNF-α) [16–18]
causing insulin resistance [18, 19]. It has been shown that
an age-related increase in visceral adipose tissue leads to in-
creased pro-inflammatory cytokine levels that interfere with
the insulin cascade pathway over the course of aging [20].
Chronic inflammation enhances oxidative stress by over-
production of reactive oxygen and nitrogen species (RONS)
and decreases cellular antioxidant capacity [21]. Imbalance
between the production of RONS and antioxidant enzyme

activities, such as superoxide dismutase (SOD) and catalase
(CAT), leads to oxidative damage to DNA, proteins, and
lipids [22]. In eukaryotic cells, mitochondria play a main
role in RONS generation. What is more, excessive oxidative
metabolism causes mitochondrial DNA (mtDNA) damage,
resulting in mitochondrial deterioration. It has been
observed that excessive production of RONS is accom-
panied by rapid mitochondrial fragmentation, which
indicates a high correlation between mitochondria
fission and mitochondrial-mediated oxidative stress
[23, 24]. Several lines of evidence support a strong link
between cellular senescence and endoplasmic reticulum
(ER) stress. ER is a membranous tubular network that plays
a crucial role in calcium homeostasis and protein and lipid
biosynthesis in eukaryotic cells. Under normal conditions,
the newly synthesized proteins enter the ER lumen and
then undergo folding and post-translational modification.
Maintaining ER homeostasis is critical for cell metabolism
and survival. Many disturbances, such as changes in redox
balance, hypoxia, alternations in calcium homeostasis, nu-
trient (mainly glucose) deprivation, and failure of folding
and post-translational modification, as well as increase in
general protein synthesis (necessary for the production
of the SASP) can induce unfolded protein response
(UPR) [25, 26]. The UPR consists of three parallel arms
sensed by ER-resident transmembrane proteins, which
are referred to as protein kinase RNA-like endoplasmic
reticulum kinase (PERK), activating transcription factor
6 (ATF6), and inositol-requiring enzyme 1 (IRE-1α). PERK
and IRE1-1α are activated after self-transphosphorylation,
whereas ATF6 is activated through proteolytic cleavage.
The induction of the PERK-governed signaling pathway is
almost simultaneous with the ER stress enablement,
followed by the induction of ATF6 and then IRE1 signal-
ing branches [11, 25]. Activated IRE1 catalyzes the alter-
native splicing of X-box binding protein 1 (XBP1). Spliced
XBP1 (sXBP1) undergoes translation and forms an active
transcription factor involved in the regulation of ER pro-
tein folding, lipid biogenesis, and ER-associated degrad-
ation (ERAD). UPR is considered to be a pro-survival
mechanism, but its prolonged activation may promote
apoptosis [27]. Cell proliferation leads to progressive telo-
mere erosion that may trigger a tumor suppressor protein
53 (p53) and cause upregulation of the p53 transcriptional
target 21 (p21). This mechanism prevents entry into the
synthesis phase (S phase) of the cell cycle [28]. In vitro
senescent cells are characterized by increased cell and nu-
clei size, as well as enhanced enzymatic activity of the
lysosomal hydrolase senescence-associated β-galactosidase
(SA-β-gal) [28, 29].
With regard to their biological importance and clinical

applications, there are almost 1000 clinical trials using
MSCs in several diseases including orthopedic, auto-
immune, and cardiovascular disorders [30]. Interestingly,
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MSCs have been used as a therapeutic agent in horses
for over 15 years [31]. In comparison with autologous
MSC transplantation, allogeneic MSCs can cause both
cellular and humoral alloimmunity in humans and
horses by induction of specific alloantibodies which in-
crease the risk of possible rejection [32, 33]. Thus, it is
crucial to determine whether donor age does not affect
the therapeutic potential of these cells. The main pur-
pose of this study was to investigate the proliferation
capacity, cell morphology, and viability of ASCs derived
from three age donor groups: (1) < 5-, (2) 5–15-, and
(3) > 15-year-old horses. The special attention has been
paid toward oxidative and ER stress, mRNA and
miRNA expression profile, secretory activity, protection
against oxidative damage, and mitochondrial dynamics
deterioration.

Materials and methods
All of the reagents used in the study were purchased
from Sigma-Aldrich (CA, USA), unless indicated
otherwise.

Cell isolation and culture
Equine subcutaneous adipose tissue was collected from
both male and female individuals (with female predom-
inance) from the tail base of horses, with the approval of
the Local Ethical Committee in Wroclaw (84/2018).
Horses (age-matched (1–23 years; mean ± SD, 9.6 ± 6.1
years)) were divided into three age groups: young (< 5;
age range 1–4, n = 6, mean age 3 ± 0.9 years), middle-
aged (5–15, age range 5–15, n = 6, mean age 9.7 ± 2.5
years), and old (> 15; age range 15–23, n = 6, mean age
18.3 ± 1.5 years). Experimental horses were warmblood
horses, coming from various horse breeding and used in
small sports training in jumping direction. Horses were
fed with commercial feeds, which doses were selected in-
dividually and depend on actual energy demand. The
hay was given without restrictions. Horses had regular
veterinarian controls and did not suffer from equine
metabolic syndrome (EMS). The intensity of training
depends on age and condition.
Tissue fragments were washed with phosphate-buffered

saline (PBS) solution supplemented with 1% of antibiotic
mix (penicillin/streptomycin (PS)) and chopped into
smaller pieces before enzymatic digestion. Then, tissue
pieces were incubated in collagenase type I solution (1
mg/ml) for 40min at 37 °C. Digested samples were centri-
fuged at 1200×g for 10min at RT. Obtained cell pellets
were resuspended in Dulbecco’s modified Eagle’s medium
(DMEM) low glucose supplemented with 10% of fetal
bovine serum (FBS) and 1% PS solution and transferred to
the T25 culture flask (Nunc, USA). The medium was
refreshed every 2–3 days. The cells were passaged when
grown to 80% confluence using recombinant cell-

dissociation enzyme TrypLE Express (Life Technologies,
USA). At passage 3, ASC phenotype was confirmed by
analysis of the expression of CD44, CD90, and CD45, and
their tri-lineage differentiation potential was assessed, as
previously shown [34].

Assessment of cell proliferation
Cell proliferation rate was estimated using TOX-8
resazurin-based in vitro toxicology assay kit after 24, 48,
96, and 144 h of culture. For the assay, culture media
were replaced with fresh media supplemented with 10%
v/v resazurin dye, and incubation was carried out for 2 h
at 37 °C in the CO2 cell culture incubator (Thermo
Fisher, USA). The supernatants were subsequently trans-
ferred to 96-well plate (Greiner Bio-One, Austria) in
100 μl per well and measured using spectrophotometer
(Epoch, Biotek, Germany) at a wavelength of 600 nm
and 690 nm reference length. Population doubling time
(PDT) was determined using an online algorithm soft-
ware [35].

ASC morphology and ultrastructure
Cell morphology was evaluated using scanning electron
microscopy (SEM) and fluorescent microscopy. In the
SEM analysis, cells were fixed with 4% paraformaldehyde
(PFA) for 45 min at RT, rinsed with distilled water, and
dehydrated in graded ethanol series (ethanol concentra-
tion from 50 to 100%, every 5 min). Then, the samples
were sprinkled with gold (ScanCoat 6, UK) and observed
using SE1 detector at 1 kV of filament tension.
Mitochondria visualization was performed using

MitoRed dye in live cells. First, the supernatant was re-
placed with fresh culture media containing 0.1% of
MitoRed, and cells were incubated for 30 min at 37 °C.
Then, cells were fixed with 4% PFA as described above,
washed with PBS, and counterstained with 4′,6-diami-
dino-2-phenylindole (DAPI) to visualize the cell nuclei.
F-actin was visualized in fixed and permeabilized cells

using Phalloidin Atto 590. Cells were fixed with 4% PFA,
washed and permeabilized with 0.2% Tween 20 in PBS
for 15 min, and incubated with Phalloidin Atto 590 solu-
tion in PBS (1:1000) for 45 min at RT in the dark. The
cell nuclei were counterstained using DAPI.
Proliferation was evaluated using Ki-67 nuclear anti-

gen staining. ASCs were rinsed with PBS, fixed with 4%
PFA permeabilized with 0.2% Tween 20 in PBS for 15
min, washed again, and blocked using a solution of 1%
BSA and 22.52 mg/ml glycine in PBST for 20 min to
avoid unspecific binding of the antibody. Then, samples
were incubated with primary anti-Ki-67 antibody (dilu-
tion 1:100 in 1% BSA in PBST solution) (Abcam, UK)
overnight at 4 °C, rinsed three times with PBS, and incu-
bated with secondary Atto 590-conjugated secondary
anti-rabbit antibody (1:1000) (Abcam, UK) for 1 h at RT
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in the dark. Before DAPI staining, the samples were
washed three times with PBS.
The endoplasmic reticulum structure was visualized

using the anti-PDIA3 (protein disulfide-isomerase A3)
antibody (Novus Biologicals, UK). Cells were fixed with
4% PFA, rinsed with PBS and permeabilized with 0.2%
Tween 20 in PBS for 15 min, washed again, and blocked
with 10% goat serum for 30min. Then, cells were incu-
bated with an anti-PDIA3 antibody (1:100 dilution in
PBS) overnight at 4 °C. Atto 590-conjugated anti-rabbit
secondary antibodies were used to detect the signal.
Glucose transporter (GLUT-4) staining was carried

out as described above. Cells were fixed with 4% PFA
and washed with PBS. After the incubation, cells were
washed again and then blocked with 10% goat serum for
30min followed by incubation with anti-GLUT-4 pri-
mary antibodies (dilution 1:100) overnight at 4 °C. We
used Atto 590-conjugated anti-rabbit secondary anti-
bodies to detect the signal. The incubation was carried
out for 1 h at RT. The nuclei were counterstained with
DAPI. Cells were observed and imaged using a confocal
microscope (Observer Z1 Confocal Spinning Disc V.2
Zeiss with live imaging chamber). Pictures were analyzed
using ImageJ software.

Analysis of mRNA and miRNA expression profiles
In order to assess the mRNA and miRNA expression, total
RNA was extracted from cells using phenol-chloroform
method, as previously described by Chomczynski and Sac-
chi [36]. RNA quality and quantity were evaluated spec-
trophotometrically (Epoch, Biotek, Germany). For mRNA
expression analysis, 150 ng of total RNA was used for
cDNA synthesis with random hexamers using RevertAid
First Strand cDNA Synthesis Kit (Thermo Fisher Scien-
tific, USA) followed by gDNA digestion with DNase I
RNase-free Kit (Thermo Fisher Scientific, USA). Both re-
actions were performed using T100 Thermal Cycler (Bio-
Rad, USA). Each qPCR reaction mixture contained 500
nM of each specific primer (see Additional file 1), 7.5 μl of
SensiFast SYBR & Fluorescein Kit (Bioline, UK), and 1 μl
of cDNA in a total volume of 10 μl. All qPCR reactions
were conducted using CFX Connect™ Real-Time PCR De-
tection System (Bio-Rad, USA). Expression data were nor-
malized to the geometric mean of GAPDH used as a
housekeeping gene to control the variability in the expres-
sion levels and were analyzed using the 2−ΔΔCT method
described by Livak and Schmittgen [37]. Furthermore, the
ratio of BCl-2/BAX expression was determined by divid-
ing the ΔΔCT of genes.
The splicing of XBP1 was detected by standard quality

RT-PCR using primers designed previously by Cassimeris
et al. [38]. The PCR products were run in 2% gel and sepa-
rated to visualize a 26-bp shift. Similarly to other genes,
GAPDH was used as the normalization control.

To determine the miRNA expression, 500 ng of total
RNA was served for gDNA digestion as described above.
Next, RNA was polyadenylated and cDNA was synthe-
sized using the Mir-X miRNA First-Strand Synthesis Kit
(Clontech Laboratories, Inc., USA) according to the
manufacturer’s protocol. Each qPCR reaction was per-
formed in a total reaction mixture volume of 25 μl. The
reaction included the initial denaturation at 95 °C for 10
s, followed by 55 cycles of 95 °C for 5 s and annealing
temperature of 60 °C for 20 s with a single fluorescence
measurement. Expression data were normalized using
the 2−ΔΔCT method in relation to the U6 snRNA used as
a housekeeping gene (Table 1).

Western blotting
Cells were detached from culture dishes and homoge-
nized in RIPA buffer with protease inhibitor cocktail.
Cell lysates were centrifuged for 20 min at 14000×g
(4 °C). Supernatants were collected in fresh tubes and
stored at − 80 °C. The protein concentration was deter-
mined using the Pierce™ BCA Protein Assay Kit (Life
Technologies, USA). Cell lysates were mixed with 4×
Laemmli loading buffer (Bio-Rad, USA) and incubated
for 5 min at 95 °C. Samples were subjected to SDS-
polyacrylamide gel electrophoresis (15 μg of proteins per
well) at 100 V for 90 min in Tris/glycine/SDS buffer
using Mini-PROTEAN Tetra Vertical Electrophoresis
Cell (Bio-Rad, USA) and transferred onto polyvinylidene
difluoride (PVDF) membranes (Bio-Rad, USA) using a
transfer apparatus Mini Trans-Blot® Cell (Bio-Rad, USA)
at 100 V, 250 mA for 1 h at 4 °C in Tris/glycine buffer/
methanol. The membranes of non-phosphorylated pro-
teins were blocked using 5% non-fat milk in TBST,
whereas in order to detect p-γH2AX protein membranes
were blocked in 5% bovine serum albumin (BSA) in
TBST. Each protein was detected by overnight incuba-
tion at 4 °C with primary antibodies (Table 2) and HRP-
conjugated secondary antibodies (dilution 1:2500 in
TBST, 1 h incubation). Chemiluminescent signals were
detected using ChemiDoc MP Imaging System (Bio-Rad,

Table 1 List of miRNA with accession numbers and sequence
of primers in qPCR

miRNAs Primers sequences 5′→3′ Accession no.

miR-17-5p CAAAGTGCTTACAGTGCAGGTAG MIMAT0000070

miR-24-3p TGGCTCAGTTCAGCAGGAACAG MIMAT0000080

miR-146a-5p TGAGAACTGAATTCCATGGGTT MIMAT0000449

miR-101-1/2 TACAGTACTGTGATAACTGAA MI0000103

miR-21 TAGCTTATCAGACTGATGTTGA MIMAT0000530

miR-203b-3p TTGAACTGTTAAGAACCACTGGA MIMAT0019814

miR-16-5p TAGCAGCACGTAAATATTGGCG MIMAT0000069
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USA) and quantified with Image Lab Software (Bio-Rad,
USA).

Evaluation of β-galactosidase activation
Detection of cellular senescence the lysosomal enzyme
senescence-associated β-galactosidase (SA-β-gal) activity
was performed using Senescence Cells Histochemical
Staining Kit in accordance with the manufacturer’s in-
struction. Briefly, cells were fixed with formaldehyde-
based fixation buffer (RT, 6min), washed with PBS, and
incubated with X-gal solution containing 5-bromo-4-
chloro-3-indolyl-b-D-galactopyranoside overnight at 37 °C.
Blue-stained senescent cells were observed and imaged
using an invert microscope (Leica, Germany). At least 100
cells were counted to determine the percentage of SA-β-
gal-positive cells.

Analysis of ROS accumulation using flow cytometry-based
system
Intracellular ROS were detected using a Muse® Oxidative
Stress Kit based on dihydroethidium (DHE). The assay
allowed to distinguish two populations of cells: ROS(−)
live cells and ROS(+) cells exhibiting a high level of
intracellular ROS. The procedure was performed in ac-
cordance with the protocol provided by the supplier.
Relative percentage of ROS(−) and ROS(+) cells were
obtained using Muse™ Cell Analyzer (Merck, Germany).

Determination of catalase activity
The CAT activity ASCs were measured using Catalase
(CAT) Assay Kit (MyBioSource, CA, USA). The proced-
ure was performed according to the manufacturer’s
protocol.

Cell cycle analysis
Cell cycle analysis was performed with Muse™ Cell Cycle
kit (Milipore Corp., MA, USA) according to the manu-
facturer’s protocol. The cell cycle distribution was

determined using the flow cytometry-based system
Muse™ Cell Analyzer (Merck, Germany).

Estimation of p53 protein levels using ELISA method
Intracellular concentrations of p53 were determined in
lysates from cell culture using ELISA kits purchased from
MyBioSource (CA, USA). The analysis was performed in
accordance with the manufacturer’s instructions.

Statistical analysis
The results are presented as means ± SD. Statistical com-
parison between the groups was conducted using the
one-way ANOVA (and non-parametric) test, followed by
Tukey’s test for post hoc comparison. Each qRT-PCR
and western blot result was normalized to ASC< 5 as
control. Differences were considered statistically signifi-
cant at *p < 0.05, **p < 0.01, and ***p < 0.001.

Results
Proliferative potential of equine ASCs declines with
increasing age
High proliferation capacity is a fundamental characteristic
of MSC crucial for expansion and self-renewal and defines
stem cell degree of stemness. Cell growth can be measured
using PDT value, which is recommended by Cell Products
Working Party (European Medicine Agency (EMA)) to de-
termine the time for cell in culture [39]. The proliferative
potential of ASCs was characterized by resazurin-based
TOX-8 assay over the 6-day culture period. We observed a
significant increase in the proliferation of ASCs isolated
from young individuals (ASC< 5) after 24, 48, 96, and 144 h
of culture (Fig. 1a). The high proliferation potential of
ASC< 5 was confirmed by low PDT value. ASC<5 had
significantly shorter PDT when compared with ASC15<

(p < 0.05) (Fig. 1b). Moreover, we examined the relative ex-
pression of proliferation-related miRNA in ASCs using
qRT-PCR. The results indicated that increasing age was
positively correlated with the expression of both miR-101-
1/2 and miR-17-5p. The expression of miR-101-1/2 was
significantly higher in ASC15< compared with ASC<5 and
ASC5–15 (p < 0.01). In addition, we detected overexpression
of miR-17-5p in ASC5–15 and ASC15< (p < 0.001) (Fig. 1c).
Furthermore, we performed immunofluorescence staining
in order to determine the expression of Ki-67, a widely
known proliferation marker. Ki-67 is detectable during all
active cell cycle phases G1, S, G2, and M but is not
expressed in resting cells (G0). Our study revealed a signifi-
cantly higher expression of Ki-67 cells in young ASCs com-
pared with old individuals (p < 0.05) (Fig. 1d). The obtained
results suggest that ASC from young horses (< 5 years old)
exhibit a more rapid proliferation rate compared with ASCs
from older animals. Interestingly, we did not observe sig-
nificant differences in proliferation between the ASC5–15

and ASC15< groups.

Table 2 List of proteins with manufacturers, catalog numbers,
and dilution used in western blotting

Protein Dilution Manufacturer, catalog no.

p-γH2AX 1:1000 Abcam, ab11174

DNMT1 1:1000 Sigma Aldrich, D4567

MFN1 1:1000 Biorbyt, orb11040

MFF 1:1000 Biorbyt, orb325479

GLUT-4 1:1000 Sigma Aldrich, G4173

INSR 1:1000 Biorbyt, orb379724

Oct 3/4 1:1000 Sigma Aldrich, O8389

β-Actin 1:5000 Sigma Aldrich, A5441

P-γH2AX phospho-H2AX, DNMT1 DNA methyltransferase 1, MFN1 mitofusin 1,
MFF mitochondrial fission factor, GLUT-4 glucose transporter 4, INSR
insulin receptor
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Cellular senescence increasing with horse donor age
In light of the connection between cellular senescence and
horse donor age, we decided to evaluate the activity of
senescence-associated β-galactosidase (SA-β-gal), a well-
known and widely accepted marker of the cellular senescent
phenotype in vitro. Analysis of SA-β-gal staining showed an
increase in the number of β-gal-positive cells in both ASC5–

15 and ASC15< (black arrows) (p < 0.001) (Fig. 2a, b). Fur-
thermore, lots of β-gal-positive cells exhibited binucleated
morphology (white arrows) (Fig. 2a). What is more, SEM
images showed that ASC15< were characterized by much

“flattened” morphology and the nuclei positioned at the cell
periphery (Fig. 2d). Although we did not observe significant
differences in nuclei size between the experimental groups
(Fig. 2e), there is a growing body of evidence that the cell
enlargement may be caused by an increase in nuclear diam-
eter [40]. Phalloidin staining showed that F-actin filaments
are widely distributed through the cells of each experimental
group (Fig. 2c). The results indicate that horse donor age
significantly affects ASC senescence. Interestingly, there
were no significant differences in β-gal activity between the
middle-aged and old groups.

Fig. 1 Analysis of proliferation of ASCs for the three age donor groups (0–5 years, 5–15 years, > 15 years). a Cell proliferation was assessed, and b
PDT was quantified using resazurin-based TOX-8 assay. The red asterisk refers to the comparison of the < 5 and 5–15 groups to > 15, whereas the
green asterisk refers to the comparison of the < 5 and < 15 groups to 5–15. c Relative expression of proliferation-associated miRNAs was detected
by the qRT-PCR method. d Representative images of immunofluorescence staining for Ki-67 (red) and nuclei (blue). Ki-67 expression in cells was
presented as Ki-67-positive cell percentage. A positive colocalization of Ki-67 in the nucleus is indicated by pink signals (merge) due to overlap of
Atto 590 (Ki-67) and DAPI staining. Results expressed as mean ± SD. Statistical significance is indicated with asterisks: *p < 0.05, **p < 0.01, ***p <
0.001 using one-way ANOVA (and non-parametric) test
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Age-related changes in DNA content and its structure
In order to estimate the replicative cellular senescence,
we measured DNA content in ASCs derived from the
three age groups in order to provide the information on
cell position in the cell cycle. We found that the percent-
age of ASCs in G1/G0 significantly increased with
donors’ age (p < 0.01). The result correlated with the de-
creased number of cells derived from the youngest indi-
viduals in the S phase compared with ASC5–15 and
ASC15< (p < 0.01). Interestingly, no significant differ-
ences between ASC5–15 and ASC15< were observed
(Fig. 3a, b). What is more, we performed western blot
analysis to determine the phosphorylation of H2AX at
serine-139 (known as γH2AX foci), a double-strand
breakage (DSB) marker, and protein level of DNA meth-
yltransferase 1 (DNMT1), which catalyzes the DNA

methylation. Phosphorylation of γH2AX was highly en-
hanced in ASC15< compared with the youngest and
middle-aged donors (p < 0.01) (Fig. 3e). Interestingly, an
inverse correlation was observed in the DNMT1 protein
level, which is significantly downregulated in ASC5–15

and ASC15< (p < 0.05 and p < 0.01, respectively) (Fig. 3f).
On the contrary, we found that the transcript levels of
TET-2 and TET-3 were significantly upregulated in
ASC< 5 compared with the oldest group (p < 0.05, p <
0.01) (Fig. 3g, h). The ten-eleven translocation (Tet)
family is a group of enzymes that catalase DNA demeth-
ylation. Furthermore, we observed decreased expression
of C-X-C chemokine receptor type 4 (CXCR4) in ASCs
from aged donors (Fig. 3d). What is more, western blot
analysis showed diminished octamer-binding transcrip-
tion factor 3/4 (Oct 3/4) protein level in ASC15<

Fig. 2 Morphological alternations caused by aging in ASCs. a Representative images of senescence-associated SA-β-gal assay. Black arrows
indicate SA-β-gal-positive cells (blue), whereas white arrows show binucleated cells. b Quantification of SA-β-gal-positive cells (blue). c
Representative images of Phalloidin Atto 590 staining for F-actin. d SEM images of ASCs isolated from the three age groups (ASC< 5, ASC5–15,
ASC15< ). e Mean diameter of the cell nuclei measured on the basis of SEM images. Results expressed as mean ± SD. Statistical significance is
indicated with asterisks: *p < 0.05, **p < 0.01, ***p < 0.001 using one-way ANOVA (and non-parametric) test
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compared with the young group (p < 0.05) (Fig. 3c). Fur-
thermore, we did not find any significant differences in
the 5–15 and < 15 groups. It may suggest that ASC
stemness decreased rapidly after the age of 5. In

addition, data confirm that increasing donor age is
highly correlated with an increased cell number in the
G1/G0 stage of the cell cycle, enhanced accumulation of
γH2AX foci, and decreased expression of DNMT1.

Fig. 3 Age-associated changes in the cell cycle distribution (a, b), protein level of Oct 3/4 (c), mRNA level of CXCR4 (d), accumulation of γH2AX
(c), expression of DNMT1 (f), and transcript levels of TET-2 and TET-3 (g, h). Cell cycle distribution was determined using a flow cytometry-based
system Muse™ Cell Analyzer. The levels of Oct 3/4, γH2AX, and DNMT1 were estimated with the western blot method. Relative quantity of
proteins was estimated using Image Lab software after normalization with β-actin (loading control). Representative blots are shown on the
bottom panel. Alternations in the mRNA expressions of CXCR4 (c), TET-2 (g), and TET-3 (h) were determined using qRT-PCR. Results expressed as
mean ± SD. Statistical significance is indicated with asterisks:*p < 0.05, **p < 0.01, ***p < 0.001 using one-way ANOVA (and non-parametric) test
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Age-related alternations in the expression of apoptosis-
related genes
To determine the expression of apoptosis-related genes,
we performed qRT-PCR for Caspase-3 (Casp-3), Casp-9,
p53, p21, Bcl-2-associated X protein (BAX), and B cell
lymphoma 2 (BCl-2). We observed an age-related in-
crease in the mRNA levels of both caspases. Relative ex-
pression of Casp-3 was significantly higher in ASC< 15

compared with ASC5–15 (p < 0.001) (Fig. 4a). Similarly,
Casp-9 mRNA levels were significantly upregulated in
both ASC5–15 and ASC15< in comparison with cells iso-
lated from young horses (p < 0.001) (Fig. 4b). Further-
more, the mRNA expression of p53 and p21
significantly increased in ASCs derived from old indi-
viduals (p < 0.01 and p < 0.05, respectively) compared
with the young group (Fig. 4c, d). Moreover, the ex-
pression of p53 was also significantly enhanced in the
middle-aged group in comparison with ASC< 5. Simi-
larly, the p53 protein level increased significantly in
ASC5–15 and ASC15< (p < 0.05 and p < 0.01, respect-
ively) next to the group of the youngest individuals
(Fig. 4h). The BCl-2 family proteins, such as the pro-
apoptotic BAX and pro-survival BCl-2, play a key role
in the regulation of apoptosis. Interestingly, there were
no significant differences in BAX/BCl-2 ratio between
the experimental groups (Fig. 4g).

Age-related changes in oxidative stress in equine ASCs
The aging process is associated with the excessive produc-
tion of ROS. To assess the intracellular ROS accumulation
in ASCs from the three horse age groups, cells were sub-
jected to flow cytometry-based system analysis. Interest-
ingly, we did not detect a significant fluorescence signal of
ROS in ASCs from the three age groups (Fig. 5a, b). Simi-
larly, there were no significant differences in catalase
(CAT) activity between the experimental groups. En-
hanced CAT expression and activity are considered as
major oxidative stress markers. CAT, along with superoxi-
dase (SOD) family enzymes, are endogenous antioxidant
enzymes. SODs, including cytosolic SOD1 (Cu/Zn SOD)
and mitochondrial SOD2 (Mn SOD), are involved in the
first step of the antioxidant enzymatic cascade catalyzing
the dismutation of superoxide anions into oxygen and
hydrogen peroxide (H2O2), whereas CAT is responsible
for H2O2 detoxification [41]. In order to determine the
mRNA levels of SOD1 and SOD2, qRT-PCR was per-
formed. We found that the relative expression of SOD1 is
significantly increased in the middle-aged group compared
with ASC< 5 (p < 0.01) and ASC15< (p < 0.001) (Fig. 5d).
On the contrary, we observed a negative correlation be-
tween the expression of SOD2 and animal age. SOD2 is
significantly downregulated in both the middle-aged and
old groups (p < 0.01) (Fig. 5e).

Fig. 4 Relative expressions of apoptosis-related genes in ASCs of the three age groups. Transcript levels of Casp-3 (a), Casp-9 (b), p53 (c), p21 (d),
BAX (e), and BCl-2 (f) were estimated using the qRT-PCR method. g BAX/BCl-2 ratio was determined using the relative expression values of both
BAX and BCl-2. h Protein levels of p53 were determined with ELISA method. Results expressed as mean ± SD. Statistical significance is indicated
with asterisks: *p < 0.05, **p < 0.01, ***p < 0.001 using one-way ANOVA (and non-parametric) test
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Increased age alters mitochondria dynamics in EqASCs
Mitochondria are highly dynamic, semi-autonomous
organelles undergoing coordinated fusion and fission
cycles. Impaired mitochondria function leads to several
metabolic disorders. MitoRed staining revealed that
mitochondria of ASCs derived from the middle-aged
and the oldest groups exhibited fragmented morphology
(Fig. 6a). Interestingly, image-based analysis of the mito-
chondria area and volume with Bitplane Imaris software
showed no significant differences between the experi-
mental groups (Fig. 6b). Changes in the expression of
mitochondrial dynamics-related markers were evaluated
using qRT-PCR and western blot analysis. The analysis
showed that both mRNA and protein levels of mitofusin
1 (MFN1), the key regulator of mitochondrial fusion, are
significantly decreased in ASCs from the oldest individ-
uals in comparison with ASC5–15 (p < 0.05) (Fig. 7a, e).
Moreover, MFN1 protein expression is upregulated in
the youngest group compared with ASC5–15 and ASC15<

(p < 0.01) (Fig. 7e). Interestingly, there were no signifi-
cant differences in mitochondrial fission 1 (FIS1) mRNA
and protein levels (Fig. 7b, f). Moreover, while aged
ASCs (ASC15< ) are characterized by enhanced expres-
sion of PTEN-induced kinase (PINK1) (p < 0.001), they
also exhibited increased mRNA level of parkin RBR E3
ubiquitin-protein ligase (PARKIN) (p < 0.01) compared
with the youngest group (Fig. 7c, d). In summary, the re-
sults from qRT-PCR and western blot analysis suggest

enhanced mitochondrial fusion in ASCs from young in-
dividuals, but the process decreased with increasing age.

Age-related pro-inflammatory and anti-inflammatory
cytokines and miRNA dysregulation
In order to elucidate the alternations in the expressions
of inflammation-related cytokines and miRNA, qRT-
PCRs were performed. The analysis revealed that pro-
inflammatory cytokines such as IL-8 and TNF-α were
significantly upregulated in ASC5–15 and ASC15< com-
pared with the youngest group (Fig. 9a). What is more,
we observed markedly significant differences in the ex-
pression of IL-1β in ASCs derived from the old individ-
uals compared with ASC5–15 (p < 0.05) (Fig. 8a). On the
contrary, the middle-aged and old groups exhibited a
significant decrease in mRNA expression of anti-
inflammatory transforming growth factor β1 (TGF-β1)
versus the youngest group (p < 0.001) (Fig. 9b). Interest-
ingly, the mRNA level of IL-13 was significantly reduced
in ASC5–15 (p < 0.001) but increased in the oldest age
group (p < 0.05) (Fig. 8b). Additionally, we did not ob-
serve any significant differences in the expression of an-
other anti-inflammatory cytokine, IL-10. What is more,
we decided to estimate the changes in relative expres-
sions of microRNA involved in the regulation of inflam-
mation. qRT-PCR results revealed overexpression of
pro-inflammatory miR-203-3p and miR-16 in ASCs de-
rived from aged individuals (Fig. 8c). In addition, levels

Fig. 5 Age-related decline in oxidative stress of ASCs. a Evaluation of ROS accumulation in ASCs using Muse™ Cell Analyzer. b Percentage of
ROS(−) live cells and ROS(+) cells. c Catalase activity was detected by Catalase (CAT) Assay Kit. d, e Transcript levels of SOD 1 (Cu/Zn SOD) and
SOD2 (Mn SOD) were determined using the qRT-PCR method. Results expressed as mean ± SD. Statistical significance is indicated with asterisks:
*p < 0.05, **p < 0.01, ***p < 0.001 using one-way ANOVA (and non-parametric) test
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of miR-146a-5p, miR-21, and miR-24-3p are also in-
creased in the oldest group (Fig. 8d). Interestingly, each
of them plays a major role in the anti-inflammatory
response.

Increasing age alters expressions of insulin resistance-
related markers
In order to estimate the alternations in the expressions
of insulin resistance-related markers, we used qRT-PCR,
western blot, and immunofluorescence methods. We ob-
served increased expressions of insulin receptor sub-
strate (IRS) (Fig. 9a), sirtuin 1 (SIRT1) (Fig. 9c), glucose
transporter 4 (GLUT-4) (Fig. 9d), and forkhead box pro-
tein O1 (FOXO1) (Fig. 9e) in ASC derived from middle-
aged and old individuals. The transcript level of sterol
regulatory element-binding protein 1C (SREBP-1C), re-
quired for lipid synthesis, is significantly upregulated
only in ASC5–15 (Fig. 9b). Interestingly, using the west-
ern blot technique, we found that both protein expres-
sion of GLUT-4 (Fig. 9f) and INSR (Fig. 9g) significantly

decreased with increasing age. What is more, immuno-
fluorescence staining confirmed the result. ASCs derived
from horses older than 5 exhibited a lower level of
GLUT-4 (Fig. 9h).

Age-linked changes in the expressions of UPR-related
markers
To determine whether ASC senescence is associated
with ER stress, we analyzed the mRNA levels of UPR-
related markers, such as CHOP, PERK, eukaryotic trans-
lation initiation factor 2 α (eIF2α), binding immuno-
globulin protein (BiP), ATF6, IRE1, uXBP1, and sXBP1.
The results showed that there were no significant differ-
ences in the expressions of CHOP, PERK, eIF2α, BiP,
ATF6, and IRE1 (Fig. 10a–f). On the contrary, the level
of sXBP1 was significantly elevated in ASC15< compared
with ASC< 5 (Fig. 10g). A classical UPR is induced with
enhanced expressions of generic chaperones and protein
disulfide isomerases (PDI) like PDIA3. In order to deter-
mine the protein level of PDIA3 and visualize ER,

Fig. 6 Age-related changes in the mitochondria network. a Mitochondria visualization using MitoRed staining (red). Cells’ nuclei were
counterstained with DAPI (blue). b Mitochondria were analyzed morphometrically to evaluate the mitochondria area and mitochondria volume
using Bitplane Imaris software. Results expressed as mean ± SD. Statistical significance is indicated with asterisks: *p < 0.05, **p < 0.01, ***p < 0.001
using one-way ANOVA (and non-parametric) test
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immunofluorescence staining was performed. Enhanced
PDIA3 expression was confirmed by a substantial in-
crease in fluorescence signal in both the middle-aged
and the oldest group (Fig. 10h).

Discussion
Adult stem cells, including ASCs, play a pivotal role in
tissue maintenance and its regeneration throughout the
lifespan of multicellular organisms [42]. In both, human
and veterinary medicine, ASCs are considered as a
promising tool to treat a variety of disorders such as
bone, cartilage, and spinal cord injury as well as several
metabolic disorders. Due to the fact that over 90% of
MSCs typically die in the first few days of transplant-
ation, there is a need for a deep and comprehensive ana-
lysis of their properties regardless of donor age.
Hallmarks of aging, such as metabolic alternations, accu-
mulation of molecular damage, and changes in epige-
nome stability are partially discovered. However, the
detailed molecular changes contributing to mesenchymal
stem cell senescence are not fully understood. In the

present study, we showed the molecular alternations that
may have a pivotal role in the regenerative potential of
ASCs isolated from aged horses. Replicative cellular
senescence has been described as a progressive loss of
proliferative capacity of cells during their repeated repli-
cation [43]. Moreover, replicative senescence is highly
correlated with cell cycle arrest in the G1/G0 phase,
DNA damage, and changes in DNA methylation dynam-
ics. Therefore, we showed that ASCs derived from
middle-aged and old horses were characterized by di-
minished proliferative potential and a higher percentage
of cells in the G0/G1 stage of the cell cycle. We also re-
vealed increased levels of miR-101 and miR-17-5p in
ASC15<, involving in negative regulation of proliferation
and migration. In addition, miR-101 and miR-17-5p en-
hance apoptosis and senescence in various types of cells
including stem cells [44–46]. Moreover, the cells exhib-
ited other molecular features typical of senescence cells,
such as increased β-galactosidase activity, accumulation
of γH2AX foci, diminished level of DNMT1, and “flat-
tened” morphology. Several studies reported that the

Fig. 7 Analysis of mitochondria dynamics in ASCs using qRT-PCR and western blot techniques. Relative mRNA expression of MFN1 (a), FIS1 (b),
PINK1 (c), and PARKIN (d) determined by qRT-PCR. e, f Protein levels of MFN1 and MFF were estimated using western blot. Relative quantity was
determined using Image Lab software after normalization with β-actin as a loading control. Representative blots are shown in the bottom panels.
Results expressed as mean ± SD. Statistical significance is indicated with asterisks: *p < 0.05, **p < 0.01, ***p < 0.001 using one-way ANOVA (and
non-parametric) test
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excessive accumulation of γH2AX in cell cultures was
correlated with DSB induction and telomere erosion in
somatic and germ tissues of aging mice. The observa-
tions become common events in mammalian aging [47].
In addition, the age-related increase in the accumulation
of γH2AX foci in ASC15< may also contribute to the
age-associated deficiency of γH2AX de-phosphorylation
processes. What is more, replicative senescence-related
alternations in the chromatin remodeling process

provide an additional source of γH2AX foci [48]. Simi-
larly, the loss of DNMT1 protein is highly correlated
with the aging process. Aged tissues show global loss of
genomic DNA methylation in all genomic compartments
[49]. A study of Bollati et al. in elderly people revealed a
gradual age-related loss of genomic DNA methylation
within the same patients over an 8-year span [50, 51]. It
suggests that the accumulation of genetic alternations, as
well as dysregulation of epigenetic signatures, leads to

Fig. 8 Changes in the expressions of pro- (a) and anti-inflammatory (b) cytokines. Relative expressions of inflammation-associated miRNA (c, d).
Each analysis was performed using the qRT-PCR method. Results expressed as mean ± SD. Statistical significance is indicated with asterisks: *p <
0.05, **p < 0.01, ***p < 0.001 using one-way ANOVA (and non-parametric) test
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genomic instability and may ultimately cause cellular
senescence and apoptosis [47, 52, 53]. Since Tet proteins
are expressed in various cell lineages, recent studies
showed that Tet proteins are required to maintain mes-
enchymal stem cell homeostasis [54]. In the present
study, we observed the upregulation of TET-2 and TET-
3 in ASC< 5 compared with the oldest group. Moreover,
reduced expression of CXCR4 in ASCs from aged donor
groups suggests lower efficiency of homing of ASC15<

toward tissue damage [55]. CXCR4 is a chemokine-
specific receptor for stromal-derived factor 1 (SDF1)
which plays a key role in stem cell survival, proliferation,
and migration. Furthermore, CXCR4/SDF1 axis is essen-
tial not only for MSCs survival, but also stimulates cyto-
kine production and cell migration. These properties of
MSCs become considered as the most important factors
for stem cell transplantation [56]. Interestingly, signifi-
cant downregulation of the Oct3/4 protein level in
ASC15< was observed. Several studies revealed that Oct
3/4 confers MSC self-renewal and multipotency, al-
though its level is significantly lower than in embryonic
stem cells [57]. These results infer that aged ASCs

exhibited reduced expression of stemness-determining
genes/proteins. Apoptosis, a programmed cell death, is a
highly controlled and regulated mechanism required for
normal cell turnover and tissue homeostasis. On the
other hand, increased apoptosis in stem cells highly
limits tissue regeneration. We showed that increasing
donor age is linked to high expression of apoptosis-
related genes, such as Casp-3, Casp-9, p53, and p21. Sev-
eral studies revealed that cellular senescence is a multi-
step and highly dynamic process, which involves pro-
longed inhibition of Cdk-cyclin activity by p21 [58, 59].
Moreover, there is a growing body of evidence that
senescence-like phenotype including detectable SA-β-gal
activity, transient upregulation of p53 and p21 followed
by binucleated morphology, and accumulation of
γH2AX foci is associated with cell cycle arrest [59, 60].
Mitochondria are the “power plants” of the eukaryotic
cells, and their respiratory chain complex not only pro-
vides chemical energy in the form of ATP, but also gen-
erate large amounts of ROS. In accordance with
Harman’s mitochondrial free radical theory of aging,
mitochondria dysfunction is caused by excess ROS

Fig. 9 Age-associated alternations in the expressions of insulin resistance-related markers. Relative transcript levels of IRS (a), SREBP-1C (b), SIRT1
(c), GLUT-4 (d), and FOXO1 (e) were determined using the qRT-PCR technique. Protein contents of GLUT-4 (f) and INSR (g) were evaluated with
the western blot method. β-Actin was used as a loading control. Results expressed as mean ± SD. Statistical significance is indicated with asterisks:
*p < 0.05, **p < 0.01, ***p < 0.001 using one-way ANOVA (and non-parametric) test. h Representative images of immunofluorescence staining for
GLUT-4 in equine ASCs from the three age-matched groups
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accumulation and impaired antioxidant system within
the organelle leading to the accumulation of mutations
in mtDNA [61]. We observed decreased expression of
SOD2 in both ASC5–15 ASC15< . Deficiency of mito-
chondrial SOD2 may lead to mitochondrial dysfunc-
tion and promote cellular senescence in ASCs from
the middle-aged and old animal groups. Mitochondria
undergoes coordinated fusion and fission cycles. In
addition, they have an inner ability to sense their
health condition, and stressed mitochondria activate
compensatory quality control mechanism involving

degradation of damaged mitochondria (mitophagy)
and fission making them an excellent indicator for es-
timating cell state of health [62]. Changes in mito-
chondria dynamics and mitochondria membrane
potential lead to cellular dysfunction in aged organ-
isms. Moreover, several reports suggest that impaired
mitochondrial function is highly linked to age-related
diseases like neurodegenerative diseases, cancer, and
metabolic disorders [62, 63]. The current study re-
vealed that mitochondria of ASCs derived from the
middle-aged and the oldest groups exhibited

Fig. 10 Age-associated changes in the expressions of UPR-linked markers. Expressions of CHOP (a), PERK (b), eIF2α (c), BiP (d), ATF6, (e), and IRE1
(f) were determined using qRT-PCR. g To evaluate the mRNA levels of uXBP1 and sXBP1, RT-PCR was performed with XBP1 primers, and the PCR
products were run in the 2% agarose gel. Relative quantity of uXBP1 and sXBP1 was determined using Image Lab software after normalization
with GAPDH as a reference gene. Results expressed as mean ± SD. Statistical significance is indicated with asterisks: *p < 0.05, **p < 0.01, ***p <
0.001 using one-way ANOVA (and non-parametric) test. h Representative confocal microscopy images of PDIA3 staining
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fragmented morphology. Furthermore, we observed a
significant decrease in mRNA and protein levels of
MFN whereas upregulation of PINK1 and PARKIN in
ASCs derived from aged individuals. Interestingly, no
significant differences in the expression of FIS were ob-
served in the experimental groups. Recent studies showed
that a similar correlation is observed in the skeletal muscle
of old individuals [64, 65]. PINK1 and PARKIN are syner-
gistically involved in a common signaling pathway regulat-
ing mitophagy and/or mitochondrial maintenance. The
lack of significant differences in the mRNA and protein
levels of FIS1 suggests that fission is constant in the three
age groups. What is more, mitophagy-related gene expres-
sion was increased in ASCs derived from aged horses pos-
sibly by reduced mitochondrial fusion. Enhanced
expression of PINK1 and PARKIN may suggest that in
aged ASCs, mitochondria may undergo adaptation via
mitophagy to maintain mitochondrial homeostasis. Senes-
cent cells are also characterized by a stable growth arrest
and other phenotypic alternations including upregulation
of pro-inflammatory cytokines, which is termed the SASP.
We showed that ASCs derived from aged horses exhibited
high mRNA levels of IL-8, TNF-α, and IL-1β while low
transcript level of anti-inflammatory TGF-β1. Upregula-
tion of pro-inflammatory cytokines, such as TNF-α and
IL-6, contributes markedly to the inflammation-aging the-
ory in human healthy elderly individuals and plays a key
role in several age-related disorders. On the other hand,
several studies reported that higher IL-10 serum levels are
observed in elderly people due to its role in the suppres-
sion of IL-6, TNF-α, and IL-8 [66]. Our recent findings,
along with the data reported by others, showed that TGF-
β1 deficiency is associated with disruption of normal stem
cell physiology [67, 68]. Our results showed that ASCs
from aged donors exhibited pro-inflammatory phenotype
typical for senescent cells. Inflammation is a complicated
and multi-step pathophysiological process, which regula-
tion is crucial to prevent tissue damage. Therefore, we
performed qRT-PCR to determine the expression of
microRNA, which was shown to be essential for the regu-
lation of inflammation. We found that ASCs derived from
the oldest individuals exhibited significant upregulation of
miR-203b-3p and miR-16-5p, which are involved in the
pro-inflammatory response and miR-146a-5p, miR-21,
and miR-24-3p that act as anti-inflammatory factors. Tian
et al. showed that transfection of miR-16 mimics stimu-
lated nuclear translocation of nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB) p65 protein
and promoted the expression of pro-inflammatory cyto-
kines, such as interferon γ (IFN-γ) and IL-8 [69]. The
study of Guan et al. provided evidence that miR-146a re-
press aging-associated osteoarthritis and inflammation-
induced post-traumatic osteoarthritis [70]. Moreover,
miR-146a reduces the production of IL-1β and IL-6 in B

cells by targeting IL-1 receptor-associated kinase 1
(IRAK1) but not TNF receptor-associated factor 6
(TRAF6) [71]. Otherwise, miR-21 reduces the activity of
the Toll-like receptor (TLR)/NF-κB signaling pathway via
the downregulation of TRAF6 [72]. On the contrary, miR-
24 inhibits NF-κB nuclear translocation and biosynthesis
of TNF-α and IL-6 [73]. In summary, ASCs from aged
horses exhibited upregulation of both anti- and pro-
inflammatory miRNAs. Interestingly, anti-inflammatory
miRNA did not affect the expressions of pro-
inflammatory cytokines. The obtained results suggest that
the activity of pro-inflammatory miRNA prevails over
anti-inflammatory properties of miR-146a, miR-21, and
miR-24-3p. The aging process is also highly correlated
with insulin resistance occurrence. In older individuals,
age-related rise in the volume of subcutaneous and vis-
ceral fat, as well as the accumulation of senescent cells, ex-
hibited an inflammatory phenotype that interferes with
the insulin signaling pathway. The impaired insulin sensi-
tivity is caused by dysfunction of the intracellular signaling
pathway involving the INSR, IRS, phosphoinositol 3-
kinase (PI3K), and protein kinase B (Akt). Akt promotes
the translocation of GLUT-4, which moves to the cell sur-
face to transport glucose into the cell [20]. The disturb-
ance leads to abnormal glucose metabolism in
metabolically important tissue, such as adipose tissue [74].
Using qRT-PCR and western blot methods, we found that
increased transcript levels of IRS, SIRT1, GLUT-4, and
FOXO1 are linked to increasing donor age. Excess lipid
synthesis and accumulation induces insulin resistance
during aging [20]. Studies of Kim and Spiegelman
showed that the number of SREBP-1C gene transcripts
increased significantly during adipogenic differentiation
of pre-adipocyte cell line [75]. On the contrary, FOXO1
activation is highly associated with increased glucose
uptake. Su et al. demonstrated that FOXO1 is positively
correlated with the expression of pro-inflammatory
cytokine, IL-1β, that inhibits insulin signaling cascade
[76]. There is a growing body of evidence indicating
that the SIRT1 axis plays a dual role in the insulin sig-
naling and senescence process. It has been proposed
that the deacetylation mechanism of SIRT1 may reduce
the activity of FOXO1 leading to increased glycolysis.
Moreover, SIRT1 may be crucial in the phosphorylation
and activation of Akt, which promotes the GLUT-4
translocation [77]. SIRT1 negatively regulates the ex-
pression of SASP factors, such as IL-6 and IL-8, at the
transcriptional level [78]. Furthermore, SIRT1 also dea-
cetylates p53 promoting its degradation. Overexpres-
sion of SIRT1 may play a protective role against the
expression of senescence-associated factors. Interest-
ingly, the relationship between donor age and protein
levels of insulin receptor (INSR) and GLUT-4 is com-
pletely different. We showed that protein levels of both
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GLUT-4 and INSR decreased significantly in ASCs iso-
lated from middle-aged and old individuals. Generally,
GLUT-4 in adipose tissue is essential for glucose
homeostasis. Leguisamo et al. have provided evidence
that insulin resistance is closely related to reduced
GLUT-4 content in insulin-sensitive tissue including
adipose tissue in a rat model [79]. Low levels of those
proteins significantly reduced glucose homeostasis and
may lead to insulin resistance. The proper function of
the ER is crucial to maintain cellular proteostasis. Con-
sidering the vital functions of the ER in ASCs, it might
be expected that its dysfunction affects the regenerative
capacity of stem cells. In the present study, we showed
that ASCs derived from the aged horses are character-
ized by an increased mRNA level of sXBP1 indicating
enhanced IRE1 endonuclease activity. Moreover, IRE1
catalyzes the degradation of several mRNA and micro-
RNAs through a process called regulated IRE1-dependent
decay (RIDD), which plays an important role in aging-
related processes, such as inflammation and apoptosis. A
similar correlation was observed in aged mouse adipose
tissue, oocytes, kidney, and muscle, whereas the differ-
ences in the expressions of unspliced (281 bp) and spliced
XBP1 (255 bp) (uXBP1/sXBP1) forms were not observed
in mouse heart and lung and human muscle. Moreover,
other authors described no changes in the expression of
IRE1 in aged human muscle, mouse heart, and rat brain
[25]. XBP1 targets PDIA3, which upregulation was ob-
served in ASC15< suggesting impaired ER protein folding
and activation of UPR and apoptosis pathway [80].
Moreover, the study of Zhao et al. revealed that
PDIA3 promoted apoptosis through activation of Bak
oligomerization and permeabilization of the mitochondrial
outer membrane [81]. Therefore, we propose that elevated
expressions of sXBP1 and PDIA3 are linked to an increase
in the expressions of pro-apoptotic genes.

Conclusions
Metabolic deterioration and decline in the regenerative
potential of tissues are common features of aging. Tissue
regeneration is maintained through the presence of mul-
tipotent somatic stem cells like ASCs. Here, we showed
that the most important factors for ASC transplantation
such as survival potential, proliferation activity, and ex-
pressions of genes involved in stem cell homeostasis and
DNA methylation dynamics (DNMT1, TET-2, TET-3,
CXCR4, Oct 3/4) significantly decrease in horses over 5
years of age. Moreover, they exhibited senescence-like
phenotype (increased β-galactosidase activity, G1/G0 cell
cycle arrest, accumulation of γH2AX foci), as well as de-
creased mitofusion. Similarly to mature, differentiated
cells, ASCs derived from aged horses displayed overex-
pression of pro-inflammatory cytokines and miRNA,
whereas downregulation of anti-inflammatory TGFβ1.

Interestingly, we showed that protein expressions of
GLUT-4 and INSR, as well as cell surface level of
GLUT-4, decreased with increasing age. Besides, increas-
ing age significantly enhanced levels of PDIA3 and
spliced XBP1, which suggests increased activity of IRE1
branch. Therefore, we conclude that increasing age (> 5)
rapidly reduces the major functions of ASCs, such as cell
survival, homeostasis, and proliferation activity. These
findings have important implications for understanding
the molecular alternations in ASCs derived from
middle-aged and old horses to find the molecular target
for exploring novel therapy improving stem cell homeo-
stasis and regenerative potential.
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PI3K: Phosphoinositol 3-kinase; PINK1: PTEN-induced putative kinase 1;
PVDF: Polyvinylidene difluoride; qRT-PCR: Quantitative reverse transcription
polymerase chain reaction; RIDD: IRE1-dependent decay; RONS: Reactive
oxygen and nitrogen species; ROS: Reactive oxygen species; SASP: Senescence-
associated secretory phenotype; SA-β-gal: Senescence-associated β-
galactosidase; SDF1: Stromal-derived factor 1; SEM: Scanning electron
microscopy; SIRT1: Sirtuin 1; SOD: Superoxide dismutase; SREBP-1C: Sterol
regulatory element-binding transcription factor 1; TET: Ten-eleven translocation
methylcytosine dioxygenase; TGF-β1: Transforming growth factor β1; TLR: Toll-
like receptor; TNF-α: Tumor necrosis factor α; TRAF6: TNF receptor-associated
factor 6; UPR: Unfolded protein response; WJ-MSCs: Wharton’s jelly
mesenchymal stem cells; XBP1: X-box binding protein 1
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