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ABSTRACT

Background and Aim: Angiogenesis and anti-apoptosis play crucial roles in ischemic stroke recovery. The mesenchymal
stem cell (MSC) secretome, rich in bioactive molecules, presents a promising therapeutic avenue. However, optimizing the
culture conditions to enhance the expression of angiogenic markers remains a challenge. This study examines the effect
of hypoxic preconditioning on the expression of vascular endothelial growth factor (VEGF), monocyte chemoattractant
protein-1 (MCP-1), matrix metalloproteinase-2 (MMP-2), and microRNA (miRNA-128) in the secretome of umbilical cord-
derived MSCs (UC-MSCs) from Macaca fascicularis.

Materials and Methods: UC-MSCs were cultured under normoxic (21% O,) and hypoxic conditions (1%, 3%, and 5% O,) for
48 h. The secretome was isolated, and reverse transcription-quantitative polymerase chain reaction was used to quantify
the expression of VEGF, MCP-1, MMP-2, and miRNA-128. Expression levels were normalized to housekeeping genes and
analyzed using statistical methods to determine significant differences among groups.

Results: Hypoxic preconditioning significantly upregulated VEGF (1% O,), MCP-1 (5% O,), and miRNA-128 (5% O,) expression
compared to normoxic conditions. Conversely, MMP-2 expression was highest in normoxic conditions and downregulated
under hypoxia. In addition, miRNA-128 was found to be predominantly secreted into the extracellular space under hypoxic
conditions rather than retained within cells.

Conclusion: Hypoxic preconditioning effectively modulates the expression of key angiogenesis and anti-apoptotic markers
in UC-MSCs. The study highlights the importance of optimizing oxygen levels to enhance the therapeutic potential of MSC-
derived secretomes for ischemic stroke treatment. Future research should focus on in vivo validation and clinical translation

of these findings.
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INTRODUCTION

The secretome is a set of biological factors
secreted by stem cells [1], also known as the
conditioned medium (CM). Secretome-based therapy
is a new approach to restoring damaged tissues
because it has many advantages over stem cells, such
as hindering immune compatibility and infection
issues [2]. It has been shown that secretomes are a
promising treatment for various diseases, including
ischemic stroke. However, standardized production
and validation methods are required before they can
be used [3]. Examining the molecular factors involved
in stroke recovery is essential to understand the
mechanism underlying secretome-based therapy.

In the process of recovery after a stroke, some
biomolecules are involved at the molecular level, such
as angiogenesis, which involves the creation of new
blood vessels. This process is regulated by vascular
endothelial growth factor (VEGF), which directly acts on
neural progenitor cells to exert neurogenic effects [4, 5].
In addition to angiogenesis, the effectiveness of stem cell
therapy is influenced by cell migration. Some proteins
are involved in stem cell migration [5]. Monocyte
chemoattractant protein-1 (MCP-1), a chemokine,
plays a key role in macrophage and neuroblast
migration to the infarct area [6, 7]. Another protein,
matrix metalloproteinase-2 (MMP-2), is also involved
in stem cell migration and neurogenesis, indicating its
potential use as a marker in neuron cell regeneration
therapy [8, 9]. After a stroke attack, apoptotic or anti-
apoptotic proteins are simultaneously overexpressed
and involved in some signaling pathways [10]. MicroRNA
(miRNA), a small non-coding RNA that can regulate
protein expression [11], can be used to inhibit apoptosis.
One type of miRNA that can inhibit apoptosis is miRNA-
128, which is also widely expressed in the brain [12].
miRNA-128-5p is a mature form of miRNA-128 with a
forward orientation. It has been shown that miRNA-
128-5p, which acts as an anti-apoptotic agent, can
negatively regulate the DNA damage-inducible gene 45
gamma (Gadd45g) [13]. As molecules that are involved
in the process of angiogenesis and anti-apoptosis, VEGF,
MCP-1, MMP-2, and miRNA-128 have potential as
markers for stroke therapy using secretomes.

To study the effect of stem cell preconditioning
on the expression profiles of these markers at a low
cost, we used non-human primates (NHP), which are
frequently used in biomedical research, that is, long-
tailed monkeys (Macaca fascicularis). Our previous
study successfully cultured and characterized the
phenotype and differentiation ability of cord-derived
mesenchymal stem cells (UC-MSCs) obtained from NHP
UC-MSCs [14]. It was reported that hypoxia treatment
(1%, 3%, and 5% O,) induced the secretion of brain-
derived neurotrophic factor and stromal cell-derived
factor-1. This study aimed to evaluate the messenger
RNA (mRNA) expression profiles of VEGF, MCP-1, and
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MMP-2. This study also examines epigenetic factors like
miRNA-128 from normoxic and hypoxic secretomes that
were previously obtained by Dumingan et al. [14]. These
profiles are essential for predicting the potential of the
NHP UC-MSC secretome as a candidate for stroke therapy.

MATERIALS AND METHODS

Ethical approval

The study was conducted following animal
welfare principles and has received ethical approval
from the Biofarma Commission for Laboratory Animal
Welfare and Use under ethical clearance number
01/IACUC_BF/X/22.

Study period and location

This study was conducted from July to December
2023 at the Center for Primate Animal Studies (PSSP)
of IPB, Bogor, for stem cell isolation activities;
Laboratory of Infectious Disease Research, Ministry
of Health, Jakarta, for stem cell preconditioning and
secretome isolation activity; and Genomic Laboratory,
KST Soekarno, National Research and Innovation
Agency, Cibinong, for RNA extraction, complementary
DNA (cDNA) synthesis, and reverse transcription
polymerase chain reaction (RT-PCR) reactions.

Sample collection

We used archived samples of secretome-producing
NHP UC-MSC samples and their CM from our previous
study by Dumingan et al. [14]. The umbilical cords of
long-tailed monkeys were obtained from PT. Biofarma
(Bandung, Indonesia).

Stem cells were incubated for 48 h in a two-
gas incubator (Thermo Scientific, USA). Incubation
conditions included normoxic (21% 0,) and hypoxic
environments with oxygen concentrations of 1%, 3%,
and 5%. The secretome was separated by centrifugation
at 161x g for 10 min at 4°C and filtered using a 0.22 um
syringe filter. The medium and cells were stored at
-20°C before being used for further analysis.

mRNA expression level profiles

Extraction of mRNA and cDNA synthesis

MRNA was extracted from stem cells using an
RNA Simple Total RNA kit (Tiangen, China) following
the manufacturer’s instructions. The extracted RNA
was diluted to a final concentration of 3 ng/uL before
cDNA synthesis using ReverTra Ace-o. Kit (Toyobo,
Japan) according to the manufacturer’s instructions.
The reaction mixture was incubated at 30°C for 10 min,
followed by incubation at 42°C for 20 min, and then
heated at 95°C for 5 min. The mixture was then cooled
down at 4°C for 2 min. The cDNA products can then be
stored at -20°C for downstream analyses.

RT-quantitative PCR (RT-qPCR) for the mRNA expression
level

RT-gPCR was performed wusing the SsoFast
EvaGreen Supermix Kit (Bio-Rad, USA) according to
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the manufacturer’s protocol. The reactions began with
initial enzyme activation at 95°C for 30 s, followed by
40 cycles of denaturation at 98°C for 5 s and annealing
at 57°C for 15 s. All reactions were performed using a
7500 RT-PCR System (Applied Biosystem, USA).

Epigenetic miRNA-128 profile

Extraction of miRNA-128 and cDNA synthesis

miRNA-128 was extracted from stem cells and
secretomes using a miRcute miRNA Isolation Kit
(Tiangen) according to the manufacturer’s protocol.
After dilution to reach a concentration of 3 ng/uL, cDNA
was synthesized using miRcute Plus miRNA First-strand
cDNA Kit (Tiangen) according to the manufacturer’s
protocol. The reactions were performed at 42°C for
60 min for adenine tailing and reverse transcription,
followed by enzyme inactivation at 95°C for 3 min. The
cDNA products can be stored at -20°C for downstream
analyses.

miRNA expression levels using RT-gPCR

RT-gPCR  was performed wusing a miRcute
Plus miRNA gPCR Kit (Tiangen) according to the
manufacturer’s protocol. The PCR reactions were
initiated by the pre-denaturation stage at 95°C for
15 min, followed by the denaturation stage at 94°C
for 20 s and the extension stage at 60°C for 34 s. The
reactions were cycled 40 times using a 7500 RT-PCR
System (Applied Biosystem). The oligonucleotide PCR
primers used in this study are listed in Table 1 [15-20]:

Statistical analysis

All statistical analyses were performed using IBM
Statistical Package for the Social Sciences Statistics for
Windows, Version 23.0 (IBM Corp., Armonk, NY, USA).
The relative gene expression levels of VEGF, MCP-1,
MMP-2, and miRNA-128 were quantified using the 274%
method [21], with B-actin and U6 small nuclear RNA
(U6) serving as reference genes for mRNA and miRNA
normalization, respectively.

Comparisons between groups were conducted
using one-way analysis of variance, followed by post hoc

Table 1: Oligonucleotide primers used for PCR reactions.

No. Primer name Primer sequence (5’ 3’) Reference

1. hsa-miR-128-1-5p CGGGGCCGTAGCACTGTCTGAGA [15]

2. VEGF Forward CTACTGCCATCCAATCGAGAC [16]
VEGF Reverse GATCCGCATAATCTGCATGG

3. MCP-1Forward GCTGTGATCTTCAAGACCATTGTG [17]
MCP-1 Reverse  TGGAATCCTGAACCCACTTCTG

4. MMP-2 Forward CATACAAAGGGATTGCCAGGA [18]
MMP-2 Reverse GGTATTGCACTGCCAACTCT

5. U6 Forward CTCGCTTCGGCAGCACA [19]
U6 Reverse AACGCTTCACGAATTTGCGT

6. ACTBForward  ACAGAGCCTCGCCTTTGC [20]
ACTB Reverse CACGATGGAGGGGAAGAC

PCR=Polymerase chain reaction, VEGF=Vascular endothelial growth
factor, MCP=Monocyte chemoattractant protein, MMP=Matrix
metalloproteinase, ACTB=B-actin

Tukey’s test for pairwise comparisons. When the data
did not meet normality or homogeneity of variance
assumptions (assessed through the Shapiro-Wilk test
and Levene’s test, respectively), the Kruskal-Wallis test
was used as a non-parametric alternative, followed by the
Mann—Whitney U-test for post hoc pairwise comparisons.

For comparisons between normoxic and individual
hypoxic groups, an independent samples t-test was
performed. A p-value < 0.05 was considered statistically
significant.

RESULTS

mRNA expression profile

Our study found that in the VEGF groups, the
oxygen concentration in the 1% group was more
upregulated than that in the normoxic group. However,
the expression of VEGF was downregulated in the other
hypoxic groups, with the 3% group showing the most
downregulation (Figure 1a). We also found that MCP-1
gene expression was upregulated in most hypoxic
groups, except in the 1% oxygen concentration group.
The relative mRNA expression levels in the 3% and 5%
oxygen concentration groups were higher than those in
the normoxic group, where the 5% concentration group
exhibited the highest upregulation (Figure 1b).

The hypoxic preconditioning used in this
study resulted in the downregulation of MMP-2
gene expression, whereas MMP-2 was significantly
upregulated under normoxic conditions. However, in
the context of hypoxic preconditioning, we also found
that MMP-2 expression level increased gradually from
the highest concentration to the lowest concentration,
with the 1% concentration group being the most
upregulated compared with the other hypoxic groups,
as shown in Figure 1c.

miRNA-128-5p expression profile

This study showed that hypoxic preconditioning
caused upregulation of miRNA-128-5p expression
in all hypoxic groups. Compared with the other
preconditioning groups, the 5% group was the most
upregulated, with 5-fold expression level changes
compared with the normoxic group, whereas the 3%
oxygen concentration group was the least regulated
(Figure 2a).

In this study, we also evaluated differences in
miRNA-128-5p expression between different cellular
compartments. As depicted in Figure 2b, when exposed
to a hypoxic microenvironment, miRNA-128-5p was
found to be upregulated 12-fold in the secretome.
Interestingly, we also found contrasting results
(Figure 2c) regarding the expression of miRNA-128-5p
in the hypoxic MSCs, which was lower than that in the
normoxic group.

DISCUSSION

In this study, we used archived samples prepared in
our previous study, which were collected from the fetal
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Figure 1: Angiogenesis gene expression profiles. (a) The
mRNA expression level of VEGF in NHP UC-MSCs treated
with 1% hypoxia was higher than that in the other groups.
Significant differences were observed (p < 0.05) between
the 1% and 3% hypoxic groups and the 1% and 5%
hypoxic groups, marked with the line bars with asterisks.
Non-significant differences were observed between
the normoxic and 1% groups (p = 0.156), 3% and 5%
groups (p = 0.997), normoxic and 3% groups (p = 0.117),
and normoxic and 5% groups (p = 0.195). (b) The mRNA
expression level of MCP-1 from NHP UC-MSC with 5%
hypoxic treatment was higher than in other groups. Non-
significant differences were found between all groups
(p = 0.134). (c) Histogram of MMP-2 mRNA expression
level between groups. Normoxic NHP UC-MSC exhibited
the highest mRNA expression level of MMP-2. Significant
differences were observed (p < 0.05) between the normoxic
and 3% hypoxic groups, normoxic and 5% hypoxic groups,
and 1% and 5% hypoxic groups, as marked with the line
bars with asterisks. Non-significant differences were found
between the normoxic and 1% hypoxic groups (p = 0.200),
1% and 3% hypoxic groups (p = 0.343), and 3% and 5%
hypoxic groups (p = 0.686). All values are expressed as
means with error bars indicating the standard deviation.
mRNA=MicroRNA, VEGF=Vascular endothelial growth
factor, UC-MSCs=Cord derived-mesenchymal stem cell,
MCP=Monocyte chemoattractant protein, MMP=Matrix
metalloproteinase, NHP=Non-human primates.

561

7,000 -

6,000 - 5,502

g
o

4,000

3,000

miRNA Expression Level

g
o

1,402 1647

1,000

1

Normoxic

1,000 4

0,000

Hypoxic 5% Hypoxic 3% Hypoxic 1%

14,000 -

12,409
12,000 4 T

10,000 -
8,000 -
6,000 -

miRNA Expression Level

4,000 4

2,000 - 1,000

0,000

Hypoxic CM Normoxic CM

1,200 4

1,000

0,439

miRNA Expression Level
£ e o 9o ¢
> o w
S & ©
S & o

Hypoxic MSC Normoxic MSC

Figure 2: Epigenetics miRNA-128 expression profiles.
(a)miRNAexpressionlevelsbetweendifferentpreconditioning
groups. Hypoxic preconditioning induces upregulation
of miRNA-128-5p. The 5% hypoxic group had the highest
miRNA-128-5p expression. Non-significant differences
were found between groups (p = 0.814). (b) miRNA-128-5p
expression level in the CM hypoxic group was higher than
the normoxic group. Non-significant differences were found
between secretome groups (p = 0.219). (c) miRNA-128-5p
expression level in the UC-MSC hypoxic group was lower than
the normoxic group. Non-significant differences were found
between MSC groups (p = 0.286). All values are expressed
as means with error bars indicating the standard deviation.
miRNA=MicroRNA, UC-MSCs=Cord derived-mesenchymal
stem cell, CM=Conditioned medium.

tissues of long-tailed monkeys. The preconditioning stage
was conducted for 48 h to increase the expression of
hypoxia-inducible factor-1o: (HIF-10t) while also avoiding
cell death, as previously reported by Lee et al. [22]. VEGF
is a protein family comprising various isoforms that play
arole in the regulation of angiogenesis [4]. In this study,
we found that both normoxic condition and hypoxic
preconditioning with a 1% oxygen level could lead to
VEGF upregulation, whereas the 1% preconditioning
group showed increased VEGF upregulation. Another
study also showed that a preconditioning process using
1% oxygen could lead to greater VEGF-A expression than
normoxic conditions [23]. Low oxygen concentration
leads to the stabilization of HIF-1a and subsequently
induces VEGF as its primary target gene [24, 25].
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MCP-1 is a type of chemokine that can regulate
the migration and infiltration of immune cells as
well as stem cells [26, 27]. Although we showed that
the hypoxic groups were more upregulated than the
normoxic group, we also found that a lower oxygen
concentration could also lower the mRNA expression of
MCP-1. This phenomenon may be caused by a decrease
in the activity of oxygen-dependent enzymes, such as
Jumonji C domain-containing histone demethylases,
under chronic hypoxic conditions that lead to
methylation in the promoter and enhancer regions of
the MCP-1 gene [28]. Overall, we found that 5% oxygen
was the optimum oxygen concentration to induce
MCP-1 expression.

MMP-2 is a proteolytic enzyme with various
biological activities [29, 30]. In this study, we found
that the expression of MMP-2 was upregulated in the
normoxic group compared with the control group.
We also found that the expression of MMP-2 was
downregulated in all hypoxic groups compared with the
control group. To date, there have been no reports on
the expression of MMP-2 in MISCs subjected to hypoxic
preconditioning. Findings from Ben-Yosef et al. [31]
indicate that exposure to hypoxia conditions for 6
and 24 h can result in the downregulation of MMP-2
in endothelial cells. MMP-2 also exhibits a dual role,
as excessive release of this enzyme can compromise
the integrity of the blood-brain barrier, potentially
leading to hemorrhage [32]. Consequently, it is crucial
to maintain MMP-2 expression within a safe range to
prevent harmful effects in the developed secretome.
In addition, among the three concentrations examined
under hypoxic conditions, lower oxygen levels were
correlated with increased MMP-2 mRNA expression.
Therefore, optimization of MMP-2 expression induction
in cell culture is necessary to identify the optimal
combination of time and oxygen concentration for
optimal MMP-2 expression.

Lanza et al. [12] have shown that aberrant
miRNA-128 expression can lead to pathological
conditions or neuronal cell death. In this study, we
found that hypoxia caused upregulation of miRNA-
128-5p compared with the control. We also found
another study reporting that a hypoxic condition
during ischemic events could upregulate miRNA-128
[33]. Furthermore, we also compared miRNA-128
expression in different compartments under normoxic
and hypoxic conditions. We found that during the
normoxic condition, miRNA-128-5p is widely expressed
in cells under normoxic conditions, whereas miRNA-
128-5p is widely secreted to the secretome under
hypoxic conditions. The release of miRNA into the
extracellular space is believed to be affected by certain
pathways. Because we cultured the cells in hypoxia, we
hypothesized that a hypoxic condition might play a role
in modulating the expression of miRNA-128 through
mechanisms such as HIF upregulation, epigenetic
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modifications, and the modulation of proteins involved
inthe maturation of miRNA [34]. After this modulation,
these excess miRNAs can then be secreted outside
the cells and play various functional roles, including
in intercellular communication [35]. However, further
research is required to investigate the exact function
of miRNA release outside the cells. Overall, we found
that hypoxic preconditioning can upregulate miRNA-
128-5p and induce its release from the cell to the
secretome.

Our findings pave the way for optimizing stem
cell culture conditions that can induce the expression
of some biomarkers that have a role in the process
of angiogenesis and anti-apoptosis as the first step
to characterize bioactive components present in the
secretome of UC-MSCs. The characterization process
is essential for ensuring safety and compliance
with regulatory standards [36, 37], promoting
the standardization and reproducibility of the
secretome [38], and aiding in elucidating the role
of each bioactive component in the regenerative
effects, thereby facilitating the clinical translation
process [1, 36]. In conclusion, different cell culture
conditions could influence various gene expressions
involved in the angiogenesis process. This study
suggests that hypoxic UC-MSCs and secretomes from
NHP are potential candidates for stroke therapy.

CONCLUSION

This study highlights the significant influence
of oxygen concentration on the expression of key
angiogenic and anti-apoptotic factors in MSC cultures.
Hypoxic preconditioning at 5% oxygen effectively
upregulated MCP-1 and miRNA-128, while 1% oxygen
maximized VEGF expression. In contrast, normoxic
conditions (21% oxygen) were optimal for MMP-2
expression, suggesting that specific oxygen levels can
selectively modulate gene expression to enhance
therapeutic potential. In addition, miRNA-128 was
predominantly secreted into the extracellular space

under hypoxia, emphasizing its potential role in
paracrine signaling.
These findings underscore the therapeutic

potential of hypoxia-conditioned UC-MSCs and their
secretomes as a promising regenerative approach for
stroke therapy and other ischemic conditions. The use
of non-human primate models (M. fascicularis) further
supports the translational relevance of these findings.
Future research should focus on in vivo validation
to assess the efficacy of hypoxia-conditioned
UC-MSCs and their secretomes in preclinical stroke
models. Further investigations are also required to
determine the optimal duration of hypoxic exposure,
the stability of secretome-derived bioactive factors,
and the downstream molecular pathways regulated
by miRNA-128. Expanding this research to other
neurodegenerative and ischemic disease models will
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further validate the clinical applicability of hypoxic
preconditioning strategies for MSC-based therapies.
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