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The antioxidant trolox inhibits aging and enhances prostaglandin
E-2 secretion in mesenchymal stem cells
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Abstract: Mesenchymal stem cells (MSCs) have been widely used in regenerative medicine and clinical therapy due to

their capabilities of proliferation, differentiation, and immune regulation. However, during in vitro expansion, MSCs

are prone to aging, which largely limits their application. Prostaglandin E-2 (PGE-2) is a key effector secreted by

MSCs to exert immunomodulatory effects. By screening the compound library for PGE-2 secretion, the antioxidant

trolox was verified as a stimulator of MSCs to secrete PGE-2. The effect of antioxidant trolox on biological

characteristics of MSCS, including aging, proliferation, and gene expression, was examined. The results demonstrated

that trolox can resist aging, promote proliferation, and enhance PGE-2 secretion of MSCs without affecting their

surface marker expression. Furthermore, trolox treatment up-regulates miR-17-92 clusters in MSCs and may

contribute to its anti-aging effects. Thus, trolox addition might be beneficial for MSCs expansion and their application.

Introduction

Mesenchymal stem cells have become a research hot spot in
the field of regenerative medicine and clinical therapy due
to the characteristics of self-renewal and multi-directional
differentiation (Odabas et al., 2014), low immunogenicity
(Nekanti et al., 2010), easy separation and acquisition (Krull
et al., 2021), etc. However, the regenerative ability of MSCs
gradually decreases with the passages in expansion culture
(Yueh-Hsun et al, 2018), which limits their therapeutic
efficiency in clinical application. Therefore, the strategies
to suppress the aging of MSCs and enhance their
immunomodulatory ability have attracted much attention
for their application. The immunomodulatory ability of
MSCs is dependent on their secretion of cytokines and
biological substances (Prockop and Oh, 2012). Prostaglandin
E-2 (PGE-2) is the major prostaglandin generated by
cyclooxygenase enzymes and has been implicated in tissue
regeneration such as activation of endogenous stem cells,
immune regulation, and angiogenesis (Verma et al., 2022).
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Previous studies (Aggarwal and Pittenger, 2005) have
demonstrated that PGE-2 acts as the major effector in
regulating the immune activities of MSCs. The feline
adipose tissue-derived MSCs alleviate dextran sodium
sulfate-induced colitis mediated by PGE-2 secretion (An
et al, 2018). PGE-2 has also been implicated as a key
component of the MSC secretome (Yang et al, 2016).
Preconditioning of MSCs strengthens the capacity of
MSCs to regulate features of immunosuppression and
tissue regeneration. Thus, PGE-2 secretion is considered
as an immune ability and activated ability of MSCs.
However, PGE-2 secretion gradually decreases with the
expansion of MSCs generations in vitro culture (Zhang
et al., 2019). In this study, we screened the bioactive
molecules that can specifically enhance the secretion of a
PGE-2 of MSCs and identified trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid) as an inhibitor of
MSC aging in long-term culture. Trolox is a water-soluble
derivative of vitamin E, similar to a-tocopherol. It is a
chain-breaking antioxidant that provides hydrogen from
the hydroxyl group to peroxy radicals, thus terminating
the chain reaction (Rezk et al, 2004). In this study, the
effect of trolox on biological characteristics and aging of
MSCs is further investigated.
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Materials and Methods

Materials

Fetal bovine serum (FBS), a-minimal essential medium
(MEM), and 0.25% trypsin-ethylenediaminetetraacetic acid
were purchased from Gibco (USA). CCK8 Enhanced Solution
was purchased from Meilunbio (Dalian, China), p-Galactase
Kit was from Solarbio (Beijing, China), Human PGE-2 ELISA
Kit was from Shanghai Guangrui Bio (Shanghai, China), Flow
Cytometry Kit was from Biolegend (Beijing, China),
Antioxidant Enzyme Typing Colorimetric Kit was from
ElabScience (Wuhan, China), and the Compound trolox was
from APEXBIO (USA). All primers used for quantitative
polymerase chain reaction (qPCR) in this study were
synthesized by Sangon Biotech (Shanghai, China).

Mesenchymal stem cells culture

Human umbilical cord-derived MSCs (UC-MSCs) were
provided by the Allcare Biomedical Development Co., Ltd.
(Qingdao, China). The UC-MSCs were cultured with a-MEM
culture medium supplemented with 10% fetal bovine serum
and 1 x double antibody (penicillin and streptomycin) on the
Petri dish. These cells were cultured at 37°C in 5% CO,.
After 2-3 days, when cell adherent fusion reached 80%, they
were digested with 0.05% trypsin, subcultured, and expanded.

Enzyme-linked immunoabsorbent assay (ELISA) for PGE-2
detection

The supernatants of MSCs were collected, and concentrations
of PGE-2 were measured according to the instructions of the
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PGE-2 ELISA kit. The OD value of each sample was measured
at 450 nm by a microplate reader. A standard curve was
established according to the concentration and its
corresponding OD value. The concentration of PGE-2 was
calculated according to the standard curve.

CCK-8 assay for detection of mesenchymal stem cell
proliferation

MSCs were plated into 48-well plates at the density of 1 x 10*/well.
The concentration of trolox was set to 0, 0.5, 1, 2, 5, and 10 pM,
respectively, and three multiple wells were set for each
concentration. The CCK-8 reagent was added to the culture
medium after MSCs adhered to the wall, incubating for 2 h,
and then the OD was measured at 450 nm using a
microplate reader. The increase in the rate of MSCs was
calculated based on the measured values.

Flow cytometry for detection of mesenchymal stem cell surface
markers

The P6 MSCs were divided into an experimental group and a
control group. The experimental group was continuously
treated with 5 uM trolox and transferred from P6 to P18.
The expression of surface markers CD34, CD45, CD73,
CD90, and CD105 was detected by flow cytometry.

B-Galactosidase staining for detection of aging of mesenchymal
stem cells

MSCs in the control group and the trolox group were stained
according to the instructions of the (-Galactosidase kit. These
cells were cultured overnight at 37°C and then six fields were

TABLE 1

Specific primers in real-time-quantitative polymerase chain reaction assay

Gene

Direction sequence (5'-3") Tm

hsa-miR-92a-3p

TATTGCACTTGTCCCGGCCT

59.6

hsa-miR-20a-5p CGCGTAAAGTGCTTATAGTGCAGGTAG 59.5
hsa-miR-17-3p CACTGCAGTGAAGGCACTTGTAG 58.5
hsa-miR-17-5p GCAAAGTGCTTACAGTGCAGGTAG 58.6
hsa-miR-18a-3p ACTGCCCTAAGTGCTCCTTCTG 59.4
hsa-miR-19b-3p TCGTGTGCAAATCCATGCAAAACTGA 59.5
u6 Forward Primer GCTTCGGCAGCACATATACTAAAAT 60.0
Reverse Primer CGCTTCACGAATTTGCGTGTCAT 61.9
gpx4 ForwardPrimer GAGGCAAGACCGAAGTAAACTAC 60.6
Reverse Primer CCGAACTGGTTACACGGGAA 61.8
prdxl Forward Primer CCACGGAGATCATTGCTTTCA 60.4
Reverse Primer AGGTGTATTGACCCATGCTAGAT 60.6
prdx2 Forward Primer GAAGCTGTCGGACTACAAAGG 60.4
Reverse Primer TCGGTGGGGCACACAAAAG 62.8
prdx5 Forward Primer GCAAGACGGTGCAGTGAAG 61.3
Reverse Primer ATGGCATCTCCCACCTTGATT 61.2
prdx6 Forward Primer GACTCATGGGGCATTCTCTTC 60.2
Reverse Primer CAAGCTCCCGATTCCTATCATC 60.0
B-actin Forward Primer GTGACGTTGACATCCGTAAAGA 60.3
Reverse Primer GCCGGACTCATCGTACTCC 61.6
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randomly selected to be visualized under light microscopy for
observation. The positive cells were counted, and the aging cell
percentage was calculated according to the number of positive cells.

Real-time quantitative polymerase chain reaction for detection
of miR-17-92 clusters, peroxiredoxins (prdx) families, and
glutathione peroxidase 4 (gpx4) gene expression

After the MSCs were treated with trolox for different periods, RNA
was extracted by the Trizol method. After the concentration was
determined, it was reverse-transcribed into cDNA. SYBRGREEN
kit was used for quantitative PCR detection. The PCR reaction
conditions included 40 cycles of denaturation at 95°C for 20 min,
annealing at 95°C for 30 s, and extension at 60°C for 1 min. The
final result was analyzed using the 27**“" method. The primer
sequences are shown in Table 1.

The activity assay for superoxide dismutase (SOD), glutathione
peroxidase (GSH-PX), and catalase (CAT) in the culture
supernatant of mesenchymal stem cells

P6 MSCs were seeded in 6-well plates and divided into the
experimental group and control group. The cells in the
experimental group were continuously cultured in the absence
(control group) or presence of 5 uM trolox (experimental
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group) until P12 passages. After P12 MSCs were allowed to
adhere for 24 h, the culture medium was changed to that
without trolox and cultured for another 24 h, the supernatant
was collected, and the activity level of antioxidant enzymes in
the supernatant of mesenchymal stem cells culture was
detected according to the operating procedures of SOD typing
colorimetry  kit, GSH-PX colorimetry kit, and CAT
colorimetry kit instruction.

Statistical analysis

The data obtained in this study were expressed by the mean +
standard deviation. Each experiment was repeated at least
three times. The experimental data were processed by
GraphPad Prism 8 software. Two-tailed student f-test was
used to analyze the differences between the two groups.
Multiple groups were compared using one-way ANOVA.
P < 0.05 (*) was judged to be statistically significant.

Results

The effect of trolox on Prostaglandin E2 secretion of UC-MSCs
A compound library was screened for enhancing the PGE-2
secretion by UC-MSCs. The screening data of the
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compound library showed that trolox exhibited the most
apparent promoting effect on PGE-2 secretion (Fig. 1a). The
UC-MSCs were treated with different concentrations of
trolox for 24 h and exhibited enhancing effect on PGE-2
secretion exceeding 0.25 uM (38.13 to 53.58 ng/L). When
UC-MSCs were treated for 48 h, high concentrations of
trolox (exceeding 2 puM) showed a persistent promoting
effect on PGE-2 section (41.50 to 89.68 ng/L) (Figs. 1b and 1c).

Effects of trolox on proliferation and surface marker expression
of umbilical cord mesenchymal stem cells

The effect of trolox on the surface marker expression of MSCs
was detected. Fig. 2a shows that trolox exhibited a significantly
stimulating effect on MSCs proliferation when the
concentration exceeded 5 pM. In addition, the results in
Figs. 2b and 2c demonstrated that the expression of surface
markers such as CD34, CD45, CD73, CD90, and CD105
was not affected after continuous treatment with trolox.

The anti-aging effect of trolox on mesenchymal stem cells

The morphology of aging MSCs treated with trolox
was further observed. Fig. 3a shows that the aging MSCs
became larger, tabular, had multi-tentacles, and were
B- galactosidase-staining positive. Fig. 3b shows the average
positive rate of six random visual fields under the
microscope. The results confirmed that the MSCs treated
with trolox for a single time did not change the positive
rate, but after several passage numbers with trolox, the
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positive rate decreased (55.5% to 43.75%). Fig. 3c confirms
that as passage numbers increased, PGE-2 secretion of
MSCs did not decrease after treatment with trolox, while
PGE-2 secretion of the control group without trolox
decreased after P10. Fig. 3d shows that the proliferation
ability of MSCs decreased from P12 without trolox
treatment, while in the trolox treatment group, the
proliferation ability remained the same as before P16.

Trolox up-regulates the expression of miR-17-92 clusters and
anti-oxidative enzymes in umbilical cord mesenchymal stem cells
The members of miR-17-92 clusters are considered the pro-
proliferation miRNAs in several types of cells. In Fig. 4a, the
expression of miR-17-92, including miR-17-3p, miR-17-5p,
miR-19b-3p, miR-20a-5p, and miR-92a-3p in trolox treated
MSCS are at least 3 folds higher than that of control group. The
results in Fig. 4b show up-regulated activities of antioxidant
enzymes, including CAT (2.51 U/ML to 441 U/ML), T-SOD
(1721 U/ML to 2609 U/ML), and GSH-PX (651.70 U to
91930 U) in the culture supernatant of MSCs after the
continuous treatment with trolox. The expression of prdx5,
prdx6, and gpx4 genes is up-regulated as well, as shown in Fig. 4c.

Discussion
MSCs are currently utilized in regenerative medicine and

clinical therapies, but the susceptibility to aging during
in vitro culture largely limits their application. Thus, the
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FIGURE 3. The anti-aging effect of trolox on mesenchymal stem cells (MSCs). (a) The morphology of B-galactosidase staining positive MSCs.
The red lines represent the scale bar of 200 um. (b) The rate of p-galactosidase staining positive MSCs after trolox treatment after a short time
(left) and long time (right). (c, d) The Prostaglandin E2 (PGE-2) levels (c) and cell numbers (d) of MSCs cultured in the presence or absence of
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strategies to suppress the aging of MSCs could facilitate their
application. The regenerative ability of MSCs is mainly
associated with the secretion of growth factors and
immunomodulatory regulators, including (Shi et al, 2012)
PGE-2, TGFp, and IL-10 (Németh et al, 2009). Among
MSC-derived immunomodulatory regulators, PGE-2 plays
an important role in immune activity (DelaRosa et al., 2009)
by regulating the production of various interleukins and
tumor necrosis factor-a (TNF-a) production and promotes
tissue regeneration as well as endocytosis restoration
(Nakanishi and Rosenberg, 2013). Thus, PGE-2 secretion
represents the regenerative ability of MSCs. Compound
library screening revealed that trolox could significantly
promote MSCs to secrete PGE-2. Trolox is a water-soluble
vitamin E and could promote proliferation and reduce
intracellular ROS level and p53 expression in cell lines (Diao
et al., 2016). This study further explored its effects on aging
and proliferation of MSCs. The in vitro data demonstrated
that trolox treatment promotes MSC proliferation and does
not change the surface antigens of MSCs. It might be
beneficial for their expansion in culture.

The common opinion is that MSC aging during in vitro
culture is caused by oxidative stress, and high levels of reactive

oxygen species (ROS) production will cause aging, as well as
even apoptosis of MSCs (Wen et al, 2020). Previous studies
demonstrated that trolox can scavenge excess ROS and act as
an antioxidant therapy in myocardial injury and diabetic
retinopathy (Diaz et al., 2005). Trolox also exhibits a preventive
effect on oxidative stress-induced cell death (Sarveazad et al.,
2016) and apoptosis in thymocytes, cardiomyocytes, and
anterior pituitary cells (Poliandri ef al, 2003). This study
focused on the anti-aging effect of trolox in MSCs culture.
Long-term culture of MSCs in the presence of trolox could
significantly reduce the number of aging MSCs, and the
regenerative ability of MSCs was well retained. The result
implies that trolox treatment was able to retard the aging of MSCs.

The regenerative medicine and clinical application of
MSCs are attributed to their regenerative capacity (Odabas
et al., 2014), which are closely related to secretome and anti-
oxidative ability (Gonzalez-Gonzalez et al, 2020). The
regenerative capacity of MSCs gradually decreases or even
stagnates as passage numbers increase and are associated
with changes in the secretome. The MSC secretome consists
of growth factors, cytokines, and regenerative miRNAs. It
was also found that multiple treatments of MSCs with
trolox increased the expression of the miR-17-92 clusters.
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These RNA clusters are located on human chromosome 13 and
encode six mature miRs, including miR-17, miR-18a, miR-19a,
miR-20a, miR-19b-1, and miR-92a-1 (Németh et al., 2009).
Over-expression of miR-17-92 clusters compensates for
¢-MYC inactivation (Sylvestre et al, 2007), allowing cellular
proliferation to be promoted both in vivo and in vitro (Li
et al, 2014). Therefore, we speculate that trolox promotes
MSCs growth by probably up-regulating the expression of
miR-17-92 clusters. Excessive production of ROS in MSCs
during in vitro culture might be harmful to cells. MSCs
generate antioxidant systems which could avoid damage by
resisting excessive ROS. The antioxidant system consists of
multiple enzymes, including CAT, SOD, and GSH-Px, which
are involved in the direct scavenging of ROS (Géneng et al,
2006). CAT, SOD, and GSH-PX have been shown to play an

important role in cell growth, proliferation, differentiation, and
apoptosis through their anti-ROS effects (Maiorino et al,
1990). The activity of these antioxidant enzymes increased in
the culture supernatant of MSCs treated with trolox. In
addition, the long-term culture of MSCs in the presence of
trolox leads to the up-regulation of the antioxidant-related
genes prdx families and gpx4, including prdx5, prdx6, and
gpx4. Therefore, we hypothesize that trolox resists the aging of
MSCs by up-regulating antioxidant-related genes and enzymes.
Trolox treatment could maintain the proliferative capacity and
the immunomodulatory ability of MSCs might be associated
with the enhanced expression of antioxidant enzymes.

In conclusion, this study revealed that the antioxidant
compound trolox could enhance the expression of miR-17-92
clusters and antioxidant enzymes in MSCs. Trolox inhibits
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aging, promotes proliferation, and enhances the secretion of
PGE-2 of MSCs when cultured in vitro. Thus, the addition
of trolox to in vitro expansion of MSCs will be beneficial.
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