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Abstract

Mesenchymal stem cells (MSCs) have exhibited great potential as a regenerative medicine,
and MSC-derived paracrine effects, mainly including the secretion of various bioactive
factors, play critical roles in MSC-based therapies. MSC-derived serum-free conditioned
medium (MSC-CM) is defined as the secretome of MSC-derived bioactive factors and is
considered a new cell-free therapeutic agent for disease treatment. However, the MSC-CM
used in previous studies was prepared by a nearly disposable method that the MSCs were
discarded after preparing MSC-CM, and the preparation time was variable; simultaneously,
the viability changes of MSCs after MSC-CM preparation are still unknown. Therefore,
this study takes MenSCs as a research project and aims to explore the suitable period of
sustainable MenSC-CM preparation rather than using a disposable method. As expected,
our results confirmed that MenSC-CM improves viability of both naive targeted cells and
H,0,-injured targeted cells, and suggested that 36 h is suitable for sustainable MenSC-CM
preparation in which the angiogenic factors almost reach to the peak. Simultaneously, the
MenSCs used to prepare the MenSC-CM for 36 h also maintained preferable cell viability
and could be sustainably used for further MenSC-CM preparation. Moreover, the in vivo
results further confirmed the improvement of MenSC-CM on promoting skin wound heal-
ing. Consequently, our results not only provide support for optimizing MSC-CM sustain-
able preparation based on various MSCs but also promote the comprehensive application
of MenSCs in the clinic.
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Introduction

Stem cell transplantation has provided a new alternative for the treatment of various refrac-
tory diseases, and mesenchymal stem cells (MSCs) are most widely used in basic research
and clinical applications [1-4]. It is well known that MSC-derived paracrine effects and
immunomodulation after transplantation can promote wound healing, improve disease
symptoms, and bring hope to the patients with refractory disease [3, 5, 6]. Generally, the
homing ability of MSCs guides them to migrate into injured sites; thus, local regulation
of the immune response and promotion of tissue regeneration mainly depend on MSC
secretion of various chemokines, cytokines, and growth factors [6, 7]. MSCs can differ-
entiate into local components to participate in the reconstruction of injured sites, collec-
tively contributing to the recovery of injured tissue and immune homeostasis [8]. During
the past decade, menstrual blood-derived endometrial stem cells (MenSCs), as a typical
kind of MSC, have exhibited distinct advantages, such as noninvasiveness, periodic acqui-
sition from discarded menstrual blood samples, extensive and abundant resources, and
autologous transplantation [9, 10]. To date, MenSC-based therapies have exhibited promis-
ing improvements in the treatment of heart failure, and serious intrauterine adhesion and
COVID-19 in the clinic, and no safety problems have been reported [10].

However, because of the unique biological characteristics of MSC products (living
cells), the donor source, preparation process, storage and transportation conditions, and
strict quality control of MSC products have great impacts on cell viability, which partly
limits the clinical application of MSCs [11]. Previous studies have confirmed that MSC-
derived paracrine effects after transplantation, mainly including secretion of various
cytokines and growth factors, play an important nutritional and immunomodulatory role
in the improvement of diseases [1-3, 12, 13]. Generally, the preparation of MSC-derived
biological factors is performed by collecting serum-free conditioned medium during MSC
culture, and the MSC-derived serum-free conditioned medium is named MSC-CM and is
defined as the secretome of MSC-derived bioactive factors, mainly including soluble pro-
teins, nucleic acids, lipids, and extracellular vesicles (microvesicles and exosomes) [13].
MSC-CM has exhibited significant improvement in cell viability and proliferative and anti-
apoptotic capacity, especially for the regeneration of injured cells and tissues [14, 15]. Our
published studies have confirmed that MenSC-CM contains a large number of vascular
growth-promoting factors and nutritional factors, such as angiogenin, epidermal growth
factor (EGF), and vascular endothelial growth factor (VEGF), which can promote cell pro-
liferation and migration in vitro and in vivo [16]. Currently, published reports have found
that MenSC-CM can ameliorate pulmonary fibrosis by regulating ROS production, mtDNA
injury, and NLRP3 inflammasome activation, providing a new approach for the treatment
of fibrotic lung diseases [17]. MSC-CM also attenuated oxidative stress-induced injury in
hepatocytes by downregulating miR-486-5p and upregulating PIM 1, which might be asso-
ciated with the inhibition of the TGF-p/Smad signaling pathway [18]. Moreover, a previous
study showed that MSC-CM is capable of rebuilding injured skin tissue by promoting the
regeneration of skin tissue-associated cells [19]. Therefore, MenSC-CM is promising for
extensive application in disease and antiaging treatment and exhibits superior improvement
in the field of medical beauty.

MSC-CM has been considered a new cell-free therapeutic agent for disease treatment
and exhibits unique advantages when compared with the direct application of MSCs in the
clinic [13, 20]: (1) MSC-CM application avoids the potential safety problems for recipi-
ents, mainly including the potential risks of immunogenicity, tumorigenicity, and infection
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during and after MSC transplantation; (2) the quality control of MSC-CM is easier to per-
form and achieve standardization, while the safety, efficacy, and pharmacokinetic param-
eters of MSC-CM can be tested through traditional biological agent evaluation; (3) both
naive MSCs and gene-edited MSCs can be used to produce MSC-CM on a grand scale
based on practical requirements, providing abundant and stable sources for bioactive fac-
tors; and (4) the storage and transportation of MSC-CM is more convenient and economi-
cal than MSCs themselves, effectively promoting the clinical application of MSC-CM.

Although the therapeutic effect of MSC-CM has been confirmed by many studies, the
MSC-CM used in those studies was prepared by a nearly disposable method, and the prep-
aration time was different between studies [20-22]. Most importantly, the viability changes
of MSCs and how MSCs were treated after MSC-CM preparation were not mentioned.
Therefore, MenSCs were chosen as the topic of this research project, and the aim of this
study was to explore the suitable period of sustainable preparation of MenSC-CM to allow
MenSCs to be cultured to sustainably produce MenSC-CM rather than producing MenSC-
CM by a disposable method. Simultaneously, the prepared MenSC-CM should contain
the optimal types and concentrations of bioactive factors, which would lead to the best
improvement for disease. These results will not only promote the comprehensive applica-
tion of MenSCs in the clinic but also provide support for optimizing MSC-CM preparation
based on various MSCs.

Materials and Methods
Cells and Animals

This study was approved by the Ethics Committee of the Xinxiang Medical University.
MenSCs were kindly and freely provided by Zhongyuan Stem Cell Institute (Xinxiang,
Henan, China), and the MenSCs used in this study satisfied the criterion of the interna-
tional requirements of MSCs [16]. Generally, frozen passage 3 (P3) MenSCs (n =3, respec-
tively isolated from 3 health donors with informed consents) were conventionally recov-
ered in cell culture flask in growth medium (DMEM (Corning, USA)+ 10% FBS (Gibco,
Australia)+ 1% mixture of penicillin and streptomycin (P/S, Genevie, Beijing, China,
100 X)) at the density of 1 X 10* cells/cm®. When the cells reached 80-90% confluence, the
MenSCs were detached and subcultured into new cell flasks. P4 to P6 MenSCs were used
for the following experiments. Additionally, the targeted cells used in this study, including
293 T cells (human embryonic kidney cells), KGN cells (human ovarian granulosa cells),
BJ cells (human skin fibroblasts), and LO2 cells (human hepatic cells) were kept in our
lab. 293 T cells and BJ cells were cultured in growth medium (DMEM + 10% FBS + 1%
P/S (100x)); KGN cells were cultured in growth medium (DMEM/F12+10% FBS+ 1%
P/S (100X)); LO2 cells were cultured in growth medium (RPMI1640+ 10% FBS + 1% P/S
(100x)). All the cells were cultured at 37°C with 5% humidified CO,, and conventionally
detached and subcultured to new flasks.

Six-to-eight-week-old female BALB/c nude mice were purchased from Vital River Lab-
oratories (Beijing, China), and were bred and housed at a specific pathogen-free condition
on a 12-h light-dark cycle. Handling of mice and experimental procedures were approved
by the Animal Research Committee of Xinxiang Medical University according to the Chi-
nese Council on Animal Care guidelines.
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Preparation of MenSC-Conditioned Medium (MenSC-CM)

MenSCs were inoculated in a 75 cm? cell culture flask and cultured until they reached
70 to 80% confluence; then, the cells were washed twice with PBS, and fresh DMEM
was supplied. The cells were cultured for different times (12 h, 24 h, 36 h, 48 h, and
72 h), and the morphology of MenSCs was imaged under a microscope. The associ-
ated MenSC-CM samples were collected, filtered with a 0.22 pm strainer, and stored at
—80°C for subsequent experiments. The protein concentration of MenSC-CM was meas-
ured with a conventional BCA assay and further confirmed by conventional SDS-PAGE.
Thereafter, the expression of angiogenic factors in MenSC-CM was determined by pro-
tein array assays.

CCK8 Assay

In the effect of MenSC-CM on the viability of targeted cells, the targeted cells (293 T
cells, KGN cells, BJ cells, and LO2 cells) were conventionally prepared and seeded
into 96-well plates (200 uL of cell suspension per well) at a density of 1x 10* cells/
cm? in growth medium. After overnight culture, the supernatant was discarded, and
the plates were washed twice with PBS; then, MenSC-CM (200uL per well) prepared
for different time durations was added. After culturing for 24 and 48 h, CCKS solution
was added to each well, and the plates were incubated at 37 °C for another 2 h. Then,
the absorbance was determined at 450 nm by a microplate reader (SpectraMax® i3,
Molecular Devices, USA).

In the effect of MenSC-CM preparation on the viability of MenSCs, the MenSCs used
to prepare MenSC-CM for different time durations (12 h, 24 h, 36 h, 48 h, and 72 h) were
digested and reseeded into 96-well plates (200 pL of cell suspension per well) at a density
of 1x10* cells/cm? in fresh growth medium, and the cells were cultured for 24 and 48 h. A
CCKB8 assay was used to examine cell viability.

In the effect of MenSC-CM on the viability of H,0O,-injured BJ cells and L0O2 cells,
the BJ cells and LO2 cells were respectively treated with serum-free medium containing
1 mM and 0.075 mM H,O, for 1 h; and then the supernatant was removed and replaced
with MenSC-CM and serum-free medium for another 24 and 48 h of culture after being
washed twice with PBS; then, a CCK8 assay was used to examine cell viability. Further-
more, the apoptosis and the expression of apoptotic proteins in H,O,-injured BJ cells and
L02 cells with or without MenSC-CM treatment for 48 h were respectively determined by
flow cytometry and western blot.

Protein Array Assays

A Quantibody ® Human Angiogenesis Array (QAH-ANG-1, RayBiotech, Norcross, GA,
USA) was performed according to the manufacturer’s instructions to determine the concen-
tration of 10 angiogenic factors (as shown in Fig. 2a) in tenfold-concentrated MenSC-CM
by lyophilization (n=3). Fluorescence signals were captured on glass chips using a laser
scanner (InnoScan 300 Microarray Scanner; Innopsys, Carbonne, France), the fluorescence
intensities were normalized to those of the internal positive controls, and the concentration
of targeted proteins was calculated by real-time standard curves.
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Western Blot

The protein samples of cells in each group were conventionally collected in RIPA lysis
buffer containing protease inhibitor cocktail according to the manufacturer’s instructions
(Beyotime, China), and the concentration of total protein was determined by BCA assay.
Subsequently, the protein samples (10 pg per lane) were electrophoresed by 10-12%
SDS-PAGE and transferred to a nitrocellulose membrane. After blocking with 5% non-
fat milk in TBS containing 0.1% Tween 20, the membrane was incubated with primary
antibodies (Table S1) overnight at 4 °C and then with HRP-conjugated secondary anti-
body for 2 h at room temperature. Finally, the expression of anti-apoptotic indicators
(Bcl-2 and Bcl-xL), pro-apoptotic indicators (BAX), proliferative indicator (p-Akt and
Akt), and autophagic indicators (LC3A/B, Beclin and p62) were developed using the
ECL WB substrate kit and detected using a chemiluminescence instrument (Amersham
Imager 600, GE Healthcare Life Sciences, USA), and the gray value of the targeted pro-
teins was quantified by the Imagel software. GAPDH was used as the internal control,
and the expression level of the target proteins is indicated by the ratio to GAPDH.

Flow Cytometry

Apoptosis detection was performed using an Annexin V/PI staining kit (Beyotime, China).
Briefly, 0.5 mL cell suspension (1 x 10°cells/mL) was washed with PBS for twice and cen-
trifuged at 1200 rpm for 5 min; after the supernatant was discarded, 210 pL working solu-
tion containing 5 pL Annexin V-FITC and 10 pL PI was used to gently re-suspend the
cell sedimentation evenly. Next, the cell suspension was incubated at 4°C for 20 min; then,
the samples were diluted with PBS to the volume of 500 pL and filtered with 100 pm cell
strainer for the final flow cytometry detection (FACS Calibur, BD, USA).

Wound Healing Assay In Vivo

The BALB/c nude mice (n=10) were anesthetized with 2-3% isoflurane and maintained in an
anesthetic state with 1.5-2% isoflurane, which allowed the mice to breathe spontaneously dur-
ing the surgery. Subsequently, the circular wound area (1 cm in diameter) was cut off following
the prepared pattern by a sterilized surgical scissor on the back of the mouse. Then, 200 pL ten-
fold-concentrated MenSC-CM was evenly applied to the wound area of the mice (n=5) three
times a day for the first 3 days; the wound area in the mice of control group (n=5) received
equal volume of tenfold-concentrated fresh DMEM. Images were captured to record wound
healing within 14 days, and the wound area was quantified by the Image J software.

Statistical Analysis

All the data are representative of at least three independent experiments and presented as
the mean + standard deviation, and the GraphPad Prism8.0 software was used for statistical
analysis. Student’s #-test was used for comparisons between two groups; one-way ANOVA
followed by Dunnett’s test was used for comparisons among multiple (>3) groups. P <0.05
was considered to indicate statistical significance.
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Result
MenSC-CM Treatment Significantly Improved the Viability of Targeted Cells

As shown in Fig. la, b, the increase in the protein concentration in MenSC-CM was time
dependent, and the protein concentration in MenSC-CM reached its maximum value at
48 h. The subsequent viability assay indicated that MenSC-CM treatment was capable
of promoting the viability of targeted cells, although the targeted cells exhibited different
degrees of improvement after treatment with MenSC-CM prepared for different time dura-
tions (Fig. 1c—f).

MenSC-CM Contains Abundant Angiogenic Factors

Consistent with the viability improvement of targeted cells treated with MenSC-CM,
the subsequent protein assay confirmed that abundant biological factors are contained in
MenSC-CM (Fig. 2). Simultaneously, we found that the concentration of angiogenic fac-
tors in MenSC-CM were also produced in a time-dependent manner, and although the con-
centrations of these bioactive factors in MenSC-CM increased with the extension of prepa-
ration time, most of these bioactive factors in MenSC-CM, mainly including angiogenin,
bFGF, VEGF, HGF, and EGF, reached the desirable level when the preparation time was
36 h (Fig. 2).

The Preparation Time of MenSC-CM Significantly Affects MenSC Viability

To achieve sustainable preparation of MenSC-CM, the effect of preparation time of
MenSC-CM on MenSC viability was examined. As shown in Fig. 3a, we clearly observed
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Fig. 1 MenSC-CM treatment significantly improved the viability of targeted cells. a The protein concentra-
tion of MenSC-CM prepared for different time durations was determined by BCA. b The protein samples
of MenSC-CM prepared for different time durations were further analyzed by SDS-PAGE and Coomassie
brilliant blue staining. c—f CCK8 assay was used to detect the viability improvement of targeted cells (293 T
cells, BJ cells, LO2 cells, and KGN cells) treated for 24 and 48 h with MenSC-CM prepared for different
time durations
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the morphological changes of MenSCs used to produce MenSC-CM. The morphology
of MenSCs gradually became slim with the extension of preparation time, due to the cell
stress response of resistance to adversity. Subsequently, the viability assay indicated that
the MenSCs prepared with MenSC-CM for 24 h still exhibited superior proliferative capac-
ity, but the proliferative capacity of MenSCs was significantly inhibited with the extension
of preparation time. In particular, when the preparation time of MenSC-CM exceeded 48 h,
the viability of MenSCs was almost impossible to recover (Fig. 3b). Consistent with the
viability assay, the anti-apoptotic indicators (Bcl-2 and Bcl-xL) and proliferative indicator
(Akt) in MenSCs were significantly upregulated with the extension of preparation time,
and when the preparation time of MenSC-CM exceeded 36 h, the anti-apoptotic capac-
ity of MenSCs was gradually impaired (Fig. 3c). Simultaneously, the autophagic activity
of MenSCs used to produce MenSC-CM was gradually upregulated with the preparation
time extended, which was indicated by the gradual upregulation of Beclin and LC3A/B-II,
as well as the downregulation of p62. When the preparation time was extended to 48 h,
the autophagic activity of MenSCs reached to peak; thereafter, the decrease in autophagic
activity of MenSCs was observed with a longer MenSC-CM preparation time (Fig. 3d).

MenSC-CM Significantly Improved the Viability of H,0,-Injured Cells in Vitro

Based on the above results, MenSC-CM prepared for 36 h was selected for subsequent effi-
ciency detection. As expected, MenSC-CM treatment significantly improved the viability
of H,0,-injured BJ cells (Fig. 4a) and LO2 cells (Fig. 4d) and effectively inhibited their
apoptosis (Fig. 4c, f). This was likely due to upregulation of the expression of an anti-
apoptotic indicator (Bcl-2) and a proliferative indicator (Akt) in targeted cells (Fig. 4b, e).

MenSC-CM Significantly Promotes the Skin Wound Healing In Vivo

Our results confirmed that MenSC-CM contains a large number of angiogenic and anti-
inflammatory factors, which promote the regeneration of injured tissues. As expected, the
in vivo results demonstrated that from day 4, the redness, swelling, and inflammatory exu-
dation around the wound in MenSC-CM-treated mice were significantly relieved compared
with those in the control group (Fig. 5b), and the healing rate of the wound area in MenSC-
CM-treated mice was also significantly improved from day 7 (Fig. 5c).

Discussion

As complete secretome of MSC, MSC-CM contains a variety of cytokines that improve
cell viability and is promising for extensive application in disease and antiaging treat-
ments, which is regarded as an important supplement, and can contribute to the exten-
sive application of MSCs in the clinic [20, 21, 23]. However, the MSC-CM used in
published reports was prepared by a nearly disposable method, and the preparation time
was uncertain, ranging from approximately 24 to 72 h. Most importantly, the viabil-
ity changes of MSCs and how MSCs were treated after MSC-CM preparation were
not described [22, 24, 25]. Furthermore, animal-derived ingredients are not permit-
ted for use in the clinic due to their potential immunogenicity, but both bovine serum
and serum substitute with unknown components are extensively used as the basic and
core additives of MSC culture medium, and this generates increased complexity and
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uncertainty of the results of those studies [26, 27]. Therefore, serum-free MSC-CM
has exhibited a wide range of applications from disease treatment to medical beauty.
MenSCs, a promising stem cell alternative, have exhibited superior therapeutic effects
in disease treatment and tissue regeneration, especially in the treatment of critically ill
patients with COVID-19 [10]. MenSC-CM, defined as the secretome of MenSC-derived
bioactive factors, is reasonably considered a promising supplement for the direct clini-
cal application of MenSCs.

‘We reasonably speculate that the preparation time of MenSC-CM is positively correlated
with both the secretion of bioactive factors and metabolic waste. Generally, a shorter prepa-
ration time will result in insufficient collection of cytokines in MenSC-CM, which directly
impairs its therapeutic effects; however, a longer preparation time will not only cause the
accumulation of metabolic waste in MenSC-CM but also significantly affect the viability
of MenSCs, which is detrimental to therapeutic value of MenSC-CM and to the sustainable
application of MenSCs. Therefore, the purpose of this study was to explore the suitable prep-
aration time of MenSC-CM with optimal therapeutic effects. The study also aimed to main-
tain the viability of MenSCs, allowing them to sustainably produce MenSC-CM rather than
producing MenSC-CM by a disposable method that results in the loss of stem cells.

Therefore, four types of cells isolated from various tissues were chosen as targeted
cells to comprehensively evaluate the therapeutic potential of MenSC-CM. As expected,
MenSC-CM prepared for all time durations improved the viability of targeted cells, which
strongly suggested the improvement of MenSC-CM on various diseases [15, 17, 22].
Although the protein concentration in MenSC-CM prepared for 48 h nearly reached the
maximum value, the subsequent protein assay confirmed that the expression of proan-
giogenic factors reached close to the maximum value in MenSC-CM prepared for 36 h,
which provides support for the application of MSC-CM prepared from 24 to 48 h in previ-
ous reports [15, 21]. Subsequently, MenSC-CM prepared for 36 h not only significantly
enhanced the anti-apoptotic capacity and improved the cell viability of H,O,-injured tar-
geted cells in vitro but also promoted skin wound healing in vivo. The potential mechanism
of promoting skin wound healing is likely due to the abundance of proangiogenic factors in
MenSC-CM, such as angiogenin, bFGF, and VEGF, which play critical roles in the regen-
eration of blood vessels [28, 29].

Additionally, the stem cells were starved during the preparation of serum-free MenSC-
CM, and the starvation state is known to activate intracellular autophagy, which exhibits a
double-edged influence on the viability of stem cells [30]. Generally, when cells are treated
with undernutrition, the lower level of intracellular ATP can activate the AMPK/SKP2/
CARMI signaling pathway and further activate intracellular autophagy, resulting in an
increase in ATP and various cytokines to protect the cells against adversity [31]. However,
long-term starvation causes continuous autophagy activation, which subsequently upreg-
ulates pro-apoptotic proteins and accelerates the formation of auto-phagosomes, finally
inducing cell apoptosis by excessive autophagy activation [32]. Consistently, our results
confirmed that short-term starvation (preparing MenSC-CM for less than 48 h) can signifi-
cantly and continually activate the intracellular autophagy of stem cells and enhance their
anti-apoptotic capacity by promoting the abundant secretion of substantial cytokines and
further promoting cell viability after being re-subcultured. Simultaneously, long-term star-
vation (72 h) will induce excessive autophagy activation and impair the viability of stem
cells used to prepare MenSC-CM by upregulating the expression of pro-apoptotic proteins.

In summary, because of its unique biological and physicochemical characteristics, MSC-
CM is regarded as an important supplement and contributes to the extensive application of
MSCs in the clinic. To sustainably obtain MSC-CM, rather than producing MSC-CM by a
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disposable method, this study taken MenSCs as a representative, and the results suggested
that 36 h was the suitable time for MenSC-CM preparation. Besides the quality assurance
of MenSC-CM prepared for 36 h, the MenSCs used to prepare the MenSC-CM also main-
tained their viability and could be sustainably used for further MenSC-CM preparation.

Next, the following research direction will be highlighted: (1) exploration: to explicit
the components (proteins, lipids, polysaccharides, and nucleic acids) and existing deliv-
ery forms (exosomes and microvesicles) of associated bioactive factors in MenSC-CM and
further explore their therapeutic effects and potential mechanisms for disease improvement
and tissue regeneration. (2) Modification: gene engineering technology will be used not
only to enhance the secretion of key bioactive factors in gene-modified MenSCs but also to
establish immortalized MenSC cell lines with stable characteristics of MSC, which provide
solid support for the efficiency and economy of MenSC-CM. Simultaneously, pretreat-
ment of naive MenSCs with physical microenvironment (hypoxia, hypothermia) or specific
regents (cytokines, chemical compounds) could produce customized MenSC-CM with tar-
geted therapeutic effect for different diseases. Additionally, combination of MenSC-CM
with various biomaterials will realize the controlled release and targeted delivery of bioac-
tive factors contained in MenSC-CM into the injured tissue, which significantly enhance
their performance. (3) Application: besides being used in promoting wound healing (dia-
betic foot, bedsore, and burn wound), MenSC-CM could be applied in a variety of diseases
treatment, including ophthalmic diseases (in the form of eyedrops), respiratory diseases (in
the form of atomization), and skin diseases (in the form of ointments and creams). Simul-
taneously, MenSC-CM also exhibit promising application in the field of medical beauty.
Furthermore, under the premise of sustainable production of MenSC-CM, optimizing the
parameters, such as dose, delivery route, and time window, will accelerate the application
of MenSC-CM and ensure their therapeutic effects.
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