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Angiogenesis is critical for wound healing and tissue repair. Umbilical cord mesenchymal stem cells (UCMSCs)-
conditioned medium has certain actions to promote angiogenesis, and is expected for wound healing and tissue
repair. However, recent studies showed that the pro-angiogenic efficacy of unprocessed MSCs-conditioned me-
dium is low, and insufficient for tissue repair. Autophagy is a process for protein recycling and a contributor for
cell exocrine, which may enhance pro-angiogenic efficacy of the conditioned medium by stimulating cytokine
release from UCMSCs. Therefore, in this study we attempted to obtain enhanced autophagy in UCMSCs using
different concentrations of rapamycin and compared pro-angiogenic functions of the conditioned media. The in
vitro data showed that although 100 nM-10 pM rapamycin all could induce autophagy in UCMSCs, 100 nM was
the best dose to optimize the angiogenic effect of the conditioned medium. The in vivo data also showed that pro-
angiogenic effect of the optimized conditioned medium was more obvious than that of the control conditioned
medium (0 nM group) in the injected matrigel plaques. Further, the expressions of VEGF, FGF-2, MMP-9, PDGF-a
and PDGF-p were markedly increased in UCMSCs treated with 100 nM rapamycin. In conclusion, appropriately
enhancing autophagy of UCMSC can improve pro-angiogenic efficacy of the conditioned medium, which may

optimize therapeutic applications of UCMSCs-conditioned medium in wound healing and tissue repair.

1. Introduction

Umbilical cord mesenchymal stem cells (UCMSCs) are a type of
multipotent stem cells derived from the Wharton’s Jelly of human um-
bilical cords. Like other kinds of mesenchymal stem cells (MSCs),
UCMSCs have a high self-renewal ability and multi-potentials to
differentiate into functional cells under appropriate conditions [1,2].
Currently, UCMSCs have been the most commonly used seed cells in
regenerative medicine due to their special properties such as a wide
range of sources, easy of obtaining, low immunogenicity, and a steady
genetic background. However, recent studies suggested that the differ-
entiation efficiency of MSCs (including UCMSCs) transplanted into pa-
tients and some animal models was very low, and the differentiated cells
not enough to complement the lost cells in the injured tissues or organs
[3,4].

Growing evidence indicates that the actions of MSCs to repair the
damaged tissues or organs mainly result from their strong exocrine
functions [5,6]. UCMSCs have been proved to produce a variety of

growth factors and cytokines such as fibroblast growth factor (FGF),
vascular endothelial growth factor (VEGF), hepatocyte growth factor
(HGF), epidermal growth factor (EGF), transforming growth factor-f
(TGF-p), nerve growth factor (NGF), interleukin (IL)-1p and IL-6 and
tumor necrosis factor (TNF-a), as well as other intercellular messengers
such as exosomes, circRNAs and microRNAs, which participate in
regulating cell proliferation, differentiation, angiogenesis, and so on
[6-8]. It has been shown that most of above-mentioned exocrine factors
participate in angiogenesis, which is a critical prerequisite for wound
healing and tissue repair [9,10].

It is known that the formation speed and amount of newly formed
blood vessels in the injured tissues and organs determine the quality of
wound healing and the efficiency of tissue and organ repair. A recent
study showed that the conditioned medium derived from UCMSC cul-
ture contained a certain amount of FGF, VEGF and other angiogenic
factors, and had a weak function in promoting the proliferation of
vascular endothelial cells but failed to affect angiogenesis [11]. This
study indicates that angiogenic function of the conditioned medium
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from the untreated UCMSCs is very limited. To improve pro-angiogenic
efficacy of UCMSCs-conditioned medium, some groups have recently
attempted to use gene manipulation techniques to enhance the exocrine
functions of UCMSCs [12-14]. For instance, Cho et al. applied the tar-
geted genome engineering (transfecting TALEN-L/R targeting vectors
containing inducible VEGF gene into UCMSCs) to enhance VEGF
secretion and improve the pro-angiogenic efficacy of UCMSCs-derived
conditioned medium in repairing myocardial infarction [12]. Xiong
et al. utilized adenovirus-associated virus (AAV)-mediated VEGF gene
overexpression to improve therapeutic efficacy of UCMSCs in Parkin-
son’s disease [13]. Sharma et al. tried to obtain the increased generation
of exosomes from UCMSCs through stimulation with activated T cells
[14]. However, there are still some problems such as high cost, complex
operation and ethical restriction of using gene manipulation to improve
the therapeutic efficacy of UCMSCs. Recently, An et al. enhanced the
secretion of VEGF by inducing autophagy of bone marrow mesenchymal
stem cells (BMSCs), thereby enhancing the efficacy of conditioned me-
dium to promote angiogenesis [15]. However, compared to UCMSCs,
BMSCs are not a kind of seed cells to generate the pro-angiogenic
conditioned medium. A study showed that UCMSCs-conditioned me-
dium contained much more growth factors and cytokines than
BMSCs-conditioned medium, meanwhile its angiogenic effect was also
three times greater than BMSCs-conditioned medium [16]. Therefore, it
is necessary to develop an efficient UCMSCs-conditioned medium for
promoting angiogenesis through inducing autophagy of the seed cells.

Autophagy is a critical physiological process to maintain cell ho-
meostasis, and plays an important role in a series of cell functions
[17-20]. A recent study showed that autophagy is required to maintain
the stemness and regenerative potential of MSCs and haematopoietic
stem cells (HSCs) [17,18]. The activation of autophagy makes healthier
and younger of old HSCs and enhances their metabolism that are closely
related to the exocrine functions of stem cells [18,19]. In addition,
autophagy could also keep homeostasis of MSCs-derived cells such as
adipocytes, chondrocytes and osteocytes [20]. Thus, we hypothesized
that strengthening autophagy in UCMSCs may increase their exocrine
ability and improve the pro-angiogenic efficacy of their conditioned
medium. This study was designed to prove this hypothesis through in
vitro and in vivo experiments.

2. Materials and methods
2.1. Sources of cells and animals

UCMSCs were kindly gifted from the Stem Cell and Biotherapy En-
gineering Research Center of Henan Province, and primary human
umbilical vein endothelial cells (HUVECs) were purchased from the
Kunming Cell Bank of Chinese Academy of Science (Kunming, China).
C57BL/6 mice (male) were obtained from Beijing Vital River Laboratory
Animal Technology Co., Ltd (Beijing, China). The animal study protocol
was approved by the Ethics Committee of Xinxiang Medical University
and conformed to the Guide for Care and Treatment of Experimental
Animals published by the Ministry of Science and Technology of the
People’s Republic of China (Beijing, China).

2.2. Cell culture

The 2nd generation UCMSCs were cultured in DMEM with 10 % FBS,
100 U/mL penicillin and 100 U/mL streptomycin and maintained in a
humidified incubator with 5 % CO; at 37 °C. The first replacement of
medium was performed following 24-h culture, and then the medium
was replaced every three days. When the cells grew to 80 % confluence,
they were digested and seeded into 24-well plates, and then cultured in
DMEM with different concentrations (0, 100 nM, 1 pM and 10 pM) of
rapamycin for 6 h to induce autophagy. Thereafter, the medium was
replaced following washing with PBS for 3 times, incubated with
UCMSCs for an additional 24 h, and collected for the following
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experiments. The autophagy levels of different groups of UCMSCs were
detected by immunofluorescent LC-3 staining.

HUVECs were cultured in DMEM with 10 % FBS, 100 U/mL peni-
cillin and 100 U/mL streptomycin, and maintained at 37 °C with 5 %
COs. The medium was replaced every three days. The cells at passages
3-5 were used in this study.

2.3. The in vitro tube formation assay

Matrigel Matrix (BD Biosciences, San Jose, CA, USA) was thawed on
ice and plated into 96-well plates (100uL/well) overnight. HUVECs were
cultured with different conditioned media for 24 h, digested with 0.25
Trypsin-EDTA, and washed with PBS twice. Cells (1 x 10*/well) were
then seeded into the matrigel-coated plates, and cultured with different
conditioned medium for an additional 3 h. The tube formation was
viewed and imaged under an invert microscope (Olympus, Tokyo,
Japan). The length of tube-like networks was calculated using Image J
software.

2.4. The in vivo tube formation assay

C57BL/6 mice were anesthetized with sodium pentobarbital (80 mg/
kg, i.p.), and 200 L of matrigel mixed with HUVECs (5 x 10*/100 L)
was subcutaneously injected into mouse inguinal areas as previously
published protocols [21]. The conditioned medium (200 pL) was
injected into mouse groins around matrigel plaques every day until
sacrifice. One week later, the mice were euthanized under anesthesia,
and the matrigel plaques were harvested and frozen at —80 °C. The
frozen plaques were sectioned and stained with H&E following standard
protocols. The immunostaining of CD31 was performed on matrigel
plaque sections as previously described [22]. The animal use in this
study was reviewed and approved by the Experimental Animal Ethics
Committee of Xinxiang Medical University. All animal experiments
complied with the ARRIVE guidelines, and were performed according to
the National Institutes of Health guide for the care and use of Laboratory
animals (NIH Publications No. 8023, revised 1978).

2.5. Quantitative reverse-transcriptase polymerase chain reaction

UCMSCs were cultured in DMEM with or without rapamycin (100
nM) for 6 h. Total RNA was extracted from different groups of UCMSCs
using TRIzol™ Reagent (Takara, Beijing, China). cDNA was synthesized
with a PrimeScript™ RT Kit (Takara) according to the manufacturer’s
instructions and PCR reactions were performed using HieffTM qPCR
SYBR Green Master Mix (Takara) on a Fast 7500 real-time PCR machine
(Applied Biosystems, Carlsbad, CA, USA). The relative mRNA expres-
sions were quantified using the comparative threshold cycle method.
The PCR primers were designed and synthesized by GeneCreate Bio-
logical Engineering Co., Ltd (Shanghai, China). The primers listed as
follows: VEGF-A forward: AGGGCAGAATCATCACGAAGT, reverse:
AGGGTCTCGATTGGATGGCA; FGF-1 forward: GCCCTGACCGA-
GAAGTTTAATC, reverse: CCCCGTTGCTACAGTAGAGG; FGF-2 forward:
AGAAGAGCGACCCTCACATCA, reverse: CGGTTAGCACACACTCCTT
TG; TGF-a forward: AGGTCCGAAAACACTGTGAGT, reverse: AGCAAGC
GGTTCTTCCCTTC; MMP-3 forward: CTGGACTCCGACACTCTGGA,
reverse: CAGGAAAGGTTCTGAAGTGACC; MMP-9 forward: TGTACCG
CTATGGTTACACTCG, reverse: GGCAGGGACAGTTGCTTCT; PDGF-a
forward: GCAAGACCAGGACGGTCATTT, reverse: GGCACTTGACACT
GCTCGT; PDGF-p forward: CTCGATCCGCTCCTTTGATGA, reverse:
CGTTGGTGCGGTCTATGAG; HIF-1a forward: CACCACAGGACAGTA-
CAGGAT, reverse: CGTGCTGAATAATACCACTCACA; Ang II forward:
CTCGAATACGATGACTCGGTG, reverse: TCATTAGCCACTGAGTGTTG
TTT; GAPDH forward: GGCTGTTGTCATACTTCTCATGG, reverse:
GGAGCGAGATCCCTCCAAAAT.
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2.6. Statistical analysis

Statistical analysis was performed with SPSS 15.0 software. Data are
presented as means + standard deviations (SDs). The univariate com-
parisons of means were evaluated with Student’s t tests or one-way
ANOVA with Tukey’s post-hoc adjustment for multiple comparisons
when appropriate.
3. Results
3.1. Identification of UCMSC autophagy

To induce autophagy of UCMSCs, we treated them with different
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dosages (0, 100 nM, 1 pM and 10 pM) of rapamycin and identified uti-
lizing immunofluorescent LC3 staining. As shown in Fig. 1, rapamycin
enhanced autophagy (LC-3 fluorescence) in UCMSCs in a dose-
dependent manner.

3.2. Invitro tube formation and screen of the optimal conditioned medium

UCMSCs were cultured in fresh DMEM with different dosages of
rapamycin for 6 h, the medium was replaced with fresh one after
washing with PBS for 3 times and incubated for an additional 24 h, and
then the conditioned medium was collected. HUVECs were cultured in
the different conditioned media in matrigel-coated plates for 3 h. As
shown in Fig. 2, tube branching length, tube segment length, tube node

Fig. 1. Autophagy (LC3) levels in UCMSCs following exposure to 0, 100 nM, 1 pM and 10 pM rapamycin for 6 h. Red positive: LC-3 staining; Blue positive:
DAPI staining (nuclei); n = 5/group; scale bar = 100 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)
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Fig. 2. Effects of different conditioned media on tube formation of HUVECs. A. The represent images show tube formation of HUVECs following culture with
different conditioned media for 3 h. B. Quantification of tube branching length, tube segment length, tube node and tube junction of tube formation images. n = 4/

group; scale bar = 100 pm *P < 0.05, vs. control group; **P < 0.01, vs. control group; **** P < 0.0001, vs. control group; *P < 0.05, vs. 0 nM group; **P < 0.01, vs. 0

nM group; ###p < 0.001, vs. 0 nM group; ####p < 0.0001, vs. 0 nM group.

and tube junction of HUVECs cultured with the 4 kinds of conditioned
media were all markedly higher than that cultured with common me-
dium (control). Of note, among the 4 kinds of conditioned media, the
one induced with 100 nM rapamycin had the best pro-angiogenic effi-
cacy. Thus, this medium was viewed as the optimal conditioned medium
and used in the following experiments.

3.3. In vivo pro-angiogenic effect of the optimal conditioned medium

To further evaluate the pro-angiogenetic effect of the optimal
conditioned medium, we performed in vivo experiments to investigate
tube formation of HUVECs in matrigel matrix that was subcutaneously
planted in mouse inguinal areas. H&E staining (Fig. 3A and B) showed

that the number of newly formed vessels in the matrigel plaques treated
with the optimal conditioned medium was significantly higher than that
the control conditioned medium (0 nM group). This data was further
confirmed by CD31 immunostaining, which also showed more newly
formed vessels in matrigel plaques treated with the optimal conditioned
medium than that treated with the control conditioned medium (Fig. 3C
and D).

3.4. Expressions of angiogenesis-related genes in autophagic UCMSCs

Previous studies have shown that UCMSCs can secrete growth factors
such as FGF, VEGF, EGF, TGF-p, IGF, NGF and HGF, and most of them
are related to angiogenesis [9,10,23-25]. To further elucidate the
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Fig. 3. Effects of conditioned medium on the formation of blood vessels in the planted matrigel plaques. A. H&E staining shows the newly formed blood
vessels (yellow arrows indicated) in the matrigel plaques treated with 0 nM or the optimal (100 nM) conditioned medium. B. Quantification of the numbers of newly
formed blood vessels in H&E staining images. C. Immunostaining of CD31 shows the newly formed blood vessels (white arrows indicated) in the matrigel plaques
treated with 0 nM or the optimal (100 nM) conditioned medium. D. Quantification of the numbers of newly formed blood vessels in CD31 staining images. n = 4/
group; scale bar = 50 pm *P < 0.05, vs. 0 nM group; **P < 0.01, vs. 0 nM group. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

mechanisms of pro-angiogenic effect of the conditioned medium, we
compared VEGF, FGF-1, FGF-2, TGF-a, matrix metalloproteinase
(MMP)-3, MMP-9, PDGF-a, PDGF-B, hypoxia inducible factor-la
(HIF-1a) and angiotensin II (Ang II) expressions at the transcriptional
level in the groups treated with the optimal conditioned medium and
control conditioned medium (0 nM group). As shown in Fig. 4, the ex-
pressions of VEGF, FGF-2, MMP-9, PDGF-o and PDGF-p were markedly
increased in UCMSCs induced with 100 nM rapamycin compared to the
0 nM group.
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4. Discussion

MSCs are viewed as exocrine cells and are widely used in regenera-
tive medicine. It is recently recognized that the exocrine functions of
MSCs are responsible for their main actions in tissue and organ repair.
The conditioned medium derived from MSC culture is one of the com-
mon and effective ways to utilize their exocrine functions [26]. UCMSCs
are a kind of most commonly used MSCs, which are from the Wharton’s
Jelly of human umbilical cords. The conditioned medium following
culture of UCMSCs is rich in growth factors and has the potential to
promote angiogenesis. However, in the practical application, the effect
of this kind of unmodified conditioned medium on angiogenesis is very
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Fig. 4. Effect of autophagy on expressions of VEGF, FGF-1, FGF-2, TNF-a, MMP-3, MMP-9, PDGF-o, PDGF-$, HIF-1a and Ang II in UCMSCs. n = 3/group; *P

< 0.05, vs. 0 nM group; **P < 0.01, vs. 0 nM group.
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weak, and its effect on wound healing and tissue repair is also very
limited [11]. Thus, how to improve pro-angiogenic efficiency of
MSC-derived conditioned medium is a key topic in current and future
studies.

Autophagy is a cell survival mechanism, which can be induced by
several chemical inducers, such as rapamycin, spermidine, tacrolimus,
and so on [27,28]. Among these inducers, rapamycin is a commonly
used one that has been widely utilized by many studies [27,29]. In this
study, we tried to improve angiogenic effect of the conditioned medium
through enhancing autophagy of UCMSCs. We used 0, 100 nM, 1 pM and
10 pM rapamycin (6 h) to induce autophagy of UCMSCs, and then uti-
lized in vitro tube formation experiment to compare the pro-angiogenic
effects of 4 kinds of conditioned medium. Our data showed that all 4
kinds of conditioned medium derived from UCMSC culture could
markedly promote the tube formation of HUVECs cultured in the
matrigel-coated plates (Fig. 2). Of note, among the 4 kinds of condi-
tioned media, the one induced with 100 nM rapamycin had much
greater efficiency to enhance tube formation, instead of the conditioned
medium in 1 pM and 10 pM rapamycin-induced groups (Fig. 2). How-
ever, the autophagy in UCMSCs induced by rapamycin was increased in
a dose-dependent manner (Fig. 1). This indicates that only appropriate
level of autophagy has the optimal efficiency to improve angiogenic
effect of the conditioned medium. But, it is still not known why the
angiogenic effect of the conditioned medium from higher autophagic
MSCs is lower than that from lower autophagic MSCs. Maybe excess
autophagy induces apoptosis of UCMSCs, and thus disturbances their
exocrine function. In fact, it has been reported that excess autophagy
causes autophagic cell death and apoptosis in other cell lineages. For
instance, Li et al. reported that excessive activation of autophagy
induced apoptosis of H9c2 cells [30]. We also tested the effect of
conditioned medium on angiogenesis in matrigel plaques transplanted
into the mice. The in vivo data showed that tube formation in the plaques
treated daily with the optimal conditioned medium is more obvious than
that treated with the control conditioned medium (0 nM group).

It has been known that VEGF and FGF-2 are the strongest promoters
for angiogenesis [31]. Our data indicated that enhancing autophagy also
markedly induced expressions of VEGF and FGF-2 in UCMSCs at the
transcription level. MMP3 and MMP-9 are also essential factors for
angiogenesis, which can cleave pre-VEGF into mature ones. In this
study, we found that the expression of MMP-9, not MMP-3 was signifi-
cantly increased in the autophagic UCMSCs (treated with 10 pM rapa-
mycin). PDGF (including PDGF-a and -f) has also the function to
enhance angiogenesis in the presence of other growth factors such as
FGF2 [32]. Our data showed that both PDGF-a and PDGF- was signif-
icantly increased in the autophagic UCMSCs. The upregulations of
above-mentioned factors in the autophagic UCMSCs may be partially
responsible for pro-angiogenic effect of the conditioned medium. In
addition, the expression levels of FGF-1, TGF-a, MMP-3, HIF-1a and Ang
II also increased in the autophagic UCMSCs, but not significant.

It is known that blood vessel formation is a key step in many bio-
logical processes including organ development, tissue regeneration and
wound healing. The conditioned medium derived from stem cell culture
is considered one of the options for promoting angiogenesis, but its ef-
ficiency has always been unsatisfactory. In this study, we obtained a
highly efficient conditioned medium for promoting angiogenesis from
UCMSCs with appropriate autophagy. This achievement can expand
application of UCMSC-conditioned medium in tissue repair, tissue
regeneration and tissue engineering. However, there are some weak-
nesses in this study. A weakness is not to investigate the substantial
therapeutic effect of the optimal conditioned medium for wound healing
and tissue repair, which may to some extent limit application of the
screened conditioned medium. Another weakness is that lack of a rescue
experiment to directly prove autophagy, rather than other effects of
rapamycin on UCMSCs, results in functional changes of the conditioned
medium, which may also limit application of the screened conditioned
medium.

Biochemistry and Biophysics Reports 36 (2023) 101583
5. Conclusions

This study shows that appropriate levels of autophagy of UCMSCs
effectively improves pro-angiogenic efficiency of the conditioned me-
dium and increases the expressions of VEGF, FGF-2, MMP-9, PDGF-a and
PDGF-p in UCMSCs. This finding offers a new insight for improving
therapeutic efficiency the conditioned medium derived from MSC cul-
ture in wound healing, as well as tissue injury and repair.

Availability of data and materials

The datasets generated for this study are available on request to the
corresponding author.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This study was funded by Henan Province Natural Science Founda-
tion (No: 212300410012 and 202300410309); and partially by the
National Key Research and Development Program of China (No:
2018YFC1105800). We also sincerely thank the Stem Cell and Bio-
therapy Engineering Research Center of Henan Province for a gift of
UCMSCs.

References

[1] C.G.Fan, Q.J. Zhang, J.R. Zhou, Therapeutic potentials of mesenchymal stem cells
derived from human umbilical cord, Stem Cell Rev. Rep. 7 (2011) 195-207.

[2] D.C. Ding, Y.H. Chang, W.C. Shyu, S.Z. Lin, Human umbilical cord mesenchymal
stem cells: a new era for stem cell therapy, Cell Transplant. 24 (2015) 339-347.

[3] A.L Caplan, New era of cell-based orthopedic therapies, Tissue Eng., Part B 15

(2009) 195-200.

Pittenger MF. Tomac, K.S. Cahil, B.J. Byrne, P.D. Kessler, Human mesenchymal

stem cells differentiate to a cardiomyocyte phenotype in the adult murine heart,

Circulation 105 (2002) 93-98.

[5] M.B. Murphy, K. Moncivais, A.I. Caplan, Mesenchymal stem cells: environmentally
responsive therapeutics for regenerative medicine, Exp. Mol. Med. 45 (2013) e54.

[6] M. Jiang, X. Jiang, H. Li, C. Zhang, Z. Zhang, C. Wu, J. Zhang, J. Hu, J. Zhang, The
role of mesenchymal stem cell-derived EVs in diabetic wound healing, Front.
Immunol. 14 (2023), 1136098.

[7] E. Soleymaninejadian, K. Pramanik, E. Samadian, Immunomodulatory properties
of mesenchymal stem cells: cytokines and factors, Am. J. Reprod. Immunol. 67
(2012) 1-8.

[8] Z.B.Ruan, G.C. Chen, R. Zhang, L. Zhu, Circular RNA expression profiles during the
differentiation of human umbilical cord-derived mesenchymal stem cells into
cardiomyocyte-like cells, J. Cell. Physiol. 234 (9) (2019) 16412-16423.

[9] D.C. Felmeden, A.D. Blann, G.Y. Lip, Angiogenesis: basic pathophysiology and
implications for disease, Eur. Heart J. 24 (2003) 586-603.

[10] LF. Dunn, O. Heese, P.M. Black, Growth factors in glioma angiogenesis: FGFs,
PDGF, EGF, and TGFs, J. Neuro Oncol. 50 (2000) 121-137.

[11] H.G. Duan, F. Ji, C.Q. Zheng, J. Li, J. Wang, Conditioned medium from umbilical
cord mesenchymal stem cells improves nasal mucosa damage by radiation,
Biorechnol. Lett. 40 (2018), 999-107.

[12] H.M. Cho, P.H. Kim, H.K. Chang, Y.M. Shen, K. Bonsra, B.J. Kang, S.Y. Yum, J.
H. Kim, S.Y. Lee, M.C. Choi, H.H. Kim, G. Jang, J.Y. Cho, Targeted genome
engineering to control VEGF expression in human umbilical cord blood-derived
mesenchymal stem cells: potential implications for the treatment of myocardial
infarction, Stem Cells Transl. Med. 6 (2017) 10140-11051.

[13] N. Xiong, Z. Zhang, J. Huang, C. Chen, Z. Zhang, M. Jia, J. Xiong, X. Liu, F. Wang,
X. Cao, Z. Liang, S. Sun, Z. Lin, T. Wang, VEGF-expressing human umbilical cord
mesenchymal stem cells, an improved therapy strategy for Parkinson’s disease,
Gene Ther. 18 (2011) 394-402.

[14] R. Sharma, M. Kumari, S. Mishra, D.K. Chaudhary, A. Kumar, B. Avni, S. Tiwari,
Exosomes secreted by umbilical cord blood-derived mesenchymal stem cell
attenuate diabetes in mice, J. Diabetes Res. 2021 (2021), 9534574.

[15] Y. An, W.J. Liu, P. Xue, Y. Ma, L.Q. Zhang, B. Zhu, M. Qi, L.Y. Li, Y.J. Zhang, Q.
T. Wang, Y. Jin, Autophagy promotes MSC-mediated vascularization in cutaneous
wound healing via regulation of VEGF secretion, Cell Death Dis. 9 (2018) 58, 19.

[16] M.R. Todeschi, R.E.I. Backly, C. Capelli, A. Daga, E. Patrone, M. Introna,

R. Cancedda, M. Mastrogiacomo, Transplanted umbilical cord mesenchymal stem
cells modify the in vivo microenvironment enhancing angiogenesis and leading to
bone regeneration, Stem Cell. Dev. 24 (2015) 1570-1581.

[4

=


http://refhub.elsevier.com/S2405-5808(23)00164-4/sref1
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref1
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref2
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref2
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref3
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref3
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref4
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref4
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref4
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref5
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref5
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref6
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref6
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref6
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref7
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref7
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref7
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref8
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref8
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref8
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref9
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref9
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref10
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref10
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref11
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref11
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref11
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref12
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref12
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref12
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref12
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref12
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref13
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref13
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref13
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref13
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref14
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref14
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref14
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref15
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref15
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref15
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref16
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref16
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref16
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref16

W. Wang et al.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

J. Hou, Z.P. Han, Y.Y. Jing, X. Yang, S.S. Zhang, K. Sun, C. Hao, Y. Meng, F.H. Yu,
X.Q. Liu, Y.F. Shi, M.C. Wu, L. Zhang, L.X. Wei, Autophagy prevents irradiation
injury and maintains stemness through decreasing ROS generation in mesenchymal
stem cells, Cell Death Dis. 10 (2013) e844.

T.T. Ho, M.R. Warr, E.R. Adelman, O.M. Lansinger, J. Flach, E.V. Verovskaya, M.
E. Figueroa, E. Passequé, Autophagy maintains the metabolism and function of
young and old stem cells, Nature 543 (2017) 205-210.

J. New, S.M. Thomas, Autophagy-dependent secretion: mechanism, factors
secreted, and disease implications, Autophagy 15 (2019) 1682-1693.

J. Wang, Y. Zhang, J. Cao, Y. Wang, N. Anwar, Z. Zhang, D. Zhang, Y. Ma, Y. Xiao,
L. Xiao, X. Wang, The role of autophagy in bone metabolism and clinical
significance, Autophagy 19 (2023) 2409-2427.

X. Yuan, L. Han, P. Fu, H. Zeng, C. Lv, W. Chang, R.S. Runyon, M. Ishii, L. Han,
K. Liu, T. Fan, W. Zhang, R. Liu, Cinnamaldehyde accelerates wound healing by
promoting angiogenesis via up-regulation of PI3K and MAPK signaling pathways,
Lab. Invest. 98 (2018) 783-798.

X. Wang, M. Khaidakov, Z. Guo, Z. Ding, Q. He, J.L. Mehta, LOX-1 deletion limits
cardiac angiogenesis in mice given angiotensin II, Cardiovasc. Drugs Ther. 28
(2014) 441-446.

J. Zhang, M. Liu, M. Huang, M. Chen, D. Zhang, L. Luo, G. Ye, L. Deng, Y. Peng,
X. Wu, G. Liu, W. Ye, D. Zhang, Ginsenoside F1 promotes angiogenesis by
activating the IGF-1/IGF1R pathway, Pharmacol. Res. 144 (2019) 292-305.

M. Troullinaki, V.I. Alexaki, I. Mitroulis, A. Witt, A. Klotzsche-von Ameln, K.

J. Chung, T. Chavakis, M. Economopoulou, Nerve growth factor regulates
endothelial cell survival and pathological retinal angiogenesis, J. Cell Mol. Med. 23
(2019) 2362-2371.

L. Ling, X. Feng, T. Wei, Y. Wang, Y. Wang, Z. Wang, D. Tang, Y. Luo, Z. Xiong,
Human amnion-derived mesenchymal stem cell (hAD-MSC) transplantation

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Biochemistry and Biophysics Reports 36 (2023) 101583

improves ovarian function in rats with premature ovarian insufficiency (POI) at
least partly through a paracrine mechanism, Stem Cell Res. Ther. 10 (2019) 46.
W. Chang, R. Kim, S.I. Park, Y.J. Jung, O. Ham, J. Lee, J.H. Kim, S. Oh, M.Y. Lee,
J. Kim, M.S. Park, Y.A. Chung, K.C. Hwang, L.S. Maeng, Enhanced healing of rat
calvarial bone defects with hypoxic conditioned medium from mesenchymal stem
cells through increased endogenous stem cell migration via regulation of ICAM-1
targeted-microRNA-221, Mol. Cell. 38 (2015) 643-650.

W. Mu, V. Rezek, H. Martin, M.A. Carrillo, S. Tomer, P. Hamid, M.A. Lizarraga, T.
D. Tibbe, 0.0. Yang, B.D. Jamieson, S.G. Kitchen, A. Zhen, Autophagy inducer
rapamycin treatment reduces IFN-I-mediated Inflammation and improves anti-
HIV-1 T cell response in vivo, JCI Insight 7 (2022), €159136.

R. Cao, Y. Li, X. Hu, Y. Qiu, S. Li, Y. Xie, C. Xu, C. Lu, G. Chen, J. Yang, Glycyrrhizic
acid improves tacrolimus-induced renal injury by regulating autophagy, Faseb. J.
37 (2) (2023), €22749.

C. Moigneu, S. Abdellaoui, M. Ramos-Brossier, B. Pfaffenseller, B. Wollenhaupt-
Aguiar, T. de Azevedo Cardoso, C. Camus, A. Chiche, N. Kuperwasser, R. Azevedo
da Silva, F. Pedrotti Moreira, H. Li, F. Oury, F. Kapczinski, P.M. Lledo,

L. Katsimpardi, Systemic GDF11 attenuates depression-like phenotype in aged mice
via stimulation of neuronal autophagy, Nat Aging 3 (2023) 213-228.

S. Li, H. Li, D. Yang, X. Yu, D.M. Irwin, G. Niu, H. Tan, Excessive autophagy
activation and increased apoptosis are associated with palmitic acid-induced
cardiomyocyte insulin resistance, J. Diabetes Res. 2017 (2017), 2376893.

A.P. Laddha, Y.A. Kulkarni, VEGF and FGF-2: promising targets for the treatment of
respiratory disorders, Resoir Med 156 (2019) 33-46.

Zhang J, Cao R, Zhang Y, Jia T, Cao Y, Wahlberg E. Differential roles of PDGFR-
alpha and PDGFR-beta in angiogenesis and vessel stability. Faseb. J.. 23: 153-163..


http://refhub.elsevier.com/S2405-5808(23)00164-4/sref17
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref17
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref17
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref17
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref18
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref18
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref18
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref19
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref19
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref20
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref20
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref20
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref21
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref21
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref21
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref21
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref22
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref22
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref22
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref23
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref23
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref23
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref24
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref24
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref24
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref24
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref25
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref25
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref25
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref25
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref26
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref26
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref26
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref26
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref26
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref27
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref27
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref27
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref27
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref28
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref28
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref28
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref29
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref29
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref29
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref29
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref29
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref30
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref30
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref30
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref31
http://refhub.elsevier.com/S2405-5808(23)00164-4/sref31

	Autophagy of umbilical cord mesenchymal stem cells induced by rapamycin conduces to pro-angiogenic function of the conditio ...
	1 Introduction
	2 Materials and methods
	2.1 Sources of cells and animals
	2.2 Cell culture
	2.3 The in vitro tube formation assay
	2.4 The in vivo tube formation assay
	2.5 Quantitative reverse-transcriptase polymerase chain reaction
	2.6 Statistical analysis

	3 Results
	3.1 Identification of UCMSC autophagy
	3.2 In vitro tube formation and screen of the optimal conditioned medium
	3.3 In vivo pro-angiogenic effect of the optimal conditioned medium
	3.4 Expressions of angiogenesis-related genes in autophagic UCMSCs

	4 Discussion
	5 Conclusions
	Availability of data and materials
	Declaration of competing interest
	Acknowledgements
	References


