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Introduction: Partial necrosis of skin flaps is still a substantial problem in plastic and reconstructive
surgery. In this study, the role of miR-590-3p in adipose-derived stem cells (ADSCs) transplantation in
improving the survival of skin flap in a mouse model was delved into.
Method: An abdominal perforator flap model was established in mice. The histopathological examina-
tion of mice skin tissues after ADSCs transplantation was implemented using Hematoxylin & eosin (H&E)
staining. Immunohistochemistry (IHC) or immunofluorescence (IF) staining was utilized to assess the
PCNA or CD31 levels. The concentrations of VEGFA in the culture mediumwere quantified using a VEGFA
ELISA kit.
Result: The damage of tissue in the skin flap was dramatically relieved by ADSCs transplantation. MiR-
590-3p overexpression notably suppressed, while miR-590-3p knockdown facilitated skin flap survival
by regulating PCNA, VCAM-1, and VEGFA levels. MiR-590-3p targeted VEGFA to regulate its expression.
The knockdown of VEGFA significantly inhibited, while overexpression of VEGFA notably promoted the
survival of skin flap.
Conclusion: ADSCs transplantation promotes skin flap survival by boosting angiogenesis. The miR-590-
3p/VEGFA axis modulates skin flap angiogenesis and survival in ADSCs. These results reveal that inter-
fering with miR-590-3p in ADSCs could potentially be a novel therapeutic target for the improvement of
skin flap survival.
© 2022, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Transplantation of skin flap is a common procedure in plastic
and reconstructive surgery [1,2]. However, numerous complica-
tions are entailed by this procedure, such as partial flap necrosis,
insufficient neovascularization, and reduced proangiogenic factor
production levels [3e5]. Flap necrosis can be exacerbated by
harmful changes in the tissue and vasculature that mostly stem
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from insufficient blood perfusion and ischemia-reperfusion injury
[6]. Therefore, the increase of proangiogenic factor levels, angio-
genesis, and the decrease of necrosis which helps to improve skin
flap survival, and the possibility of successful skin transplantation
should be prioritized.

Boosting flap survival by stem cell therapy has garnered wide-
spread academic interest [7]. Adipose-derived stem cells (ADSCs), a
stem cell population in the adipose tissue, have much differentia-
tion potential [8,9]. Therapeutic cell transplantation of ADSCs has
recently been identified as an efficient method for restoring tissue
vascularization after ischemic events [10]. Some experimental
studies revealed that the use of ADSCs potentially contributes to
boosting flap angiogenesis, showing substantial clinical application
potentials [11e13]. Regarding action mechanisms, ADSCs secret
several growth factors (such as VEGF, TGF-b, and PDGF), promoting
angiogenesis in wound healing. Moreover, IL-6 plays a protective
role in the usage of ADSCs of skin flaps against ischemia/
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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reperfusion injury [11,14]. However, the mechanism of the ADSCs in
skin flaps remains unclear as of yet.

MicroRNAs (miRNAs), a general group of short non-coding sin-
gle-stranded RNAs, post-transcriptionally modulate human genetic
expression level by combining with the 30-untranslated region
(UTR) of targeted mRNAs, thereby inducing mRNA translational
degradation/repression [15]. Moreover, numerous studies have
revealed that a flock of miRNAs play vital roles in the usage of
ADSCs and skin morphogenesis and regeneration. For example, Shi
et al. reported that miR-128-3p affects ADSCs to inhibit wound
healing in diabetic mice by regulating SIRT1-mediated autophagy
[16]. Li et al. demonstrated that miR-150 modulates adipogenic
differentiation of ADSCs by targeting Notch3 [17]. Moreover, miR-
590-3p was shown, in our previous study, to suppress ADSCs
secreting VEGFA through binding to VEGFA 30UTR, thereby inhib-
iting angiogenesis [18]. Nevertheless, the biological function of
miR-590-3p in the application of ADSCs of skin flaps has not been
fully clarified.

In this study, the biological functions and the potential mech-
anism of miR-590-3p in ADSC transplantation to the skin flap,
along with ADSCs protective impacts on flap survival, were
revealed. It was revealed that overexpressed miR-590-3p dramat-
ically inhibited skin flap survival through the regulation of VEGFA.
Based upon these results, miR-590-3p is a potentially promising
target in flap therapy.

2. Materials and methods

2.1. Experimental animals

BALB/c mice (8 weeks, female) supplied by Hunan SJA Labora-
tory Animal Co., Ltd (Changsha, China) were fed in a temperature-
maintained room with a stabilized temperature of 25 �C ± 2 �C, a
moisture capacity of 50%e70% air and a stable 12h light/12h dark
cycle at a specific pathogen-free level. The use of animals was
authorized by The Second Xiangya Hospital of Central South Uni-
versity (Approval of animal Ethic Number 2021271).

2.2. ADSC culture, and identification

Primary human ADSCs were purchased from OriCell ® Cyagen
(Guangzhou, China) and cultured in human ADSC complete culture
medium (Cyagen). Flow cytometry (NovoCyte, Angilent, USA) was
utilized for the analysis of ADSC immunophenotypes (CD90, CD29,
CD13, CD31, CD34, and CD45). Oil red O staining was utilized to
verify adipogenic differentiation according to previous studies
(Fig. S1). ADSCs underwent a culture in 95% air (20% O2) and 5% CO2
allowing cell passage for 2e4 generations.

2.3. Flap animal model and experimental design

Mouse anesthesia was finished via the intraperitoneal injection
of 2% (w/v) pentobarbital sodium (40 mg/kg, SigmaeAldrich), an
abdominal perforator flap (2 � 3 cm2) was constructed as reported
previously [19]. Briefly, borders of the skin paddle were incised
down to the rectus fascia. The skin flap was elevated from lateral to
medial on both sides, beneath the panniculus carnosus. The flap
was based on a single perforator vessel from the left rectus
abdominis muscle. Then, the flap was sutured back to its original
position. For the sham group, incisions at the same site were per-
formed and then sutured in situ. After surgery, the mice were
received a subcutaneously injection of Carprofen (5 mg/kg, once
per day for 3 days) to relieve pain.

A total of 50 mice were randomly grouped (sham, perforator
flap, and perforator flap þ ADSCs, perforator flap þ agomir-NC
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transfected ADSCs, perforator flap þ agomir-590-3p transfected
ADSCs, perforator flap þ antagomir-NC transfected ADSCs, perfo-
rator flap þ antagomir-590-3p transfected ADSCs, perforator
flap þ si-NC transfected ADSCs, perforator flap þ si-VEGFA trans-
fected ADSCs, perforator flapþ rVEGFA protein (2 mg, sinobiological,
China) plus ADSCs, 5 mice for each. In groups with ADSCs trans-
plantation, ADSCs (1 � 106 cells) were suspended in 100 ml DMEM,
followed by injection into subcutaneous tissues. The flap showed an
elevation at 10 points from bottom to distal along the flap axis. Mice
injected with 100 ml DMEM before operation served as control.

2.4. Flap evaluation

Flap survival and macroscopic changes (appearance, color,
texture, and hair condition) within 7 days were observed. The
survival area was measured by caliper. The mice were euthanized
on day 7. The flaps were collected. About 1� 1 cm2 of central tissue
from each flap was collected for histological analysis and Western
blot analysis.

2.5. ADSC transfection

The synthesis of agomir-NC, agomir-590-3p, antagomir-NC,
and antagomir-590-3p were performed by GenePharma
(Shanghai, China). VEGFA knockdown was achieved by trans-
fection of si-VEGFA (at a final concentration of 100 nM GeneChem,
Guangzhou, China). The overexpression or knockdown of miR-
590-3p was achieved by transfection of agomir-590-3p or
antagomir-590-3p (at a final concentration of 50 nM) into ADSCs
with the help of Lipofectamine 2000 (Invitrogen). The sequences
were shown in Table S1.

2.6. Hematoxylin & eosin (HE) staining

HE staining was utilized for the histopathological examination
of mouse skin tissues. The skin tissue samples were fixed in a 4%
formalin solution (4 �C, 8h), placed in a 70% ethanol solution
(5 min), and applied for dehydration of gradient ethanol. The tis-
sues were subsequently subjected to 30-min immersion in xylene
and paraffin embedding. Skin tissues were continuously sliced into
coronal sections (4 mm). After deparaffinization, the slices were
subjected to HE staining. The samples were then observed and
photographed under a light microscope (Olympus, Tokyo, Japan).

2.7. Immunohistochemistry (IHC)

IHC staining was performed on mouse skin tissue sections
(4 mm). The tissues were mainly paraffin-embedded. After depar-
affinization and rehydration using graded alcohols, the sections
underwent 2 washes in PBS, 10 min each. Next, the sections were
subjected to overnight incubation with rabbit polyclonal primary
antibody of PCNA (Cat# ab29, 1/10000, Abcam, Cambridge, MA,
USA), followed by 30-min incubation (37 �C) with secondary anti-
body horseradish peroxidase (HRP)-labeled goat polyclonal anti-
mouse immunoglobulin G (IgG) H&L (1:500, ab6789, Abcam). Af-
ter 3-min staining with 3, 30-diaminobenzidine solution and then
10-min water washing, the sections were counterstained with he-
matoxylin, followed by 10-min rewashing using water. Finally, after
dehydration and clearance, the sections were observed under a
light microscope (Olympus, Tokyo, Japan).

2.8. Immunofluorescence (IF) staining

IF was performed on paraffin sections of mice skin tissues to
detect the CD31 level. The sections underwent an overnight
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incubation (4�C) with primary antibodies against CD31 (Cat#
ab222783, 1/100, Abcam) after the standard dewaxing process,
followed by 2-h incubation (room temperature) with a secondary
Cy5-labeled antibody. They were then incubated (10 min, room
temperature) with DAPI. Finally, the sections were covered, and a
fluorescence microscope was used for observation.

2.9. Quantitative RT-PCR

Cell/tissue total RNA was extracted using TRIZOL™ (Invitrogen,
Carlsbad, CA, USA), of which 2.0 mg was used for the synthesis of
reverse transcription utilizing PrimeScript® Stra Strand Synthesis
Kit (TaKaRa, Tokyo, Japan). The QuantiTect® SYBR® Green RT-PCR
Kit (QIAGEN, Dusseldorf, Germany) was used in quantitative PCR.
The 2�DDCt method was used to calculate miR-590-3p and VEGFA
expression, with U6 (for miRNAs) and GAPDH (for mRNA) as the
internal reference.

2.10. Western blot

Radioimmunoprecipitation assay (RIPA) lysate (Beyotime,
Shanghai, China) was used for cell/tissue total protein extraction.
The bicinchoninic acid was utilized for quantitative analysis. The
total protein (50e100 mg) subsequently underwent SDS-
polyacrylamide gel electrophoresis for separation and then trans-
ferred onto polyvinylidene difluoride (PVDF) membranes. After 1-h
blocking with TBS-T buffer with 5% nonfat milk, the membranes
underwent an overnight incubation (4 �C) with primary antibody
anti-PCNA (Cat# ab29, 1/1000, Abcam), and then 3 TBST washes,
followed by a 1.5 h incubated with HRP-labelled secondary anti-
body rabbit anti-mouse IgG H&L (Cat# ab205719, 1:5000, Abcam)
at room temperature. An ECL system (Life technologies corporation,
Gaithersburg, MD, USA) was utilized for signal detection. The blot
bands were captured by the Tannon chemiluminescence imaging
system (Tannon, Shanghai, China).

2.11. Argonaute2 RNA immunoprecipitation (RIP) assay

Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Mil-
lipore, USA) was used in the RIP assay. After the collection and
cultivation in RIP lysis buffer, ADSCs (1 � 107 cells) were immune-
precipitated with Ago2 antibody (Cell Signaling Technology, MA,
USA). Normal mouse IgG served as the controls. Then, the levels of
miR-590-3p and 30UTR of VEGFA in the immunoprecipitation were
determined by real-time PCR.

2.12. Enzyme-linked immunosorbent assay (ELISA)

VEGFA concentration in the culture medium was quantified us-
ing a human VEGFA ELISA kit (Cat# ab119566, Abcam) according to
the instruction. A multi-function microplate reader (BD, USA) was
employed for determining the colorimetric optical densities (OD).

2.13. Statistical analysis

At least three independent experiments were conducted,
respectively. Data were expressed as mean ± SD. SPSS20.0 soft-
ware was applied for statistical analysis. Differences between the
two groups were contrasted using Student's t-test, and those
among multiple groups were analyzed using one-way ANOVA
followed turkey post-hoc test. P < 0.05 was deemed a statistically
significant difference.
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3. Results

3.1. ADSCs transplantation enhances skin flap survival

A mouse model with abdominal perforator flap was established
to explore ADSC effects on the perforator flaps (Fig. 1A). The
perforator flap group displayed notably reduced survival area
relative to the sham group, while ADSCs transplantation increased
the skin flap survival area (Fig. 1B). H&E staining was carried out for
skin flap histologic evaluation (Fig. 1C). When compared to the
perforator flap group, ADSC transplantation notably reduced
inflammation areas, caused more intact epithelialization, and
increased hair follicles. IHC staining revealed that compared to the
sham group, the proliferation-related protein PCNA expression
level was notably reduced, while ADSCs transplantation elevated
the PCNA level (Fig. 1D). IF staining indicated that CD31 expression
was observably decreased in the perforator flap group, while ADSCs
transplantation increased CD31 expression (Fig. 1E), indicating the
blood vessels increased. Moreover, Western blot showed that
VCAM-1 and VEGFA levels were decreased in the perforator flap
group, while ADSCs transplantation enhanced VCAM-1 and VEGFA
expression (Fig. 1F). All the above findings suggest that the damage
of tissue in the perforator flap was dramatically relieved by ADSCs
transplantation.

3.2. The impact of miR-590-3p regulates ADSCs on skin flap
survival

To explore the specific functions of miR-590-3p regulating
ADSCs on perforator flap survival, agomir-590-3p/antagomir-590-
3p was transfected into ADSCs. The transfection efficiency was
verified by a PCR assay (Fig. 2A). The outcomes reflected that
agomir-590-3p dramatically upregulated miR-590-3p while
antagomir-590-3p substantially downregulated miR-590-3p. The
transfected ADSCs were subsequently injected into the subcu-
taneous tissue of the skin flap model mice, and agomir-590-3p
inhibited, while antagomir-590-3p promoted the survival of the
perforator flap (Fig. 2B). H&E staining results revealed that the skin
tissues in the agomir-590-3p group exhibited larger inflammation
areas and more fragmentary epithelialization, and fewer hair fol-
licles. In comparison, the agomir-590-3p treatment caused oppo-
site results (Fig. 2C). IF staining uncovered overexpressed miR-590-
3p observably restrained, while it silenced miR-590-3p facilitated
CD31 expression (Fig. 2D). Furthermore, the overexpression of miR-
590-3p was markedly inhibited, while the silencing of miR-590-3p
promoted PCNA, VCAM-1, and VEGFA protein levels (Fig. 2E).

3.3. MiR-590-3p targeted VEGFA regulates its expression

Our previous research verified the preliminary relationship of
miR-590-3p and VEGFA; miR-590-3p targeting VEGFA 30UTR was
verified through luciferase reporter gene assay in 293T cells [18].
Furthermore, in this study, agomir-590-3p/antagomir-590-3p was
transfected into ADSCs, and the VEGFA protein level in cells and
culture medium was detected by a Western blot (Fig. 3A) and an
ELISA (Fig. 3B) assay. Overexpression of miR-590-3p markedly
inhibited, while miR-590-3p inhibition facilitated VEGFA expres-
sion levels and secretion (Fig. 3A and B). The RIP assay results
showed that miR-590-3p and 30UTR of VEGFAwere enriched in the
Ago2 immunoprecipitation that further confirmed miR-590-3p
could targeted 30UTR of VEGFA (Fig. 3C). Moreover, the influence
of miR-590-3p and/or VEGFA knockdown in ADSCs in VEGFA
expression was detected using a Western blot (left) and an ELISA



Fig. 1. ADSC transplantation improves skin flap survival (A) The abdominal perforator flap (B) Mice were grouped at random (sham, perforator flap, and perforator flap þ ADSCs).
Representative flap images on the 7th day after operation and statistical analysis of the survival area (C) The assessment of skin tissue damage was applied by H&E staining (D) The
expression level of PCNA in skin tissue was detected by IHC staining (E) The expression level of CD31 in skin tissue was detected by IF staining (F) The protein levels of VCAM-1 and
VEGFA in skin tissue were determined using Western blot. N ¼ 5; **P < 0.01, compared with Sham group; #P < 0.05, ##P < 0.01, compared with perforator flap group.
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assay (right) (Fig. 3D). MiR-590-3p silencing observably increased,
while VEGFA knockdown significantly inhibited VEGFA expression
level. The impact of silencing miR-590-3p and VEGFA on VEGFA
expression was shown to offset each other.
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3.4. The effect of VEGFA regulates ADSCs on skin flap survival

The specific functions of VEGFA regulating ADSCs on the
perforator flap survival were also investigated. ADSCs were



Fig. 2. The effect of miR-590-3p regulates ADSCs on skin flap survival (A) agomir-590-3p/antagomir-590-3p was transfected into ADSCs, with the transfection efficiency verified
using PCR assay (B) The transfected ADSCs were injected into the skin flap mice subcutaneous tissue. Representative flap images on the 7th day after the operation and the survival
area were analyzed (C) The assessment of skin tissue damage was applied by H&E staining (D) CD31 expression in skin tissue was detected by IF staining (F) PCNA, VCAM-1 and
VEGFA levels were detected by Western blot. N ¼ 5; *P < 0.05, **P < 0.01, compared with agomir-NC group; #P < 0.05, ##P < 0.01, compared with antagomir-NC group.
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transfected with the interference vector of VEGFA or ADSCs plus
VEGFA recombinant protein (rVEGFA) and subsequently injected
into the skin flap mice. The knockdown of VEGFA significantly
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inhibited, while rVEGFA notably promoted the survival of the
perforator flap (Fig. 4A). H&E staining results showed that the skin
tissues in the si-VEGFA group had sustained enlarged inflammation



Fig. 3. MiR-590-3p targeted VEGFA regulates its expression (AeB) agomir-590-3p/antagomir-590-3p was transfected into ADSCs. VEGFA levels in cells were determined using
Western blot (A). VEGFA levels in the culture medium were determined by ELISA assay (B). N ¼ 3; *P < 0.05, compared with agomir-NC group; ##P < 0.01, compared with
antagomir-NC group (C) MiR-590-3p and VEGFA expressions were detected in ADSCs bound to the Ago2 antibody or IgG by RIP assay. N ¼ 3; **P < 0.01, compared with IgG group
(DeE) agomir-590-3p and/or si-VEGFA were transfected into ADSCs and the VEGFA levels in cells and culture medium were examined using Western blot (left) and ELISA assay
(right). N ¼ 3; *P < 0.05, **P < 0.01, compared with antagomir-NC þ si-NC group; ##P < 0.01 compared with antagomir-NC þ si-VEGFA group.
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areas, increased fragmentary epithelialization, and reduced hair
follicles, while the exogenous VEGFA exerted opposite effects
(Fig. 4B). IF staining displayed that VEGFA silencing observably
inhibited, while rVEGFA protein promoted CD31 expression
(Fig. 4C). The knockdown of VEGFA notably inhibited, while rVEGFA
protein promoted PCNA and VCAM-1 protein levels (Fig. 4D).

4. Discussion

Large skin flaps are usually required to ensure ample blood
supply to repair large skin defects in plastic and reconstructive
surgery [20]. Tissue expansion is a mature technique for producing
well-vascularized cutaneous tissues [21]. Nevertheless, during the
creation of larger flaps, most expanders experienced over-
expansion, leading to thinner skin. Stem cell therapy was proven to
be promising in improving skin flap viability [22].

ADSCs can be widely applied clinically due to their availability
from liposuction aspirates and in-vitro culture. Moreover, they do
not entail ethical problems of any sort as compared with other
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stem cells [8]. ADSCs possess numerous advantages (abundant
reserves, easy access, high proliferative capability, and low
senescence, immunogenicity, and donor site incidence) over other
source-derived stem cells (such as mesenchymal stem cells
derived from bone marrow and endothelial progenitor cells)
[23,24]. Specific functions of ADSCs in skin flaps have also been
investigated [25]. Hasdemir et al. proposed that ADSCs enhance
the survival of random pattern cutaneous flaps in skin having
sustained radiation injuries [26]. Han et al. concluded that ADSCs
increased skin flap survival under venous ischemia-reperfusion
conditions. ADSCs’ enhancement of skin flap survival was
proven, which is consistent with a previous study [27]. Our data
also revealed that ADSCs enhanced skin flap recovery, as well as
elevated CD31-stained cell numbers and PCNA, VCAM-1, and
VEGFA levels. ADSCs were conclusively shown to facilitate skin flap
survival via promoting angiogenesis.

Numerous studies have stated that several miRNAs are involved
in flap reconstruction. Anecdotal reports indicated that four miR-
NAs (miR-96, miR-193-3p, miR-210, and miR-21) exhibited



Fig. 4. The effect of VEGFA regulates ADSCs on skin flap survival. ADSCs were transfected with an interference vector of VEGFA (si-VEGFA) or mixed with 2 mg VEGFA recombinant
protein (rVEGFA) and then injected into the skin flap mice (A) The representative images of flaps at post-operative day 7 were acquired and the survival area was analyzed (B) The
assessment of skin tissue damage was applied by H&E staining (C) CD31 expression in skin tissue was detected by IF staining (D) PCNA and VCAM-1 levels in skin tissue were
detected by Western blot. N ¼ 5; *P < 0.05, **P < 0.01, compared with si-NC group.
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upregulation in flap tissues after ischemia-reperfusion injury [28].
In a previous study, as analyzed by color laser Doppler imaging,
miR-21-5p knockdown notably elevated rat skin flap angiogenesis
and suppressed SMAD7 expression in ischemic skin tissues [29].
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Specific functions of various miRNAs in ADSCs application have also
been investigated. Zhang et al. suggested that miR-26a modulated
ADSC adipogenic differentiation was induced by insulin through
the regulation of the CDK5/FOXC2 pathway [30]. Li et al. concluded
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that miR-5591-5p modulated ADSC impacts the repair of diabetic
wounds by targeting the AGEs/AGER/JNK axis [31]. MiR-590-3p
involved in this study has been verified to participate in the func-
tion exertion of ADSCs [18]. Nevertheless, little is known about
miR-590-3p0s biological functions in ADSCs in skin flap survival.
This study demonstrated that miR-590-3p overexpression inhibi-
ted skin flap recovery by restricting the number of CD31 stained
cells and PCNA, VCAM-1, and VEGFA levels.

The potential targeted gene was considered to further under-
stand the underlying mechanism of miR-590-3p in ADSC appli-
cation on the skin flap. As a transient entity, messenger RNA
(mRNA) mediates genetic information translation from DNA-
encoded genes to proteins in cells [32]. Vascular endothelial
growth factor A (VEGFA) was the downstream targeted gene of
miR-590-3p. VEGFA encodes a heparin-binding protein, which
stimulates angiogenesis and vascular permeability [33]. In this
study, exogenous VEGFA notably promoted the survival of
perforator flap with ADSCs transplantation through the promo-
tion of CD31, PCNA, and VCAM-1 expression. Similarly, previous
studies also revealed VEGFA exerts crucial roles in skin flap. For
example, Vourtsis et al. concluded that the administration of
VEGFA improved the survival rate of the flap and thus contributed
to the salvage of the greater peripheral segment of the flap [34].
Jafari et al. demonstrated that in-vivo electroporation-mediated
gene transfer of VEGFA is a promising therapeutic approach to
enhance the viability and vascularity of skin flap [35]. These
outcomes demonstrate that VEGFA plays a protective role in the
survival of skin flap.

5. Conclusion

The specific functions of ADSCs and miR-590-3p/VEGFA axis in
skin flap survival were delineated. Our study assessed that ADSCs
transplantation promotes skin flap survival by boosting angiogen-
esis. The miR-590-3p/VEGFA axis in ADSCs regulates angiogenesis
and skin flap survival. These findings indicate that interfering with
miR-590-3p expression in ADSCs may be considered a novel ther-
apeutic strategy for the improvement of skin flap survival.
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