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Background: The level of cutaneous scar formation is a critical parameter to determine the success of skin 
wound healing. Adipose-derived mesenchymal stem cells (AMSCs) have been applied to improve treatment 
of cutaneous injury with the purpose of reducing scar formation. 
Methods: The levels of procollagen-lysine 1,2-oxoglutarate 5-dioxygenase 1 (PLOD1) were assessed at scar 
sites. Then, PLOD1 in AMSCs was depleted by either expression of a PLOD1-specific short-hair interfering 
RNA (shPLOD1) or by expression of microRNA-449 (miR-449) that targets and suppresses protein 
translation of PLOD1 through 3 prime untranslated region (3'-UTR) interfering. For induction of skin 
injury, a blade cut of 1.5-cm long and 2-mm thick was made on the middle back of the mice. Transplantation 
of either AMSCs-shPLOD1 or AMSCs-miR-449 into the injured region of the mice was performed via tail 
vein injection. The fibrosis as well as underlying mechanisms were assessed. 
Results: The AMSCs expressed high levels of PLOD1, a potent stimulator of fibrosis. We knocked down 
PLOD1 in AMSCs by expression of either shPLOD1 or miR-449. Transplantation of either AMSCs-
shPLOD1 or AMSCs-miR-449 significantly reduced the fibrotic process in the injured region of the mice to 
a similar degree. Mechanistically, transplantation of either AMSCs-shPLOD1 or AMSCs-miR-449 shifted 
macrophage polarization from M2 to M1-like and reduced both reactive oxygen species (ROS) and activation 
of myofibroblasts from fibroblasts. 
Conclusions: Suppression of PLOD1 levels in AMSCs either directly by shPLOD1 or indirectly by miR-
449 may substantially improve the anti-fibrotic potential of AMSCs during wound healing, likely through 
altering macrophage polarization. 
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Introduction

The consequence of tissue regeneration and repair in 
many circumstances appears to be the replacement of the 
damaged cutaneous tissue with a pathological connective 
tissue, defined as a scar (1). During skin wound healing, 
deposition of the extracellular matrix (ECM) occurs in 
the parenchymal tissue, and excess ECM may lead to scar 
formation (1). As some necessary dermis structures are 
missing from skin scar tissue, it does not function like the 
surrounding skin (2). Moreover, the skin tensile strength of 
the skin scar tissue is also significantly reduced, resulting in 
a susceptibility to re-injury (3).

Scars are characterized by collagen fiber rearrangement, 
activation of α-smooth muscle actin (α-SMA)-expressing 
myofibroblasts, and high levels of transforming growth 
factor β1 (TGF-β1) that is produced and secreted in the 
affected tissue (4). Procollagen-lysine 1,2-oxoglutarate 
5-dioxygenase 1 (PLOD1) plays a key role in the regulation 
of lysine residue hydroxylation in collagen telopeptides as 
well as in the cross-link formation of collagen pyridinoline 
during fibrosis (5). Moreover, it is known that macrophages 
are essential during fibrosis and their M2-polarized forms 
are fibrotic (6).

Recently, cell-based therapy stemming from tissue-
engineering techniques has appeared an attractive method 
for improving patient wound healing (7). Among all types of 
cells to be used in preventing scar formation, mesenchymal 
stem cells (MSCs) have been most commonly studied and 
applied, attributable to their easy access, abundance, as well 
as their acceptable functioning during tissue repair and 
regeneration (8). Specifically, adipose-derived mesenchymal 
stem cells (AMSCs) are abundant, accessible, and have good 
characteristics for tissue repair (9-11). The AMSCs may 
function in normal wound healing through production and 
secretion of trophic factors to enhance regeneration and 
adapt inflammation in wound-associated fibrosis (12-15). 
Interestingly, recent studies have demonstrated that genetic 
modification of MSCs may further improve through their 
therapeutic effects.

MicroRNAs (miRNAs) are short non-coding RNAs 
that combine with the 3 prime untranslated region (3'-
UTR) of the target genes by nuclear acid pairing to silence 
genes due to altered spatial structure (16). Specifically, 
miR-449 is a miRNA that was found to regulate Notch  
s ignal ing  (17) ,  cyc l in-dependent  k inase  (CDK)/ 
retinoblastoma (Rb)/E2 transcription factor 1 (E2F1) (18),  
and RET kinase/Wnt signaling (19). On the other 

hand, although AMSCs and PLOD have been shown 
to play critical roles in wound healing (20,21), the 
posttranscriptional control of PLOD1 by miR-449 in 
AMSCs as well as its role in regulation of fibrosis and scar 
formation has not been reported.

Here, we used genetic tools to enhance the therapeutic 
potential of AMSCs in preventing experimental scar 
formation. We present the following article in accordance 
with the ARRIVE reporting checklist (available at https://
dx.doi.org/10.21037/atm-21-4978).

Methods

Protocols and animals

The present study was approved by the Research and 
Animal Ethics Association of Shanghai Jiao Tong University 
(No. XHEC-F-2021-063), in accordance with the guidance 
from Shanghai Jiao Tong University for the Care and Use 
of Laboratory Animals, and a protocol was prepared before 
study without registration. Male and female 12-week-
old C57BL/6 mice (about 25 and 20 g, respectively) were 
purchased from Shanghai Laboratory Animals Center 
(SLAC) Laboratory Animal Co. Ltd. (Shanghai, China). 
Both male and female mice were used and distributed 
evenly in each experimental group to exclude a possibility 
of gender effects on the interpretation of the results. 
Mice were housed under a 12-h light-dark cycle. For the  
in vivo mouse experiment, power calculations (P<0.05) 
were performed to include exactly sufficient animals for the 
observed effects to be legitimate. An allocation concealment 
method was used, and efforts were made to ensure that 
potential confounders were minimized. No criteria were 
used for excluding animals (or experimental units) during 
the experiment, and no data were excluded during the 
analysis. The study did not have humane endpoints. For 
induction of skin injury, a blade cut of 1.5-cm long and 
2-mm thick was made on the middle back of the mice. The 
mice were allocated to 3 groups: Group 1: mice received 
injury and transplantation of control AMSCs-scrambled 
sequence (AMSCs-scr); Group 2: mice received injury and 
transplantation of AMSCs-miR-449; and Group 3: mice 
received injury and transplantation of AMSCs-short-hairpin 
small interfering RNA for PLOD1 (shPLOD1). We have 
previously compared non-transfected AMSCs to AMSCs-
scr and did not find difference between these two cells in 
terms of the therapeutic potential here. Therefore, we did 
not include this control group additionally.

https://dx.doi.org/10.21037/atm-21-4978
https://dx.doi.org/10.21037/atm-21-4978
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Preparation and differentiation of AMSCs

Adipose tissue was obtained from the dorsocervical 
subcutaneous region of 12-week-old C57BL/6 mice. The 
adipose tissue was carefully rinsed then incubated with 
0.25% Trypsin (Sigma-Aldrich, St. Louis, MO, USA) 
in a 200-rpm rotator at 37 ℃ for 10 min to be digested. 
The digests that passed through a 100-mm filter were re-
suspended in Dulbecco’s modified Eagle medium (DMEM) 
supplemented with 15% fetal bovine serum (FBS). A 
positive selection for Stro-1+ cells (Becton, Dickinson, and 
Co. Biosciences, San Jose, CA, USA) by flow cytometry 
was done after 10 passages of the cells. A positive clone was 
then used for chondrogenic, osteogenic, and adipogenic 
differentiation assays for determining phenotype of the 
AMSCs, using specific differentiation toolkits [American 
Type Culture Collection (ATCC), Rockville, MD, USA; 
catalog number: PCS-500-052, PCS-500-050 and PCS-
500-051]. Mouse embryonic fibroblasts (MEFs) were 
purchased from ATCC (Catalog number: SCRC-1040). 
Human skin fibroblasts (HSFs) were purchased from 
ATCC (catalog number: SCRC-1041). Recombinant mouse 
TGF-β1 (Sigma-Aldrich, USA) was added to cultured cells 
at a dose of 20 ng/mL.

Transfection and transduction of AMSCs

Transfection of AMSCs were done using plasmids carrying 
miR-449, or antisense for miR-449 (as-miR-449), or a scr 
as a control, with Lipofectamine 3000 reagent (Invitrogen, 
St. Louis, MO, USA). The AMSCs were transduced with 
an adeno-associated virus (AAV) carrying shPLOD1 and a 
green fluorescent protein (GFP) reporter (connected with 
a 2A sequence) under a cytomegalovirus (CMV) promoter, 
or an AAV carrying miR-449 and a GFP reporter 
(connected with a 2A sequence) under a CMV promoter, 
or a control AAV carrying a GFP reporter and scr. Human 
embryonic kidney 293 cell line (HEK293, ATCC) was co-
transfected with a pAAV-CMV-GFP plasmid (Clontech, 
Mountain View, CA, USA), a packaging serotype 2 plasmid 
(with rep and cap genes), and a adenovirus helper plasmid 
(Applied Viromics, LLC., Fremont, CA, USA) to produce 
the viruses. The AMSCs cells were incubated with AAVs 
at a multiplicity of infection (MOI) of 300 for 5 h to 
transduce the cells. At 24 h after infection, purification 
of the transduced GFP+ cells were performed by flow 
cytometry. 

Flow cytometry

For flow cytometric analysis, GFP was detected by direct 
fluorescence. Macrophages and M2 macrophages were 
detected by F4/80 and CD163, respectively. Data were 
analyzed using FlowJo software (FlowJo LLC., Ashland, 
OR, USA).

Transplantation of AMSCs

The transplantation of 2×106 shPLOD1-transduced 
AMSCs, or miR-449-transduced MSCs, or control AMSCs 
in a 150-μL normal saline were injected into the tail vein of 
the mice 3 days before injury formation. This intravenous 
transplantation method required time for cell homing and 
was thus done 3 days before injury.

Histology

A Trichrome Stain (Masson) Kit (Sigma-Aldrich, USA) was 
used to perform Masson-trichrome staining on experimental 
tissue. 

Dihydroethidium (DHE) assays for reactive oxygen species 
(ROS) production

A DHE assay was used to assess ROS production, and 
signals were detected and quantified at excitation/emission 
520/610 nm by fluorometer (Thermo Fisher Scientific, 
Waltham, MA, USA). 

Enzyme-linked immunosorbent assay (ELISA)

Proteins were isolated from cultured cells or mouse skin 
tissue at the injured site. Specific protein levels were 
detected by anti-PLOD1, anti-ROS, anti-α-SMA, anti-
TGF-β1, anti-collagen I ELISA kits (R&D, Carpinteria, 
CA, USA). 

Quantitative polymerase chain reaction 

Total RNA extraction used a miRNeasy mini kit (Qiagen, 
Hilden, Germany) and quantitative reverse transcription 
polymerase chain reaction (RT-qPCR) used a QuantiTect 
SYBR Green PCR Kit (Qiagen). Primers were all purchased 
from Qiagen. Data were assessed using 2−ΔΔCt method. 
Relative levels of genes were obtained through sequential 
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normalization against internal and experimental controls.

MiRNA target prediction and 3'-UTR luciferase-reporter 
assay 

The target miRNAs for PLOD1  were selected by 
TargetScan (http://www.targetscan.org/vert_72/), based on 
the context++ score (22). The plasmids of the wildtype p3'-
UTR-PLOD1 and the mutant p3'-UTR-PLOD1-mut were 
generated. For the dual-luciferase reporter assay, plasmids 
were co-transfected into AMSCs using LipofectamineTM 
2000 system (Invitrogen, USA). 

Statistical analysis

GraphPad prism software (version 7, GraphPad Software, 
Inc., La Jolla, CA, USA) was used in all statistical analyses 
[one-way analysis of variance (ANOVA) with a Bonferroni 
correction]. Data were represented as mean ± standard 

deviation (SD) and the significance was decided when 
P<0.05. 

Results

MiR-449 is a PLOD1-targeting miRNA low expressed in 
AMSCs

It was shown that PLOD1 has a strong pro-fibrotic effect 
on fibrosis (5). First, we examined the PLOD1 levels in 
AMSCs. The levels of PLOD1 in mouse and human AMSCs 
were thus determined, compared to MEFs and HSFs 
treated with/without TGF-β1, correspondingly. Higher 
levels of PLOD1 in both mouse and human AMSCs were 
detected (Figure 1A). Thus, manipulation of PLOD1 levels 
in AMSCs may enhance their anti-scar potential. Next, 
we assessed the possibility of inhibiting PLOD1 in AMSCs 
through miRNAs. Then, we examined the expression levels 
of 3 PLOD1-targeting miRNAs (miR-34, miR-140, and 

Figure 1 PLOD1-targetting miR-449 is low expressed in AMSCs. (A) PLOD1 protein levels were examined in mouse and human AMSCs 
by ELISA. MEFs and HSFs treated with/without TGF-β1 were used as controls. (B) Bioinformatics tools were used to find 3 PLOD1-
targeting miRNAs conserved in mouse and human. (C) RT-qPCR for the 3 PLOD1-targeting miRNAs in mouse and human AMSCs. (D,E) 
The binding sites of miR-449 on human (D) and mouse (E) PLOD1 3'-UTR are shown. *, P<0.05. N=5. ns, non-significant; MEFs, mouse 
embryonic fibroblasts; HSFs, human skin fibroblasts; AMSCs, adipose-derived mesenchymal stem cells; miRNA, microRNA; RT-qPCR, 
quantitative reverse transcription polymerase chain reaction; TGF-β1, transforming growth factor-β1; 3'-UTR, 3 prime untranslated region. 
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Figure 2 MiR-449 targets 3'-UTR of PLOD1 mRNA to inhibit its protein translation in AMSCs. (A) RT-qPCR for miR-449 in mouse 
AMSCs cells transfected with plasmids carrying miR-449 or as-miR-449 or scr as a control. (B) The wildtype 3'-UTR of PLOD1 mRNA 
(wt PLOD1 3'-UTR) and the mutant 3'-UTR of PLOD1 mRNA (the mutant site at the miR-449-binding region) were packaged into the 
luciferase reporter plasmids to be used in the dual-luciferase reporter assay. (C) RT-qPCR for PLOD1 mRNA in miR-449-modified mouse 
AMSCs. (D) ELISA for PLOD1 protein in miR-449-modified mouse AMSCs. *, P<0.05. N=5. ns, non-significant; AMSCs, adipose-derived 
mesenchymal stem cells; miRNA, microRNA; RT-qPCR, quantitative reverse transcription polymerase chain reaction; scr, scrambled 
sequence; 3'-UTR, 3 prime untranslated region; mRNA, messenger RNA. 

miR-449) in mouse and human AMSCs (Figure 1B), and we 
found that the levels of miR-449 were significantly lower 
than the other 2 (Figure 1C). The binding sites of miR-449 
on human (Figure 1D) and mouse (Figure 1E) PLOD1 3'-
UTR are shown.

MiR-449 targets 3'-UTR of PLOD1 messenger RNA to 
inhibit its protein translation in AMSCs

Next, we examined whether protein translation of PLOD1 
may be altered by the bindings of miR-449 to 3'-UTR of 
PLOD1 messenger RNA (mRNA). First, mouse AMSCs 

cells (Figure S1) were transfected with plasmids carrying 
either miR-449, as-miR-449, or control scr. The changes in 
miR-449 levels were determined by RT-qPCR to assure the 
effectiveness of the individual plasmids (Figure 2A). Then, 
the wildtype 3'-UTR of PLOD1 mRNA (wt PLOD1 3'-
UTR) and the mutant 3'-UTR of PLOD1 mRNA (mut 
PLOD1 3'-UTR; the mutant site at the miR-449-binding 
region) were packaged into the luciferase reporter plasmids 
to be used in the dual-luciferase reporter assay. We found 
that depletion of miR-449 increased the luciferase activity 
of wt PLOD1 3'-UTR, while overexpression of miR-
449 reduced luciferase activity of wt PLOD1 3'-UTR 

https://cdn.amegroups.cn/static/public/ATM-21-4978-Supplementary.pdf
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but had no effects on mut PLOD1 3'-UTR (Figure 2B). 
Moreover, alteration of miR-449 levels in mouse AMSCs 
did not change the mRNA levels of PLOD1 (Figure 2C). 
However, upregulation of miR-449 significantly decreased 
PLOD1 protein, while downregulation of miR-449 
significantly increased PLOD1 protein in mouse AMSCs 
(Figure 2D). These results suggest that miR-449 targets 3'-
UTR of PLOD1 mRNA, resulting in inhibition of protein 
translation in AMSCs.

Preparation of AMSCs-miR-449 and AMSCs-shPLOD1

Since we detected high levels of PLOD1 in AMSCs, we 
planned to increase the anti-scar potential of AMSCs 
during wound healing through suppression of PLOD1. We 
used 2 approaches for this. First, AMSCs were transduced 
with an AAV carrying short-hairpin small interfering RNA 
for PLOD1 (shPLOD1). Second, AMSCs were transduced 
with an AAV carrying miR-449. Both viruses also contained 
a GFP reporter. The AMSCs were transduced with an AAV 
carrying GFP and a scr was used as a control (Figure 3A), 
and the GFP+ transduced cells were subsequently purified 
by flow cytometry (Figure 3B). The levels of PLOD1 
were determined in these modified AMSCs by RT-qPCR  
(Figure 3C) and ELISA (Figure 3D). We found that 
expression of miR-449 in AMSCs did not alter PLOD1 
mRNA (Figure 3C), but significantly decreased PLOD1 
protein (Figure 3D). On the other hand, suppression of 
PLOD1 in AMSCs by shRNA significantly decreased 
both PLOD1 mRNA (Figure 3C) and PLOD1 protein  
(Figure 3D). Moreover, no difference was detected 
between the PLOD1 protein in AMSCs by miR-449 
and by shPLOD1 (Figure 3D). Hence, the 2 approaches 
may similarly alter PLOD1 protein levels. The AMSCs-
miR-449, AMSCs-shPLOD1, and control AMSCs-scr were 
then applied in the differentiation assays to confirm the 
maintenance of MSC-phenotype of the transduced cells 
(Figure 3E-3G).

Transplantation of either AMSCs-miR-449 or AMSCs-
shPLOD1 reduces the fibrosis after skin injury in mice

Then, the in vivo effects by these modifications on fibrosis 
after skin injury were assessed in mice. The mice were 
assigned to 3 groups: Group 1: mice received injury and 
transplantation of control AMSCs-scr; Group 2: mice 
received injury and transplantation of AMSCs-miR-449; 
Group 3: mice received injury and transplantation 

of AMSCs-shPLOD1. We evaluated the effects of 
transplantation of AMSCs-miR-449, AMSCs-shPLOD1, 
and control AMSCs-scr on the fibrosis 2 weeks after the 
skin injury. We found that transplantation of either AMSCs-
miR-449 or AMSCs-shPLOD1 significantly reduced the 
fibrosis at the site of injury, compared to transplantation of 
AMSCs-scr, shown by representative images (Figure 4A), 
and quantification (Figure 4B). These data suggest that 
transplantation of either AMSCs-miR-449 or AMSCs-
shPLOD1 may improve the anti-scar effects of MSCs. 

Mechanisms underlying the improved anti-scar potential 
by PLOD1 suppression in AMSCs 

Finally, we explored the underlying mechanisms. Since 
macrophages are known key players in fibrosis, we first 
assessed macrophage number and polarization in these 
conditions. We did not detect changes in macrophage 
number (Figure 5A,5B), but found that either AMSCs-
miR-449 or AMSCs-shPLOD1 significantly altered 
macrophage polarization from M2 to M1, as evidenced 
by CD163 posit iv i ty  (A M2-macrophage marker,  
Figure 5C,5D). As ROS are critical for serious scar 
formation, we assessed ROS levels at the site of injury. The 
results of ELISA (Figure 6A) and DHE assay (Figure 6B) 
showed that transplantation of either AMSCs-miR-449 or 
AMSCs-shPLOD1 significantly reduced the ROS levels at 
the site of the skin injury, compared to transplantation of 
AMSCs-scr. Transition of myofibroblasts from fibroblasts 
plays a pivotal role in scar formation. Both α-SMA and 
TGF-β1 are specific markers for myofibroblasts and were 
thus analyzed together with fibrotic markers collagen I 
and fibronectin at the site of skin injury. We found that 
transplantation of either AMSCs-miR-449 or AMSCs-
shPLOD1 significantly reduced the TGF-β1 levels  
(Figure 6C), collagen I levels (Figure 6D), α-SMA levels 
(Figure 6E), and fibronectin levels (Figure 6F) at the site of 
the skin injury, compared to transplantation of AMSCs-
scr. Thus, suppression of PLOD1 levels in AMSCs either 
directly by shPLOD1 or indirectly by miR-449 may 
substantially improve the anti-fibrotic potential of AMSCs 
during wound healing. 

Discussion

The cellular and molecular mechanisms underlying skin 
wound repair as well as its failure to heal properly to cause 
scar formation remains poorly understood. Inferior skin 
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scrambled sequence. 
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Figure 5 Effects on macrophage polarization. (A,B) The effects of transplantation of AMSCs-miR-449, AMSCs-shPLOD1 and control 
AMSCs-scr on the macrophage number by flow cytometry on F4/80, shown by representative flow charts (A) and by quantification (B). (C,D) 
The effects of transplantation of AMSCs-miR-449, AMSCs-shPLOD1 and control AMSCs-scr on the macrophage polarization by flow 
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Figure 6 Mechanisms underlying the improved anti-scar potential by PLOD1 suppression in AMSCs. (A) ELISA for ROS; (B) DHE 
assay; (C-F) ELISA for TGF-β1 (C), collagen I (D), α-SMA (E) and fibronectin (F), at the site of the skin injury. *, P<0.05. N=10. ns, not 
significant; α-SMA, α-smooth muscle actin; DHE, dihydroethidium; ELISA, enzyme-linked immunosorbent assay; ROS, reactive oxygen 
species; PLOD1, procollagen-lysine 1,2-oxoglutarate 5-dioxygenase 1; scr, scrambled sequence; TGF-β1, transforming growth factor β1. 

wound healing affects millions of people worldwide each 
year (9-11). A common denominator of fibrosis and scar 
formation is the presence of elevated levels of collagen 
type I, which is deposited by myofibroblasts activated by 
profibrotic cytokines like TGF-β1. Pyridinoline cross-
links are then required to stabilize collagen fibrils, and this 
process is regulated by PLOD family members including 
PLOD1, PLOD2, and PLOD3. Collagen containing 

pyridinoline cross-links are resistant to collagenase-
mediated degradation and thereby cause fibrotic lesion. 
Thus, reduction in pyridinoline cross-links may enable 
the formation of a non-fibrotic matrix to attenuate scar 
formation (5). Here, we detected high PLOD1 in AMSCs 
and thus reduction in PLOD1 levels appeared to be an 
attractive strategy to interfere with a critical step during 
fibrosis and scar formation.
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In the current study, we used 2 strategies to suppress 
PLOD1 levels in AMSCs, and both achieved satisfactory 
effects on the anti-scar potential of AMSCs. We feel that 
either strategy could have its advantage and disadvantage. 
For direct suppression of PLOD1 by shPLOD1, the 
advantage is that the depletion of PLOD1 is straightforward 
and unlikely has any off-targeting effects as a scr was used 
as a control. However, both PLOD1 mRNA and protein 
were altered by shPLOD1, and thus the effects of reduced 
PLOD1 mRNA on the cell biology remains unknown. 
For indirect suppression of PLOD1 by miR-449, the 
advantage is that the PLOD1 mRNA is not altered and 
thus there should be little feedback effects at the mRNA 
level. Moreover, alteration of a protein level through post-
transcriptional control is always an effective and healthy 
way to modulate cells. However, miR-449 may have target 
genes other than PLOD1. Thus, the non-specific effects on 
the AMSCs as well as their therapeutic effects on wound 
healing are still uncertain and require further investigation. 
In future, further analyses of the non-PLOD1 targets 
for miR-449 may be helpful for the effects of miR-449-
modulation on the therapeutic effects of miR-449. 

The effects of altering PLOD1 levels in AMSCs on 
macrophage polarization have been suggested in cancer 
studies (23) and here we showed that it may be also 
important in regulation of fibrosis. The inhibition of M2-
like fibrotic macrophages here and the inhibition of M2-like 
tumor-associated macrophages in cancer by PLOD1 were 
similar.

To summarize, here we have provided evidence to 
demonstrate a useful approach by altering AMSCs to improve 
their application in attenuating scar formation after skin injury. 
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