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Purpose: Diabetic wound is a highly prevalent and refractory disease. Extensive studies have confirmed that keratinocytes and 
macrophages play an important role in the process of wound healing. Additionally, exosomes are regarded as a vital intercellular 
communication tool. This study aimed to investigate the role of human keratinocyte-derived exosomal MALAT1 in the treatment of 
diabetic wound by influencing the biological function of macrophages.
Methods: We mainly assessed the function of MALAT1 on the biological changes of macrophages, and the expression of MALAT1 in 
the keratinocyte-exosomes analyzed by quantitative real-time polymerase chain reaction (RT-qPCR). The downstream interaction 
between RNAs or proteins was assessed by mechanistic experiments. Besides, we evaluated the effects of human keratinocyte-derived 
exosomal MALAT1 on diabetic wound healing in vivo to verify in vitro results.
Results: We demonstrated that human keratinocyte-derived exosomal MALAT1 enhanced the biological functions of high glucose- 
injured macrophages, including phagocytosis, converting to a pro-healing phenotype and reducing apoptosis. Mechanistically, 
MALAT1 accelerated the expression of MFGE8 by competitively binding to miR-1914-3p, thereby affecting the function of 
macrophages and the signal axis of TGFB1/SMAD3, and finally promoting the healing of diabetic wounds. Human keratinocyte- 
derived exosomal MALAT1 might promote collagen deposition, ECM remodeling, and expression of MFGE8, VEGF, and CD31 but 
reduce the expression of TGFB and SMAD3 in an in vivo model of diabetic mice wounds, which accelerated diabetic wound healing 
and restored its function.
Conclusion: The current study revealed that human keratinocyte-derived exosomal MALAT1 would suppress miR-1914-3p to 
activate MFGE8 and eventually promote wound healing by enhancing macrophage phagocytosis, converting to a pro-healing 
phenotype and reducing apoptosis. It proposed that keratinocyte-derived exosomes might have the capacity to serve as a new method 
for the clinical treatment of diabetic wound.
Keywords: exosomes, keratinocytes, macrophages, MALAT1, diabetic wound healing

Introduction
Diabetic intractable wounds have a lifetime prevalence of 25% among people with diabetes and a 3-year mortality rate of 
35–65% worldwide.1 Peripheral neuropathy and vasculopathy due to chronic hyperglycemia are the leading causes of 
poor wound healing.2 The standard treatment for diabetic wounds remains surgical debridement, dressing and improve-
ment of circulation, blood sugar and infection.3 Adjunctive treatments such as oxygen administration, negative pressure 
wound therapy, cell-free biologics and human growth factors are also being used.4 However, with these comprehensive 
treatments, we must acknowledge that the incidence of delayed diabetic wound healing remains high. The molecular 
mechanisms underlying the delayed repair of diabetic wounds have been well studied. Still, there are no practical 
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clinically targeted therapeutic approaches to promote wound repair by influencing molecular mechanisms. Therefore, 
searching for a new mechanism to encourage the process of wound repair is vital for the targeted promotion of poor 
healing wound repair.

Several studies have identified multiple differentially expressed long non-coding RNA (lncRNAs) in diabetic wounds 
compared to non-diabetic wounds,5 metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) being one of 
them. MALAT1 can act as a competing RNA and bind to various microRNAs(miRNAs) to exert biological functions. For 
example, MALAT1 can bind to miR-1914-3p6 to increase YAP activity and induce NSCLC drug resistance and 
metastasis. It combined with miR-1247 or miR-378a8 to promote wound healing, and miR-142-3p9 to accelerate 
endometrial stromal cell proliferation and inhibit cell apoptosis.

MiRNA is a short non-coding RNA about 22nt long, which typically inhibits messenger RNA (mRNA) translation at 
the post-transcriptional level by binding to the mRNA 3’untranslated region(3’UTR).10 In our previous study, we found 
that is a potential target gene of miR-1914-3p, milk fat globule EGF and factor V/VIII domain containing (MFGE8). And 
knocking out MFGE8 in mice will increase the inflammatory response and slow wound healing.11 MFGE8 is a secreted 
glycoprotein that interacts with macrophages and binds to αvβ3-integrin and phosphorylated serine sites, respectively. It 
also plays an essential role in promoting macrophage phagocytosis,12 polarization13 and reducing apoptosis and organ 
damage.14

Previous studies have confirmed that exosomes can act as a messenger to link keratinocytes (KCs) and macrophages 
in both directions.15 Meanwhile, several studies have demonstrated that lncRNA carried in exosomes can promote wound 
healing. For example, lncRNA H19-containing MSC-derived exosomes prevent fibroblast apoptosis and inflammation 
via the miR-152-3p/PTEN axis.16 Adipose-derived stem cell-derived exosomes containing MALAT1 target miR-124 and 
activate the Wnt/β-catenin pathway to promote proliferation, migration and inhibit apoptosis in HaCaT and HDF cells.7 

In recent years, with the advancement of technology, efficient and inexpensive exosome extraction techniques have 
become more sophisticated, making exosomes an excellent candidate vehicle for targeted treatment of diabetic wound.17

Modification of exosomes using the process of exosome biogenesis or with the help of techniques such as electro-
poration, co-incubation, repeated freeze-thawing, ultrasound, extrusion, and surface modification is an effective way to 
enhance the biological activity of exosomes and improve their therapeutic effects.18 For example, dendritic exosomes 
was modified with a fusion peptide of exosomal membrane protein (Lamp2b) and neuron-specific RVG3 peptide and 
loaded with siRNA by electroporation, giving them the ability to target delivery of siRNA.19 Another study constructed 
a fusion gene plasmid vector for Lamp2b and muscle-specific targeting peptide and cotransfected it with adenovirus 
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expressing miR-26a to produce exosomes targeting muscle highly expressing miR-26a. Tail vein such exosomes will 
ameliorate the muscle wasting and cardiomyopathy that occurs in chronic kidney disease mice.20

The above study illustrates that we can improve exosomes to make them highly express MALAT1 and thus have 
a pro-wound healing function. However, the contribution of exosomes with high expression of MALAT1 from 
keratinocyte HaCat to wound healing has not been demonstrated so far. Therefore, this project aimed to investigate 
whether exosomes from keratinocytes with high expression of MALAT1 could enhance the biological properties of 
macrophages and thus contribute in the promotion of diabetic wound healing. In addition, we further investigated 
whether MALAT1 worked through the MALAT1/miR-1914-3p/MFGE8 signaling axis in the healing process of diabetic 
wounds to provide new possibilities for the clinical targeting of diabetic wounds.

Materials and Methods
Establishment of a Mouse Model
Healthy male C57BL/6 mice (6 weeks old) were housed at a constant temperature and humidity, with a 12:12-h light- 
dark cycle. After 1 week of adaptive feeding, part of the mice was randomly selected as the normal control group by 
injecting normal saline with normal feeding. The remaining mice were used to establish diabetic models by feeding with 
a high-glucose and high-fat diet for 4 weeks and intraperitoneally injected with 0.45% streptozotocin (STZ; 45 mg/kg). 
After seven days, the tail blood glucose level was measured by a blood glucose meter. Mice with a blood glucose level 
higher than 16.7 mM continuously for three days were enrolled in our study.

The macrophage depletion was conducted following the instructions. 0.2 mL of Clodronate liposomes (LIPOSOMA, 
Netherlands) or PBS liposomes were injected intraperitoneally every three days per 20 g of adult mice.21,22 

Immunohistochemical staining analysis was performed on day 7 after the first injection to evaluate the efficacy of 
macrophage depletion. Briefly, liver and spleen tissue were stained with F4/80 on paraffin slides. The presence of resident 
macrophages was determined by F4/80 positive cells, and the positive cells were reduced by 80% compared to the 
control group, demonstrating the overall success of macrophage depletion.

The first step in creating a wound model is narcotising mice with 4% isofluorane, which is maintained by 2%. Then 
the dorsal area of the mice was shaved. Full-thickness wounds (10 mm diameter) were made on the back using a sterile 
punch, and a 1 cm round silicone ring was sutured around the damage to avoid contraction. 200 µL of exosomes (1 mg/ 
mL), including KC-Exo vector and KC-Exo carrying oe-MALAT1, were injected subcutaneously into the skin around the 
wound (four sites for each) at 0, 3, 7, and 14 days, respectively.23–27 The control group was injected with an equal 
volume of saline solution. The wound-healing area was assessed. Wound tissues and surrounding areas were harvested 0, 
3, 7, 14, and 21 days after the procedure. The wound healing rate was calculated as follows: The healing rate = (Area of  
initial wound – Area of the residual wound) / Area of initial wound×100%.

Histology
The tissues were fixed in 10% paraformaldehyde for at least 24 h, and then embedded in paraffin. Paraffin-embedded 
tissue samples were cut into 2–3 µm sections, deparaffinised in xylene, dehydrated through a graded series of ethanol, 
stained with Haematoxylin-eosin (H&E) and Masson’s trichrome (MT), and mounted in resin. The images were captured 
using an optical microscope.

Immunohistochemical
The paraffin-embedded sections were dehydrated by an ascending series of ethanol and washed with running water for 2 
min. Then, the sections were immersed in 3% H2O2 for 20 min, followed by washing with distilled water for 2 min and 
0.1 M PBS for 3 min. The samples were blocked by incubation in normal goat serum at room temperature for 20 min. 
Slides were incubated overnight at 4°C with the primary rabbit anti-mouse antibody to VEGF and CD31. Following 
incubation with the secondary goat anti-rabbit antibody to immunoglobulin G and horseradish peroxidase (HRP)-labelled 
streptavidin working solution at 37°C for 20 min, labelling was visualised using DAB with hematoxylin. The sections 
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were returned blue by adding 1% ammonia, then were dehydrated with gradient alcohol, cleared by xylene, and mounted 
with neutral resin. The area was observed and photographed under an optical microscope.

RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR)
For RNA preparation, cultured cells and mice skin specimens were sorted into Trizol reagent (Invitrogen, USA), and 
RNA was obtained per the accompanying guidance. Later, complementary DNA (cDNA) was acquired by the reverse 
transcription of the extracted total RNA via the HiScript II Q RT SuperMix for qPCR (+gDNA wiper) (Vazyme, China). 
The cDNA was generated using miRNA 1st Strand cDNA Synthesis Kit (by stem-loop) (Vazyme, China). RT-qPCR with 
designed primers and ChamQ Universal SYBR qPCR Master Mix (Bio-Rad) was run in quadruplicate on a fluorescence 
ration PCR instrument. Results were normalised by the amount of β-actin or U6 expression and calculated based on the 
2−ΔΔCt formula.

Western Blot Analysis
For protein preparation, cultured cells and mice skin specimens (using a manual pestle homogeniser) were lysed in an 
appropriate volume of cold RIPA buffer plus protease inhibitors. BCA Kit (Beyotime, China) was used to measure 
protein concentration. Extracted protein (20 μg) was separated by SDS-polyacrylamide electrophoresis (SDS-PAGE) 
before being transferred onto polyvinylidene fluoride (PVDF) membranes. For immunodetection, primary antibodies 
specific for CD63(Abcam, UK), TSG101(Abcam, UK), MFGE8(Abcam, UK), Bax (Abcam, UK), Bcl-2(Abcam, UK), 
CD206(Abcam, UK), Arg-1 (Abcam, UK), iNOS (Abcam, UK), TGFB1 (Abcam, UK), SMAD3 (Abcam, UK) and 
GAPDH (Abcam, UK). IgG secondary antibody labelled by horseradish peroxidase (Abcam, UK), and enhanced 
chemiluminescence were used.

Cell Line and Reagent
The human skin keratinocyte cell line HaCaT, the human myeloid leukemia mononuclear cell line THP-1 and the 
human embryonic kidney cell line 293T were obtained from Procell Life Science &Technology, Wuhan, China. HaCaT 
was cultured in MEM medium (HyClone, Logan, UT, USA), THP-1 was cultured in RPMI 1640 medium (HyClone, 
Logan, UT, USA), and HEK293T was cultured in DMEM medium (Gibco, Grand Island, NY, USA), three of them 
containing 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, USA). All cells were cultured in the specific media 
with 100 U/mL penicillin and 100 μg/mL streptomycin at 37°C with 5% CO2. THP-1 cells were treated with phorbol 
myristate acetate (PMA, MCE, China) at 100 ng/mL for 24 hours to obtain THP-1-derived macrophages. The 
polarization model was successfully constructed by measuring the expression of CD11b and CD14 through WB. 
The matured M0 macrophages were treated with 20 ng/mL interferon (PEPROTECH, USA) and 100 ng/mL lipopo-
lysaccharide (LPS, PEPROTECH, USA) 24h to produce M1 polarized macrophages, and converted into M2 macro-
phages by using the interleukin-4 and interleukin-13 (IL-4, IL-13, PEPROTECH, USA, 20ng/mL, respectively) 
treatments. For the cellular high glucose model, THP-1 cells were treated with D-(+)-Glucose (Sigma-Aldrich, 
USA) at 35 mmol/l concentration, and the cellular normal glucose model was treated with D-(+)-Glucose at 5.6 
mmol/l concentration.

Transfection
MALAT1 cDNA and MFGE8 cDNA were synthesized and cloned into pcDNA3.1 plasmid for overexpression, and 
pcDNA3.1 plasmid containing a scrambled sequence was used as negative control (NC). SiRNA-MALTA1, siRNA-NC, 
MALAT1 plasmid, MFGE8 plasmid and empty vector plasmid were purchased from Gene Create (Wuhan, China). MiR- 
1914-3p mimics, mimics NC, miR-1914-3p inhibitor and inhibitor NC were all constructed by Ribo (Guangzhou, China). 
Before transfection, cells were seeded in six-well plates and grown in a specific medium with 10% fetal bovine serum for 
24h in a humidified 37 °C incubator with 5% CO2. Then siRNA, plasmid DNA, mimic or inhibitor was transfected into 
the cells using a Jetprime Polyplus Transfection Reagent (Polyplus-transfection SA, Illkirch, France) following the 
manufacturer’s protocol.
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Coculture of KCs or Exosomes and THP-1-Derived Macrophages
KCs were treated with an exosome inhibitor (GW4869) to inhibit the exosomal secretion of KCs. KCs were plated in 
a 6-well plate at 1×106 cells/well density. When the cells reached 80%–90% confluence, 10μM GW4869 was introduced 
to treat KCs. The cells and supernatant were harvested after 24 h for further use. KCs were plated on the 6-well 
basolateral chambers of a Transwell chamber at a density of 1×106 cells/well, whereas apical chambers were added with 
THP-1-derived macrophages. The insertion well size between the apical and basolateral chambers was 0.4 um. After 
coculture for 24h, the THP-1-derived macrophages were isolated, and the expression of miR-1914-3p and MFGE8 in 
each group was determined. THP-1-derived macrophages were cocultured with KCs, KCs+GW4869, KCs+oe-NC, KCs 
+oe-MALAT1, KCs+si-NC, and KCs+si-MALAT1, respectively.

Exosome Isolation and Characterization
KCs were cultured until 80%–90% confluence overnight in serum-free MEM and centrifuged at 2000 g for 20 min at 4°C 
to remove cell debris. The obtained supernatant was ultracentrifuged at 10,000 g for 1 h at 4°C. The pellet was suspended 
in PBS and submitted to another ultracentrifugation in the same conditions. The shot was stored at 80°C until further use. 
The identification of exosomes was confirmed by transmission electron microscopy (TEM, HITACHI), NTA, and 
Western blot. TEM was used to examine the morphology of exosomes, and NTA was applied to analyze the particle 
size of exosomes. The surface markers of exosomes (CD63, TSG101) were assessed by Western blot. The expression of 
MALAT1 in exosomes was determined by RT-qPCR. Exosomes were pooled together for each group for further cell and 
animal experiments

Bioinformatics Prediction
We searched the possible miRNAs that may be involved in crosstalk with 3’untranslated region (3’UTR) regions of 
MFGE8 by applying three different target prediction algorithms miWalk (http://mirwalk.umm.uni-heidelberg.de),28 

ENCORI (https://starbase.sysu.edu.cn/index.php)29 and Targetscan (https://www.targetscan.org).30 After identifying 
miR-1914-3p as the research target, the interaction between miR-1914-3p and the MALAT1 was predicted by RNA22 
(https://cm.jefferson.edu/rna22/Interactive),31 DIANA-LncBase (https://diana.e-ce.uth.gr/lncbasev3)32 and ENCORI.

Luciferase Reporter Assay
Through the database mentioned above, we predicted that the segments of MALAT1 and MFGE8 3’UTR encompass the 
binding sites for miR-1914-3p. The MFGE8-WT (PmirGLO-MFGE8-WT) and MFGE8-Mut (PmirGLO- MFGE8-Mut) 
vectors, along with the MALAT1-WT (PGLO-MALAT1-WT) and MALAT1-MUT (PGLO-MALAT1-Mut) vectors were 
constructed by Gene Create (Wuhan, China). For the luciferase assay, HEK 293T cells seeded on 24-well culture dishes 
(1x105 cells/well) 24 h before transfection were co-transfected with the reporter vectors, miR-1914-3p mimic and mimic 
NC. After 48h of transfection, the cells were harvested, lysed, and centrifuged at 12,000 rpm for 10 min. The luciferase 
activity was measured using a Dual-Luciferase Reporter Assay Kit (Promega, USA) according to the manufacturer’s 
instructions. Luciferase activity was normalized by the Firefly/Renilla luciferase signal in cells.

RNA-Immunoprecipitation (RIP)
The binding between MALAT1 and argonaute RISC catalytic component 2 (AGO2) was detected using a RIP kit 
(BersinBio, Guangzhou, China). The cells were lysed with an equal volume of polysome lysis buffer with protease 
inhibitor and RNase inhibitor in an ice bath for 10 min. After adding DNase to the cell lysate, the cells were bathed in 
a warm bath for 10min at 37°C, then centrifuged at 16,000 g for 10 min at 4°C, and the supernatant was then collected. 
A part of the cell extract was used as an input. In contrast, the rest were evenly divided into two parts, added protein A/G 
beads, and probed with AGO2 antibody (Abcam, Cambridge, UK) and IgG antibody (Abcam, Cambridge, UK) for 
a coprecipitation reaction, respectively. After protease K added, RNA was isolated from the sample, and then RT-qPCR 
was performed.
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RNA Pull-Down Assay
Biotinylated miR-1914-3p(Bio-miR-1914-3p-WT), the matched mutants in the target region (Bio-miR-1914-3p-MUT), 
and the corresponding negative control (Bio-NC) were obtained from Gene Create (Wuhan, China). Cell lysates prepared 
with cold RIPA buffer were incubated with Bio-miR-1914-3p-WT, Bio-miR-1914-3p-MUT, or Bio-NC and streptavidin 
beads overnight at 4°C. Beads were harvested, and RNA bound to beads purifying by Trizol was prepared to measure the 
MALAT1 level by RT-qPCR.

Cellular Uptake of Exosomes in vitro
Following the recommended procedures, the exosomes of the isolated KCs were marked with DiI (red) (Invitrogen, 
USA). For 6, 12 or 24 hours, THP-1-derived macrophages and DiI-labeled exosomes were cocultured in confocal plates. 
After removing the cell medium with a third PBS wash, the cells were fixed for 30 minutes with 4% paraformaldehyde. 
The blue fluorescence dye DAPI labelled the cell nuclei (Invitrogen, USA). Fluorescence was seen with a laser scanning 
confocal microscope (OLYMPUS, Japan).

Cell Apoptosis Assay
Cell apoptosis was analyzed using Annexin V-PE/7-AAD Apoptosis Detection kit (Vazyme, Nanjing, China) 24h after 
transfection. Cells were centrifuged at 4°C at 1000 × g for 5 min to remove the supernatant. Cells were washed with PBS 
2 times and counted. Subsequently, 5×105 cells were stained with 100 µL binding buffer, 5 µL Annexin V-PE and 5 µL 
7-AAD staining solution. After incubation at room temperature in the dark for 10 min, cells were added 400µL binding 
buffer and mixed well. Apoptotic cells were examined by flow cytometry within one hour after staining. Data were 
analyzed by FlowJo 10.0 (FlowJo Software, USA).

Statistical Analysis
GraphPad Prism8 (GraphPad Software Inc; La Jolla, CA, USA) was applied for data analysis. The measurement data 
were expressed as mean ± SD. Our data were checked for normality test (Kolmogorov–Smirnov test) and homogeneity of 
variance (Fisher’s F-test). Comparison between the two groups was conducted by Student’s t-test. One-way ANOVA was 
used for data comparison among multiple groups, followed by Tukey’s post hoc test. Repeated-measures two-way 
ANOVA was applied for data comparison among various groups at different time points, followed by Tukey’s post hoc 
test. The correlation among lncRNA, miRNA and mRNA were analyzed by Spearman correlation analysis. Values of p < 
0.05 were considered statistically significant.

Results
Macrophage Depletion Inhibited Wound Healing
As mentioned above, KCs and macrophages play important roles in wound repair. Clodronate liposomes, which kill 
macrophages, were injected into an STZ-induced diabetic model of C57BL/6J mice to confirm the effectiveness of 
wound macrophages in diabetic wound healing. We first tested the liposomal PBS’s toxicity in vivo by intraperitoneally 
injecting normal mice with PBS or PBS liposomes. No discernible changes in skin structure levels and other cytokines 
were seen after 7 days of administration (Supplementary Figure 1A and B). Then, by the manufacturer’s recommenda-
tions, diabetic mice received intraperitoneal administration of clodronate and control PBS liposomes. 
Immunohistochemical staining of F4/80-positive cells in the macrophages confirmed macrophage depletion. 
Immunohistochemical staining of F4/80-positive cells in the spleen and liver of mice provided evidence of the depletion 
of macrophages (Figure 1A and B). We found that the injection of clodronate liposomes significantly reduced the rate of 
wound healing in an STZ-induced diabetic mouse model of chronic wounds (Figure 1C and D). Histological analysis 
revealed that the group treated with clodronate liposomes had worse structural integrity, accompanied by a catastrophic 
loss of collagen fibers (Figure 1E and F). Additionally, in the repair phase, wound crypts in the clodronate liposome- 
treated group showed fewer CD31-positive cells and lower levels of VEGF expression than those in the control group 
(Figure 1G and H).
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Figure 1 Macrophage depletion inhibited wound healing. (A) Efficiency of macrophage depletion in the liver and spleen of normal C57BL/6 mice. F4/80-positive cells were 
analysed by immunohistochemical staining. (B) Quantitative analysis of the F4/80-positive cells in the two groups. (C) Representative images of full thickness defects in mice 
receiving treatment with PBS (Control), STZ (Diabetic mice) and STZ+ Clodronate Liposomes (Diabetic mice+ Clodronate) at days 0, 3, 7, 14, and 21 days postoperatively. 
(D) Wound healing closure rates was calculated among the different groups using the ImageJ software. (E) HE staining among the different groups at day 14, Scale bar: 
200μm. (F) Masson’s trichrome staining and quantification of collagen fiber at day 14, Scale bar: 20μm. (G) Representative immunohistochemical images of CD31, Scale bar: 
20μm. (H) Representative immunohistochemical images of VEGF, Scale bar: 20μm. ****p < 0.0001 versus the PBS Liposomes group (n = 5). Measurement data were 
expressed as mean ± SD. Comparison between two groups was conducted using independent sample t test.

International Journal of Nanomedicine 2023:18                                                                                   https://doi.org/10.2147/IJN.S399785                                                                                                                                                                                                                       

DovePress                                                                                                                         
955

Dovepress                                                                                                                                                           Kuang et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


MiR-1914-3p Targeted MFGE8 to Affect Macrophage Phagocytosis, Apoptosis, and 
Polarization via the TGFB1/SMAD3 Signaling Pathway
Previous studies illustrate that miRNA and MFGE8 are expressed differently in diabetic wound skin and normal 
tissue.33,34 To further elucidate the molecular mechanism of MFGE8 in promoting wound repair, we first examined 
the expression of miR-1914-3p and MFGE8 in THP-1-derived macrophages cultured under low and high glucose 
conditions, as well as in the peri-wound skin tissues of normal mice and type 2 diabetic mice, respectively, using RT- 
qPCR. The results showed that miR-1914-3p expression was significantly higher in THP-1-derived macrophages cultured 
with a high glucose medium and MFGE8 expression was significantly lower in peri-traumatic tissues of diabetic mice in 
a high glucose environment (Figure 2A-C). We further analyzed the correlation between miR-1914-3p and MFGE8, and 
as shown in Figure 2D, the expression of miR-1914-3p and MFGE8 in 31 peritraumatic tissues was negatively correlated. 
The MFGE8 3’UTR region was predicted to contain a potential binding site for miR-1914-3p according to the ENCORI, 
TargetScan and miRWalk databases (Figure 2E and F). To further verify the above speculation, we performed a luciferase 
reporter gene assay by co-transfecting plasmids constructed with MFGE8-WT or MFGE8-MUT and miR-1914-3p mimic 
or mimic-NC into HEK293T cell lines. The results showed that MFGE8-WT luciferase activity was attenuated in the 
miR-1914-3p mimic group compared to the mimic-NC group. In contrast, there was no significant difference in the 
luciferase activity of MFGE8-MUT, suggesting that miR-1914-3p specifically binds MFGE8 3’UTR (Figure 2G).

RT-qPCR and Western blot analysis showed that the presence of miR-1914-3p mimic significantly reduced MFGE8 mRNA 
and protein expression in THP-1-derived macrophages compared to THP-1-derived macrophages transfected with mimic-NC. 
An opposite trend was observed in miR-1914-3p inhibitor-treated THP-1-derived macrophages compared to inhibitor-NC 
treatment, and THP-1-derived macrophages co-transfected with miR-1914-3p mimic and oe-MFGE8 showed no significant 
difference, which indicates that MFGE8 was negatively regulated by miR-1914-3p ((Figure 2H, N and O). Subsequently, we 
investigated the regulatory effects of miR-1914-3p and MFGE8 on THP-1-derived macrophages’ phagocytosis, apoptosis and 
polarization. As part of this experiment, THP-1 cells were analyzed for the expression of CD11b and CD14 by Western blot to 
confirm the successful polarization of non-polarized macrophages (M0) (Supplementary Figure 2). The results showed that miR- 
1914-3p inhibitor or oe-MFGE8 treatment promoted macrophage phagocytosis (Figure 2I and J and Supplementary Figure 3A) 
and inhibited apoptosis (Figure 2K and L), while RT-qPCR and WB verified that Bcl-2 expression was increased and Bax 
expression was downregulated (Figure 2M-O). After THP-1-derived macrophages were polarized to M1 and M2, respectively, 
the protein expression of iNOS, Arg-1 and CD206 was detected by WB. M1-polarized THP-1 macrophages were found to have 
high expression of iNOS and low expression of Arg-1 and CD206, and M2-polarized THP-1 macrophages had the opposite trend 
(Supplementary Figure 4), indicating that we can assess the polarization direction by the detection of the above three indicators. 
The miR-1914-3p inhibitor or oe-MFGE8 also reduced the expression of M1 macrophage marker iNOS and increased the 
expression of M2 macrophage markers Arg-1 and CD206, while miR-1914-3p mimic and si-MFGE8 showed the opposite trend 
(Figure 2M-O). MFGE8 is an essential inhibitor of the TGFB1/SMAD3 signaling pathway. It plays a vital role in mediating 
phagocytosis, apoptosis, polarization and glucose metabolism in macrophages. We hypothesised that the above phenomenon 
might be achieved through the TGFB1/SMAD3 signaling pathway. RT-qPCR and WB were performed to determine the 
expression of TGFB1 and SMAD3. The results showed that the expression of TGFB1 and SMAD3 was significantly reduced 
in macrophages treated with miR-1914-3p inhibitor or oe-MFGE8, while the opposite was true for miR-1914-3p mimic and si- 
MFGE8 treatment (Figure 2M-O). This suggests that MFGE8 3’UTR binding by miR-1914-3p can alter TGFB1 and SMAD3 
expression. Taken together, these findings clarify that miR-1914-3p inhibits phagocytosis of macrophages by regulating MFGE8, 
promotes their conversion to the M1 type, and induces apoptosis.

MALAT1 Competitively Bound to miR-1914-3p to Inhibit the Activity of the TGFB1/ 
SMAD3 Signaling Pathway and Affect Macrophage Phagocytosis, Apoptosis, and 
Polarization
It has been shown that lncRNA can act as ceRNA to regulate miRNA expression. We hypothesised that ceRNA is a possible 
mechanism by which MFGE8 is regulated during trauma repair. To further elucidate the above tool, we first used RT-qPCR to 
detect MALAT1 expression in THP-1-derived macrophages cultured under low and high glucose conditions and in periwound 
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Figure 2 MiR-1914-3p targeted MFGE8 to affect macrophage phagocytosis, apoptosis, and polarization via the TGFB1/SMAD3 signaling pathway. (A) miR-1914-3p 
expression and mRNA expression of MFGE8 in THP-1-derived macrophages under a normal medium or high glucose medium, determined by qRT-PCR. (B and C) miR- 
1914-3p expression and mRNA expression of MFGE8 in wound tissue from normal mice or diabetic mice, determined by qRT-PCR. (D) The correlation between miR-1914- 
3p and MFGE8 expression, measured in 31 mice skin by Spearman correlation analysis. (E) Predicted target miRNAs of MFGE8 by three online databases (ENCORI, 
TargetScan and miRWalk). (F) Predicted binding sites between miR-1914-3p and MFGE8 by bioinformatics database. (G) Luciferase activity of MFGE8-WT and MFGE8-MUT 
detected by dual-luciferase reporter gene assay. (H) mRNA expression of MFGE8, determined by qRT-PCR. (I and J) Uptake of DiI-labelled KCs-Exo by PMA-treated THP-1 
cells, measured by flow cytometry analysis. (K and L) Apoptosis in PMA-treated THP-1 cells, measured by flow cytometry analysis. (M) mRNA expression of apoptosis- 
related factors (Bax and Bcl-2), macrophage polarization-related surface markers (iNOS, Arg-1 and CD206), TGFB1 and SMAD3, determined by qRT-PCR. (N and O) 
Protein expression of apoptosis-related factors (Bax and Bcl-2), macrophage polarization-related surface markers (iNOS, Arg-1 and CD206), MFGE8, TGFB1 and SMAD3, 
normalized to GAPDH, determined by Western blot analysis. *p < 0.05, **p < 0.01, ****p < 0.0001 versus the control group. Measurement data were expressed as mean ± 
SD. Comparison between two groups was conducted using independent sample t test. One-way ANOVA was used for data comparison among multiple groups, followed by 
Tukey’s post hoc test. The experiment was repeated independently three times.
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skin tissues of ordinary and type 2 diabetic mice. The results showed that MALAT1 expression was significantly reduced in 
THP-1-derived macrophages in the high glucose environment and peri-traumatic tissues of diabetic mice (Figure 3A and B). 
We further analysed the correlation between MALAT1 and miR-1914-3p, as shown in Figure 3C, and the expression of 
MALAT1 and miR-1914-3p was negatively correlated in 31 peritraumatic tissues.

A targeting relationship between MALAT1 and miR-1914-3p was predicted based on the ENCORI, DIANA-LncBase and 
RNA22 databases (Figure 3D and E). We performed luciferase reporter gene, RIP and RNA pull-down assays to verify the 
above speculation further. The luciferase reporter gene experiments showed that miR-1914-3p mimic significantly reduced the 
relative luciferase activity of MALAT1-WT. At the same time, no similar effect was observed on the luciferase activity of 
MALAT1-MUT compared to mimic-NC treatment (Figure 3F). To further explore the occurrence of the RNA-induced 
silencing complex upon MALAT1 binding to miR-1914-3p, we performed a RIP assay. The results showed that the AGO2 
antibody significantly enriched MALAT1 and miR-1914-3p, implying that MALAT1 could target miR-1914-3p by binding to 
AGO2 (Figure 3G). To further validate the direct binding of MALAT1 to miR-1914-3p, we combined bio-miR-1914- 3p-WT, 
bio-miR-1914-3p-MUT, bio-NC respectively, after transfection into HEK 293T cells for RNA pull-down. The results showed 
that Bio-miR-1914-3p-WT could pull down MALAT1, but Bio-miR-1914-3p-MUT had no significant effect on MALAT1 
(Figure 3H), indicating a direct interaction between miR-1914-3p and MALAT1.

To verify whether MALAT1 could competitively bind to miR-1914-3p and regulate MFGE8 expression, we delivered 
plasmids, si-RNA and mimic into THP-1-derived macrophages to determine the expression of miR-1914-3p and MFGE8, 
respectively. RT-qPCR and WB results showed that MALAT1 overexpression resulted in miR-1914-3p expression. The 
results of RT-qPCR and WB showed that MALAT1 overexpression led to decreased miR-1914-3p expression and increased 
MFGE8 expression, while si-MALAT1 treatment induced increased miR-1914-3p expression and decreased MFGE8 
expression, while oe-MALAT1 and miR-1914-3p mimic co-transfected THP-1-derived macrophages showed no significant 
changes in miR-1914-3p and MFGE8 expression, indicating that MALAT1 was able to competitively bound to miR-1914- 
3p and regulate MFGE8 expression competitively (Figure 3I, O and P). The subsequent changes in macrophage phago-
cytosis (Figure 3J, K and Supplementary Figure 3B), apoptosis (Figure 3L and M) and polarization (Figure 3N-P) were 
verified by flow, RT-qPCR and WB. RT-qPCR and WB determined the expression of TGFB1 and SMAD3(Figure 3N-P). 
The results showed that transduction of oe-MALAT1 promoted macrophage phagocytosis, inhibited apoptosis, and 
promoted the conversion of macrophages to the M2 type, and TGFB1 and SMAD3 expression was significantly reduced. 
In contrast, the opposite was true for the si-MFGE8 treatment. It can be reasonably concluded that MALAT1 promoted 
macrophage phagocytosis, inhibited apoptosis, promoted macrophage polarize toward the M2 type, and inhibited TGFB1/ 
SMAD3 signaling pathway activity through down-regulation of miR-1914-3p.

Characterization KCs-Derived Exosomes
A previous study has reported that KCs can promote the diabetic wound healing process.35 Hereby, we examined the 
characteristics of exosomes in vitro to explore the function of exosomes from KCs in the diabetic wound-healing process. 
We first cultured keratinocytes, then transfected them with oe-MATAL1, oe-NC, si-MATAL1 or si-NC, collected their 
supernatants, and isolated exosomes. Pure exosomes produced were examined by Western blot, nanoparticle tracking 
analysis (NTA), and transmission electron microscopy (TEM). Transmission electron microscopy found that these 
particles are cup-shaped or spherical, which is consistent with past investigations (Figure 4A). Comparable to past 
research on exosome size, NTA found particles with a size range of 30 to 200 nanometers (Figure 4B). Exosome-specific 
surface markers, including CD63 and TSG101, were present on these particles, and Western blot later confirmed this 
(Figure 4C). The results indicate that the separated nanoparticles are exosomes.

KCs Regulated Expression of miR-1914-3p and MFGE8 in Macrophage by KCs-Exo 
Carrying MALAT1
To demonstrate that macrophages were indeed able to take up exosomes derived from KCs, DiI-labelled exosomes (red) 
were cultured together with THP-1-derived macrophages. The uptake of exosomes was observed under confocal 
fluorescence microscopy at the 6th, 12nd and 24th hour after incubation (Figure 5A). The results showed that the uptake 
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Figure 3 MALAT1 competitively bound to miR-1914-3p to inhibit the activity of the TGFB1/SMAD3 signaling pathway and affect macrophage phagocytosis, apoptosis, and 
polarization. (A) MALAT1 expression in a normal medium or high glucose medium, determined by qRT-PCR. (B) MALAT1 expression in wound tissue from normal mice or diabetic 
mice, determined by qRT-PCR. (C) The correlation between MALAT1 and miR-1914-3p expression, measured in 31 mice skin by Spearman correlation analysis. (D) Predicted 
target miRNAs of MALAT1 by three online databases (ENCORI, DIANA-LncBase and RNA22). (E) Predicted binding sites between MALAT1 and miR-1914-3p by bioinformatics 
database. (F) Luciferase activity of MALAT1-WT and MALAT1-MUT detected by dual-luciferase reporter gene assay. (G) Relative enrichment of Ago2 by MALAT1 and miR-1914-3p 
detected by RIP assay. (H) Relative enrichment of MALAT1 detected by RNA pull-down. (I) MALAT1, miR-1914-3p and mRNA expression of MFGE8 expression, determined by 
qRT-PCR. (J and K) Uptake of DiI-labelled KCs-Exo by PMA-treated THP-1 cells, measured by flow cytometry analysis. (L and M) Apoptosis in PMA-treated THP-1 cells, measured 
by flow cytometry analysis. (N) mRNA expression of apoptosis-related factors (Bax and Bcl-2), macrophage polarization-related surface markers (iNOS, Arg-1 and CD206), 
TGFB1 and SMAD3, determined by qRT-PCR. (O and P) Protein expression of apoptosis-related factors (Bax and Bcl-2), macrophage polarization-related surface markers (iNOS, 
Arg-1 and CD206), MFGE8, TGFB1 and SMAD3, normalized to GAPDH, determined by Western blot analysis. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus the control 
group. Measurement data were expressed as mean ± SD. Comparison between two groups was conducted using independent sample t test. One-way ANOVA was used for data 
comparison among multiple groups, followed by Tukey’s post hoc test. The experiment was repeated independently three times.
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of DiI exosomes by THP-1-derived macrophages increased synchronously with increasing time. The uptake of exosomes 
was very evident after 24 h of co-culture, indicating that exosomes can be transferred from donor cells (KCs) to recipient 
cells (THP-1-derived macrophages). To confirm whether MALAT1 can be transferred to macrophages via KCs-exos, we 
altered the expression of MALAT1 in KCs using siRNA and plasmids and quantified MALAT1 in KCs and KCs-exos 

Figure 4 Characterization KCs-derived exosomes. (A) Morphology of exosomes observed by transmission electron microscopy; Scale bar: 100nm. (B) Particle size 
distribution of exosomes measured by NTA. (C) Exosome surface markers CD63 and TSG101 analysed by Western blot.
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using RT-qPCR. The results showed that MALAT1 expression was increased in KCs and KCs-exos in the presence of oe- 
MALAT1, whereas MALAT1 expression was decreased in the presence of si-MALAT1 (Figure 5B). To further confirm 
whether the transfer of MALAT1 could regulate the expression of miR-1914-3p and MFGE8 in macrophages, we used 
a co-culture system in which groups of KCs were plated on the 6-well basolateral chambers. In contrast, apical 
compartments were added with THP-1-derived macrophages (Figure 5C). RT-qPCR and Western blot analysis were 
used to quantify the expression of MALAT1, miR-1914-3p and MFGE8 in macrophages (Figure 5D-F). Compared to 
macrophages without any treatment, the expression of MALAT1, miR-1914-3p and MFGE8 were not significantly 
different when the secretion of KCs exosomes was blocked by GW4869. oe-MALAT1 treatment of KCs resulted in 
a significant decrease in miR-1914-3p expression and a substantial increase in MALAT1 and MFGE8 expression when 
the si-MALAT1 group was the exact opposite. This indicates that in vitro transfer of MALAT1 can effectively down- 
regulate miR-1914-3p expression and up-regulate MFGE8 expression. The above results clarify that the transfer of 
exogenous MALAT1 from KCs to macrophages is exosome-dependent.

KCs-Exo Carrying MALAT1 Regulated Macrophage Phagocytosis, Apoptosis, and 
Polarization via the TGFB1/SMAD3 Signaling Pathway
Since KCs can carry MALAT1 into macrophages via exosomes, we investigated the regulatory effects of exosomes on 
macrophage phagocytosis, apoptosis and polarization by co-culturing KCs-Exos with THP-1-derived macrophages. KCs- 
oe-MALAT1-Exos promoted THP-1-derived macrophages phagocytosis (Figure 6A, B and Supplementary Figure 3C) 
and inhibited apoptosis (Figure 6C and D), while RT-qPCR and WB confirmed that Bcl-2 expression was increased and 
Bax expression was downregulated (Figure 6E-G). Meanwhile, KCs-oe-MALAT1-Exos also reduced the expression of 
M1 macrophage marker iNOS and increased the expression of M2 macrophage markers Arg-1 and CD206, while si- 

Figure 5 KCs regulated expression of miR-1914-3p and MFGE8 in macrophage by KCs-Exo carrying MALAT1. (A) The uptake of KCs-exo by PMA-treated THP-1 cells 
observed under an inverted microscope (600x), blue flurescence represents nucleus, red flurescence represents exosomes, Scale bar:10μm. (B) Expression of MALAT1 in 
KCs and exosomes, determined by qRT-PCR. (C) Schematic diagram of PMA-treated THP-1 cells and HaCaT co-culture system. (D) MALAT1 and miR-1914-3p expression, 
and mRNA expression of MFGE8, determined by qRT-PCR. (E and F) Protein expression of MFGE8, normalized to GAPDH determined by Western blot analysis. *p < 0.05, 
**p < 0.01, ****p < 0.0001 versus the control group (PMA-treated THP-1 cells without any treatment); #p < 0.05, ### p < 0.001 versus the oe-NC group (KCs treated with 
oe-NC); andp < 0.05, andandand p < 0.001 versus the si-NC group (KCs treated with si-NC). Measurement data were expressed as mean ± SD. One-way ANOVA was used 
for data comparison among multiple groups, followed by Tukey’s post hoc test. The experiment was repeated independently three times.
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MALAT1 did the opposite (Figure 6E-G). It is suggested that KCs-Exo carrying MALAT1 regulates macrophage 
phagocytosis, apoptosis, and polarization.

In this study, we propose that the effect of the MALAT1/miR-1914-3p/MFGE8 axis on macrophage biological 
functions may be achieved through the TGFB1/SMAD3 signaling pathway. RT-qPCR and WB were performed to 
determine the expression of TGFB1 and SMAD3. The results showed that MFGE8 expression was significantly 
increased, and TGFB1 and SMAD3 expression was significantly decreased in the KCs-oe-MALAT1-Exo group, while 
the opposite was true for the si-MALAT1 treatment (Figure 6E-G). It can be concluded that MALAT1 can alter the 
expression of TGFB1 and SMAD3. These findings reaffirm that the TGFB1/SMAD3 signaling pathway regulates the 
MALAT1/miR-1914-3p/MFGE8 axis in macrophage phagocytosis, apoptosis and polarization.

KCs -Exo Carrying MALAT1 Promoted Wound Healing in Mice with Diabetes Mellitus
We created a type 2 diabetic mouse model and injected KCs-oe-MALAT1-exos into tissues surrounding the wound to 
evaluate the effect of KCs-exos on the diabetic wound-healing process in vivo. Wound area, H&E staining, Masson’s 
trichrome staining, and immunohistochemical staining were then performed to observe wound healing. The outcomes 
revealed that the tissues injected with KCs-oe-MALAT1-exos healed more quickly, had more appropriate re- 

Figure 6 KCs-Exo carrying MALAT1 regulated macrophage phagocytosis, apoptosis, and polarization via the TGFB1/SMAD3 signaling pathway. (A and B) Uptake of DiI- 
labelled KCs-Exo by PMA-treated THP-1 cells, measured by flow cytometry analysis. (C and D) Apoptosis in PMA-treated THP-1 cells, measured by flow cytometry 
analysis. (E) mRNA expression of apoptosis-related factors (BAX and Bcl-2), macrophage polarization-related surface markers (iNOS, Arg-1 and CD206), MFGE8, TGFB1 
and SMAD3, determined by qRT-PCR. (F and G) Protein expression of apoptosis-related factors (BAX and Bcl-2), macrophage polarization-related surface markers (iNOS, 
Arg-1 and CD206), MFGE8, TGFB1 and SMAD3, normalized to GAPDH, determined by Western blot analysis. *p < 0.05, **p < 0.01, ****p < 0.0001 versus the control 
group. Measurement data were expressed as mean ± SD. Comparison between two groups was conducted using independent sample t test. One-way ANOVA was used for 
data comparison among multiple groups, followed by Tukey’s post hoc test. The experiment was repeated independently three times.
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epithelialization and granulation tissue, and less inflammatory cell infiltration than the diabetes group (Figure 7A-C). As 
the wound was examined under a microscope, it became clear that MALAT1 considerably sped up wound healing 
compared to the diabetic group (Figure 7C). Masson trichrome staining revealed more collagen deposition in the KCs-oe- 
MALAT1-exos group, demonstrating MALAT1’s full capacity to remodel the ECM (Figure 7D). Finally, immunohisto-
chemical testing of VEGF and CD31 was done to confirm the wound’s vascular remodeling. The findings suggested that 
KCs-Exo expressing oe-MALAT1 might stimulate wound angiogenesis and consequently wound healing in mice by 
increasing VEGF and CD31(Figure 7E and F). Then, we used Western blot analysis to find the expression of MFGE8, 
TGFB1, and SMAD3 for further confirmation. Injection of KCs-oe-MALAT1-exos significantly reduced the expression 
of TGFB1, and SMAD3 while increasing the expression of MFGE8 (Figure 7G and H). This finding further supports the 
theory that MALAT1 speeds up wound healing by inhibiting the TGFB1/SMAD3 axis via binding to miR-1914-3p/ 
MFGE8 in vivo. In conclusion, it was proposed that KCs-exos containing overexpressed MALAT1 might quicken 
diabetic mice’s wound healing.

Discussion
Diabetes mellitus (DM) is a metabolic disease with a wide range of comorbidities that poses a significant threat to human 
health worldwide.36 At the same time, it is well known that the delayed healing of diabetic complications is a huge threat 
to the health and even the lives of patients.1 Various cells in the wound area will interact with each other through the 
secretion of cytokines to improve cellular function and advance the dynamic process of wound healing.37 KCs, as the 
main component cells of the skin epidermis, play an important role in skin repair after damage.35 It has been reported that 
inhibition of KCs biological functions will inhibit the wound healing process.38,39 In addition to the direct involvement in 
the wound repair process through re-epithelialization and closure of the wound, the mechanism by which KCs exchange 
information with other skin cells such as macrophages15 and epithelial cells40 through secreted exosomes, thus promoting 
wound repair, has also been reported as one of the important mechanisms involved in the regulation of wound healing. 
Exosomes are membranous vesicles containing a variety of biologically active molecules that dock with other cells to 
accomplish intercellular communication and functional regulation.41 As a paracellular secretory biocarrier, it has great 
research potential in healing and regenerating wounds.42 Interestingly, various nucleic acids, including lncRNAs, have 
been identified in exosomes.43 MALAT1, a lncRNA, maybe a transcriptional regulator of many genes, including some 
involved in cancer metastasis, cell migration and cell cycle regulation.44,45 It is overexpressed in various cancer tissues, 
which is associated with tumour cell proliferation and metastasis.6,46 Reducing MALAT1 expression would inhibit the 
reduction of vascular ingrowth in vivo, promoting atherosclerosis and plaque inflammation.47 This study aimed to 
investigate the role of exosomes of keratinocyte HaCaT-derived high expression of MALAT1 in diabetic wound healing. 
We verified the low expression of MALAT1 in diabetic skin trauma tissue and in macrophages exposed to high glucose 
by RT-qPCR. In addition, RT-qPCR also demonstrated high MALAT1 expression in KCs-oe-MALAT1-exos. By 
injecting different groups of KCs-derived exosomes into the wound edges, we found that wound healing was significantly 
faster after KCs-oe-MALAT1-exos treatment and was complete after 21 days. H&E, Masson’s staining and IHC further 
confirmed these observations. We confirmed that MALAT1 expressed in KCs-exosomes is a key candidate molecule for 
regulating the wound healing. Macrophages are the key to timely wound healing.48 Our study found that the removal of 
macrophages from mice resulted in significantly slower wound healing, poorer tissue healing and a significant reduction 
in collagen. The IHC further confirms these observations.

Normal wound healing can be roughly divided into 3 phases: hemostatic inflammatory, proliferative, and remodeling 
phase.37 Macrophages are predominantly classically activated (M1) during the inflammatory phase and are involved in 
cell destruction and phagocytosis of microorganisms, apoptosis and necrotic tissue. Subsequently, macrophages trans-
form into alternatively activated (M2) cells, which drive wound healing into the proliferative phase.49 Diabetic trauma 
usually shows persistent polarization of M1-type macrophages.50,51 A study demonstrated that subcutaneous injection of 
M2 macrophage exosomes into mouse wounds promoted the conversion of M1 macrophages to M2 in wounds, thereby 
promoting wound healing.52 Primary macrophages have limited proliferation capacity in vitro, while PMA-treated THP-1 
cells retain macrophage polarization, phagocytosis, and secretion functions and are readily available. Therefore, PMA- 
treated THP-1 cells are often considered a macrophage equivalent for mimicking macrophage functions.53 The present 
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Figure 7 KCs -Exo carrying MALAT1 promoted wound healing in mice with diabetes mellitus. (A) Representative images of full thickness defects in mice at days 0, 3, 7, 14, 
and 21 days postoperatively. (B) Wound healing closure rates was calculated among the different groups using the ImageJ software. (C) H&E staining among the different 
groups at day 14, Scale bar: 200μm. (D) Masson’s trichrome staining among the different groups at day 14, Scale bar: 20μm. (E) Representative immunohistochemical images 
of CD31, Scale bar: 20μm. (F) Representative immunohistochemical images of VEGF, Scale bar: 20μm. (G and H) Relative protein expression of Collagen I, Cd31, Smad3, 
Tgfb1, Mfge8, Vegf determined by Western blot analysis. *p < 0.05, **p < 0.01 versus the control group; #p < 0.05 versus the KCs-Exo oe-NC group. Measurement data 
were expressed as mean ± SD. Comparison among multiple groups was conducted using one-way ANOVA, followed by Tukey’s post hoc test.
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study also used PMA to induce differentiation of the human monocytes to macrophages. It was shown that the 
phagocytosis of apoptotic cells54 and nanoparticlesby55 PMA-treated THP-1 cells was significantly higher after polar-
ization toward M2.

Low expression of phagocytosis-related molecules was found in peroxisome proliferator-activated receptor γ (PPARγ) 
knockout cells, and apoptotic cell accumulation and slowed wound healing were found in PPARγ-KO murine wounds.56 

In addition, activation of phagocytosis-related pathways converts macrophages to a prohealing phenotype(M2).12 

Meanwhile, phagocytosis of apoptotic neutrophils is essential for transforming the macrophage phenotype to an anti- 
inflammatory phenotype(M2).57 In summary, the phagocytosis of macrophages and their phenotypic conversion comple-
ment each other and promote each other in the process of wound healing. Furthermore, a previous publication reported 
that exosomes from MSCs treated with LPS highly expressed let-7b, promoting wound healing by activating M2-type 
macrophages and down-regulating inflammatory factor.58 A study also used tissue nano-transfection (TNT) to label KCs- 
Exos, thus demonstrating that KCs-Exos would be selectively phagocytosed by macrophages in wound granulation 
tissue.15 Therefore, we hypothesized that MALAT1 in KCs-Exos could regulate macrophage biological functions. M1 
macrophages have been reported to express pro-inflammatory cytokines and induced nitric oxide synthase, while M2 
macrophages express arginase 1, mannose receptor CD206 and IL-4 receptor alpha chain.49 These indicators can also 
identify the polarization status of THP-1-derived macrophages.59,60 Therefore, we chose iNOS, Arg-1 and CD206 as 
indicators to detect macrophage polarization. Meanwhile, since BAX and Bcl2 are key factors in the process of 
apoptosis,61 the correlation and ratio of the two determine the survival or death of cells after apoptotic stimulation.62 

Most of the studies have used the examination of BAX and BCL2 expression levels to verify apoptosis.61–64 Therefore, 
we likewise chose BAX and Bcl-2 as indicators to detect apoptosis. We found that human monocyte-derived macro-
phages co-cultured with KCs-oe-MALAT1-Exo possessed greater cytophagocytosis, weaker apoptosis and a greater 
tendency to polarize towards the M2 phenotype. These findings suggest that direct transplantation of KCs-oe-MALAT1- 
Exo may promote wound healing by modulating macrophage bioactivity.

Sustained polarization of M1-type macrophages leads to a prolonged inflammatory response and persistent oxidative 
stress.65 Another major reason for the failure of diabetic wounds to heal is redox imbalance due to excessive oxidative 
stress and decreased antioxidant capacity.66 The combination of azilsartan and NF-kB inhibitor (Bay11-7082) has been 
reported to promote apoptosis in hepatocellular carcinoma cells by increasing reactive oxygen species (ROS) production 
and upregulating oxidation levels.64 It has also been confirmed that nano-antioxidants have a significant effect on 
improving oxidative stress levels.63 Poor oxygen perfusion and impaired skin barrier due to oxidative stress and 
circulatory dysfunction will also increase the susceptibility of diabetic trauma infections.66 A silver nanoparticle modified 
by urea based periodic mesoporous organosilica (AgNPs/Ur-PMO) was shown to have excellent antibacterial effect in 
in vitro experiments.67 Another exosome (PCOF@E-Exo) encapsulated by cationic antimicrobial carbon dots (CDs) 
derived from hypoxic conditioned TNF-α treated mesenchymal stem cells was validated by in vivo experiments to have 
beneficial effects in inhibiting oxidative damage, tissue inflammation and clearing bacterial infections.68 What we do 
know is that mitochondria are a key site for the onset of oxidative stress and can be a possible therapeutic target.69 

Therefore, nanoparticles targeting mitochondria and carrying antioxidant drugs may be able to exert drug effects more 
efficiently. An in vivo study confirmed that MSC-derived extracellular vesicles (MSC- Evs) can increase mitochondrial 
transcription factor A (TFAM) and mitochondrial DNA (mtDNA) levels, thereby reducing kidney injury, mitochondrial 
damage and inflammation in mice with acute kidney injury.70 Our study confirmed that KCs-oe-MALAT1-Exo promotes 
macrophage polarization toward M2 type. Taken together, to some extent, we speculate that this exosome may also have 
anti-inflammatory and antioxidant effects by repairing mtDNA. We provide evidence for the potential clinical application 
of KCs-Exo in wound healing. With these encouraging results from ex vivo studies, we further reveal possible 
mechanisms by which MALAT1 regulates wound healing. There is growing evidence for ceRNA as a mechanism to 
regulate wound healing. For example, LncRNA GAS5 up-regulates Prox1 to promote lymphangiogenesis and diabetic 
wound healing by spongy acting on miR-217.71 LncRNA XIXT promotes the proliferation and migration of fibroblasts 
and the polarization of M2 macrophages by targeting miR-19b.72 As a lncRNA, MALAT1 can also exert its biological 
functions, such as binding to miR-1247 or miR-378a8 to promote wound healing, miR-142-3p9 to accelerate endometrial 
stromal cell proliferation and inhibit cell apoptosis. Our study revealed a negative correlation between the high 
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expression of miR-1914-3p and the low expression of MALAT1 in the skin tissues of diabetic mice. In addition, the miR- 
1914-3p mimic reversed the downregulation of miR-1914-3p expression caused by oe-MALAT1, inhibited macrophage 
phagocytosis and polarization to M2 type, and promoted macrophage apoptosis. Furthermore, both databases and 
experiments have verified that MALAT1 binds to miR-1914-3p, which has also been reported in the literature and 
induces drug resistance and metastasis in NSCLC.6 These findings suggest that MALAT1 competitively binds to miR- 
1914-3p to form ceRNAs that regulate macrophage biological functions and drive the wound healing process.

In addition, MFGE8, a protein also differentially expressed in the diabetic wound, was predicted by bioinformatics to 
contain the target site of miR-1914-3p in its 3’UTR. It has been reported that MFGE8 is a secretory glycoprotein 
ubiquitously expressed in various organs and cells that can interact with macrophages, which can be combined with 
αvβ3-integrin and phosphorylated serine sites, respectively.73 MFGE8 can reduce inflammation,11,14 activate phagocytic 
signals,12 induce polarization of M2-type macrophages,13,74 promote angiogenesis,34 and improve fibroblast migration.74 It 
has been found that long-term hyperglycemia and advanced glycation end products deactivate MFGE8 in diabetic tissues, 
which is an important mechanism for the difficult healing of diabetic wounds.34 Similarly, in the present study, we found 
that MFGE8 was negatively correlated with miR-1914-3p. Dual luciferase assay further confirmed the direct binding of 
miR-1914-3p to MFGE8 3’UTR. In addition, the upregulation of MFGE8 expression induced by oe-MALAT1 was 
inhibited by miR-1914-3p mimic. oe-MFGE8 could reverse the reduction of MFGE8 expression induced by miR-1914- 
3p mimic, promote phagocytosis and M2 polarization of macrophages, and inhibit apoptosis of macrophages. These data 
suggest that MALAT1 in Exos regulates skin wound healing by binding to miR-1914-3p to up-regulate MFGE8 expression.

Multiple studies have shown that MFGE8 is a negative regulator upstream of TGFB1/SMAD3.75,76 Therefore, we 
examined whether MALAT1 in KCs-Exo would similarly alter TGFB1 and SMAD3 in macrophages. RT-qPCR and WB 
verified that oe-MALAT1, miR-1914-3p mimic, and oe-MFGE8 significantly inhibited TGFB1 and SMAD3 mRNA and 
protein levels. Combined with the results of our in vivo experiments, it was revealed that the MALAT1 /miR-1914-3p/ 
MFGE8 pathway could promote wound healing by suppressing TGFB1/SMAD3. Interestingly, TGFB1 and SMAD3, 
which are growth factors involved in multiple biological functions, showed a decreasing trend in our faster healing group. 
TGFB1 is widely expressed and plays biological roles in organisms. Numerous studies have shown that TGFB1 plays an 
important role in tissue fibrosis, wound contraction and scar formation, while high activation of the SMAD2/3 pathway is 
also pro-fibrotic.77–80 Persistent activation of the TGFB/SMAD signaling pathway leads to prolonged overactivation of 
fibroblasts, extracellular matrix (ECM) deposition, and abnormal collagen accumulation.78 Compared with normal adult 
skin, the expression of TGFB1 in early pregnancy fetal skin, which can heal without a scar, is significantly decreased.81,82 

The expression levels of SMAD2 and SMAD7 are significantly higher in hypertrophic scar fibroblasts (HSFs) than in 
normal skin fibroblasts (NSFs), and TGFB1 can further stimulate SMAD production.83 In addition, it was confirmed that 
hBM-MSC-exos significantly down-regulated the expression of TGFB1 and SMAD3 while effectively promoting wound 
healing in the rat wound model.84 Therefore, it is reasonable to conclude that the MALAT1 /miR-1914-3p/MFGE8 
pathway can reduce scar formation in the process of promoting wound healing by down-regulating TGFB1/SMAD3.

High levels of oxidative stress have been demonstrated to be another major factor in delayed diabetic wound healing, 
and the application of nano-antioxidants and antimicrobial materials has been shown to be effective in promoting diabetic 
wound healing. Therefore, improving our existing exosomes to target the mitochondria of diabetic wound cells and 
deliver drugs or biomolecules to regulate the level of oxidative stress in wounds may be a new approach to promote 
diabetic wound healing. Meanwhile, further studies are needed regarding the temporal phasing of KCs-Exo MALAT1- 
initiated macrophage gene expression and the specific mechanism of MFGE8 interaction with the TGFB/SMAD3 
pathway in KCs-Exo MALAT1 treatment. Subsequently, we will determine the mRNA expression profiles of traumatic 
tissues in each group of mice at different times. Then based on the analysis of bioinformatics methods, we will screen the 
differentially expressed genes and construct a protein-protein interaction (PPI) network to further investigate the 
mechanism of KCs-Exo MALAT1 in treating diabetic wound. We will also make an additional refinement of this 
exosome to discover more effective treatment options.

The results of this study both validate the findings of previous studies and explore possible mechanisms of delayed 
healing of diabetic wounds, as well as validate the feasibility of KCs-Exo MALAT1 for the treatment of diabetic wounds. 
In conclusion, our results demonstrate, for the first time in vitro and in vivo, that KCs-Exo high expression of MALAT1 
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improves macrophage function through disrupting miR-1914-3p-mediated MFGE8 inhibition and promotes the diabetic 
wound healing process, leading to better physiological and functional recovery of the wounds, which could provide 
a theoretical basis and therapeutic target for clinical treatment of diabetic wounds. The results of the study support further 
exploration of the exosomes generated by this protocol. This technique has relevance for future clinical applications and 
offers new possibilities for the treatment of diabetic wounds.

Conclusion
Our results revealed that human keratinocyte-derived exosomes facilitate skin wound repair via modulating the biologic 
capacity of macrophages in vitro and in vivo. By suppressing miR-1914-3p to activate MFGE8, the keratinocyte-derived 
exosomal MALAT1 promote wound healing by enhancing macrophage phagocytosis, converting to a pro-healing 
phenotype and reducing apoptosis. It will be fascinating to assess whether exosomes released by keratinocytes influence 
the wound repair response from other cell types. Based on our results, we think that in the future, nanomaterials 
combining with MALAT1 and MFGE8 might have the capacity to serve as a new method for the clinical treatment of 
diabetic wound.
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