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Abstract 
Background: Diabetic chronic wounds are among the most common and serious complications of 
diabetes and are associated with significant morbidity and mortality. Endothelial-to-mesenchymal 
transition (EndMT) is a specific pathological state in which endothelial cells are transformed 
into mesenchymal cells in response to various stimuli, such as high glucose levels and high 
oxidative stress. Acidic fibroblast growth factor (aFGF), which is a member of the fibroblast growth 
factor family, possesses strong antioxidant properties and can promote the differentiation of 
mesenchymal stem cells into angiogenic cells. Therefore, we investigated the role of aFGF in EndMT 
in diabetic wounds and analysed the underlying mechanisms. 
Methods: A diabetic mouse model was used to verify the effect of aFGF on wound healing, and 
the effect of aFGF on vascular endothelial cells in a high-glucose environment was examined in 
vitro. We examined the expression of miR-155-5p in a high-glucose environment and the miR-155 
downstream target gene SIRT1 by luciferase reporter assays. 
Results: aFGF promoted wound closure and neovascularization in a mouse model of type 2 
diabetes. In vitro, aFGF inhibited the production of total and mitochondrial reactive oxygen species 
(ROS) in vascular endothelial cells and alleviated epithelial–mesenchymal transdifferentiation in 
a high-glucose environment. Mechanistically, aFGF promoted the expression of SIRT1 and the 
downstream targets Nrf2 and HO-1 by negatively regulating miR-155-5p, thereby reducing ROS 
generation. 
Conclusions: In conclusion, our results suggest that aFGF inhibits ROS-induced epithelial– 
mesenchymal transdifferentiation in diabetic vascular endothelial cells via the miR-155-5p/SIRT1/ 
Nrf2/HO-1 axis, thereby promoting wound healing. 

Key words: EndMT, Acidic fibroblast growth factor, Reactive oxygen species, Chronic wounds, Wound healing, Diabetic wound, 
Fibroblast

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0009-0001-2552-7146
https://orcid.org/0000-0002-0407-4416
https://orcid.org/0000-0003-1229-1602


2 Burns & Trauma, 2024, Vol. 12, tkae010

Highlights 
• This study showed that aFGF inhibited epithelial–mesenchymal transdifferentiation in HUVECs induced by high glucose 

concentrations. 
• This study confirmed that aFGF inhibited EndMT in diabetic vascular endothelial cells via the miR-155-5p/SIRT1/Nrf2/HO-1 

axis. 
• This study will be helpful for further understanding the relationship between aFGF and VE cell dysfunction in diabetic wounds, 

thereby providing support for treating chronic diabetic wounds. 

Background 
According to the latest data released by the International 
Diabetes Federation, there are currently >537 million people 
with diabetes worldwide. The incidence of diabetic wounds 
is ∼8.1%, and a higher incidence has been reported in the 
lower extremities due to poor blood circulation [1]. Wound 
healing in diabetic patients is difficult, and the amputation 
(toe) rate is as high as 14–24%; this is one of the most 
serious complications of diabetes [2]. The main characteristics 
of these types of wounds are excessive oxidative stress and 
decreased antioxidant capacity caused by sustained hyper-
glycaemia. This leads to an excessive increase in reactive 
oxygen species (ROS), thereby inhibiting neovascularization 
and collagen deposition; thus, wound healing is either delayed 
or prevented [3,4]. High oxidative stress in diabetic wounds 
can induce endothelial-to-mesenchymal transition (EndMT), 
resulting in significant changes in the polarity, morphology 
and function of endothelial cells (ECs) [5]. This conversion is 
characterized by a reduction in the tight junctions of ECs, the 
extravasation of substances in blood vessels and an increase in 
local inflammatory reactions [6]. In addition to the accumula-
tion of extracellular matrix components such as collagen and 
smooth muscle actin (SMA), vascular fibrosis can occur, and 
narrowing or even blockade of the lumen. These alterations 
aggravate wound ischaemia and inhibit wound healing. The 
expression of specific markers, such as vascular endothelial 
(VE) cadherin and Platelet endothelial cell adhesion molecule-
1 (CD31), is reduced, whereas the expression of mesenchymal 
markers, such as α-SMA and vimentin (Vim), is increased 
[7]. EndMT is a reversible process that is involved in many 
pathological and physiological processes, including embry-
onic development, angiogenesis and the local infiltration and 
distant migration of tumour cells. Under certain conditions, 
mesenchymal cells that undergo EndMT can be transformed 
back to ECs. However, in a sustained high-glucose envi-
ronment, mesenchymal cells that undergo EndMT cannot 
be transformed back into ECs and cannot form functional 
new blood vessels [8,9]. EndMT is an important factor that 
hinders neovascularization. 

Acidic fibroblast growth factor (aFGF), which is also 
known as FGF1, was the first member of the fibroblast 
growth factor (FGF) family identified. It promotes embry-
onic development, wound healing and vascular regeneration, 
and regulates immune metabolism [10]. Currently, aFGF is 
considered an angiogenic factor [11]. Clinical studies have 
also indicated that aFGF can promote wound healing by 

increasing the density of new blood vessels and ameliorat-
ing wound ischaemia and hypoxia [12]. Following vascular 
injury caused by oxidative stress and other factors, aFGF 
expression is significantly increased in human umbilical vein 
endothelial cells (HUVECs) and vascular smooth muscle cells, 
thereby activating nitric oxide synthase, increasing capillary 
permeability and alleviating vasodilation and vasospasm [13]. 
These findings suggest that an increase in aFGF expression 
is an adaptive response and may exert a protective effect, 
and controlling the expression of aFGF in the vascular wall 
can be used to regulate the formation of new blood vessels. 
Recent studies have indicated that under high oxidative stress 
conditions, aFGF can promote the migration of mesenchymal 
stem cells to wounds. Furthermore, aFGF can enhance the 
differentiation of bone marrow mesenchymal stem cells and 
adipose mesenchymal stem cells into HUVECs [14,15]. aFGF 
further participates in the formation of new blood vessels, 
thereby suggesting a new approach to reverse EndMT in 
diabetic wounds and improve angiogenesis. 

Various microRNAs (miRNAs) (miR-21, miR-132, miR-
146a, miR-200, miR-210 and miR-155) are differentially 
expressed under conditions associated with diabetic wounds. 
These miRNAs play key roles in diabetic wound healing by 
regulating inflammation, proliferation and remodelling path-
ways [16]. Abnormally expressed miRNAs may affect the dia-
betic wound healing process [17]. The expression of miR-155, 
which is a noncoding small RNA that is involved in wound 
oxidative stress, is significantly increased in high-glucose 
environments. Inhibiting miR-155 can significantly improve 
wound healing in diabetes [18]. Therefore, we focused on 
the specific mechanisms by which aFGF and miR-155 affect 
diabetic vascular complications and their relationship with 
EndMT. Our results indicated that aFGF could reduce local 
ROS accumulation and ameliorate EndMT by negatively 
regulating miR-155-5p. Furthermore, bioinformatics analy-
sis and the prediction results confirmed the presence of a 
complementary binding site between sirtuin 1 (SIRT1) and 
miR-155-5p. Finally, we verified that the Nuclear Factor 
erythroid 2-Related Factor 2/Heme Oxygenase-1 (Nrf2/HO-
1) pathway, which is a classic pathway that regulates oxida-
tive stress, can be promoted by SIRT1 through the inhi-
bition of miR-155-5p. Thus, the Nrf2/HO-1 pathway was 
positively regulated, ROS clearance was promoted, oxidative 
stress was alleviated, and ultimately, ROS-induced EndMT in 
diabetic HUVECs was inhibited, thereby promoting wound 
healing. In conclusion, our work provides a new and rational
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explanation for the therapeutic efficacy of aFGF in treating 
diabetic wounds. 

Methods 
Animal models 
Db/db mice (∼6 weeks old) were obtained from Cavens 
(ChangZhou, China). Blood glucose levels in samples col-
lected from the tail vein were measured with a One-Touch 
blood glucose meter (Johnson, USA) and the blood glu-
cose levels were >16.7 mmol/l. A round full-thickness skin 
wound was created by surgical scissors after the animals 
were anesthetized. The diameter of the wound was 10 mm. 
Beginning 1 day later, 0.5 ml of phosphate-buffered saline 
(PBS) or aFGF (200 μg) diluted with 0.5 ml of PBS was 
administered into the wound by subcutaneous injection for a 
five consecutive days. The size of the wound was subsequently 
measured and recorded by digital photographs at the indi-
cated times. After the mice were sacrificed, the wound tissues 
were harvested for subsequent experiments. There were five 
mice in each experimental group (n = 5). 

Immunohistochemistry and immunofluorescence 
staining of skin tissue 
Mouse skin tissue was harvested and fixed in 4% formalde-
hyde or frozen for sectioning (−80◦C). The skin was sec-
tioned into 4-μm-thick slices. Then, the tissues were sub-
jected to Masson’s trichrome, haematoxylin/eosin (H&E) 
and immunofluorescence staining. The fixed sections were 
stained with CD31 and  α-SMA antibodies (1 : 200; Abcam, 
Cambridge, UK). ROS dye solution (Beyotime, Shanghai, 
China) was used to determine ROS levels in skin tissues and 
4’,6-diamidino-2-phenylindole (DAPI) (Beyotime, Shanghai, 
China) was used to stain the nuclei. Images were obtained 
using an FSX100 microscope (Olympus, Tokyo, Japan). 

Cell culture, treatment and transfection 
HUVECs were obtained from the China Center for Type 
Culture Collection. The cells were cultured in dulbeccos 
modified eagle medium (DMEM) (Gibco, Grand Island, 
NY, USA) supplemented with 10% fetal bovine serum 
(Corning, USA), 100 U/ml penicillin and 100 μg/ml strep-
tomycin. The cells were incubated at 37◦C with 5% 
CO2. After they had reached 80% confluence, the cells 
were used for subsequent experiments. HUVECs were 
exposed to high glucose (33 mM) for 24 h to mimic 
diabetes. 

To mimic or silence miR-155-5p, HUVECs were trans-
fected with the miR-155-5p mimic or small interfering RNA 
(siRNA) purchased from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA). Lipofectamine 2000 reagent (Invitrogen, Life 
Technologies, Grand Island, NE, USA) was used for 12 h 
according to the manufacturer’s instructions, and negative 
control siRNA was used as a control. The transfection effi-
ciency was measured by RT–PCR at 24 h. 

Proliferation, migration and tube formation assays 
To evaluate the effect of aFGF on HUVECs under high-
glucose conditions, cell proliferation, migration and tube 
formation assays were performed. Ki67 immunofluorescence 
staining was used to evaluate cell proliferation. After fixation 
with 4% paraformaldehyde and permeabilization with 0.1% 
Triton X-100, the cells were stained with anti-Ki67 antibodies 
(1 : 200; Abcam, Cambridge, UK) and probed with an AF488-
conjugated secondary antibody (1 : 100; Abcam, Cambridge, 
UK). The number of Ki67-positive cells was subsequently 
counted by ImageJ software. 

HUVECs were seeded in a 6-well plate at a density of 
∼1 × 106 /well. A scratch was induced with a 10 μl pipette tip. 
The cells were photographed at 0, 12 and 24 h by an FSX100 
microscope (Olympus, Tokyo, Japan). 

The effects of aFGF in each group  were  evaluated by cell  
migration and tube formation assays. Briefly, cells (4 × 104 ) 
were added to the upper chamber of a transwell assay filter. 
After being cultured for 8 h at 37◦C, the cells were fixed, 
stained with 0.5% crystal violet, photographed and examined 
with ImageJ software. 

Mitochondrial membrane potential analysis 
JC-1 staining solution was used according to the 
manufacturer’s instructions (Beyotime, Shanghai, China); 
the cells were incubated for 30 min and then washed twice 
with JC-1 buffer. The mitochondrial membrane potential 
(MMP) was calculated by determining the ratio of red to 
green fluorescence. 

Intracellular ROS and mitochondrial ROS 
measurements 
HUVEC ROS levels were examined with an ROS assay kit 
(Beyotime, Shanghai, China) according to the manufacturer’s 
instructions. Briefly, 2 μmol/l dihydroethidium was added to 
the cells and incubated at 37◦C for 30 min, after which the 
relative levels of cellular ROS were measured by an FSX100 
microscope. Intracellular and mitochondrial ROS (mtROS) 
concentrations were monitored by MitoSOX™ Red mito-
chondrial superoxide indicator (Thermo Fisher, Waltham, 
MA, USA). 

Immunofluorescence staining of HUVECs 
The cells were fixed with 4% paraformaldehyde, permeabi-
lized with 0.3% Triton X-100, blocked with 10% goat serum 
albumin, and stained with Ki67, CD31, α-SMA, VE-cadherin 
and Vim antibodies (1 : 200; Abcam, Cambridge, UK) at 
4◦C overnight. Then, goat anti-rabbit and goat anti-mouse 
secondary antibodies (1 : 100; Abcam) were added and incu-
bated at 37◦C for 1 h. Finally, DAPI staining was performed 
and the cells were observed by an FSX100 microscope. 

Western blot analysis of HUVECs 
The proteins were isolated from HUVECs, separated by 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis



4 Burns & Trauma, 2024, Vol. 12, tkae010

Table 1. 

(SDS-PAGE) and transferred to polyvinylidene fluoride mem-
branes (Millipore, Billerica, MA, USA). Then, the membranes 
were blocked with 5% nonfat dry milk for ∼2 h and incu-
bated with antibodies against CD31, α-SMA, VE-cadherin 
and Vim (1 : 200; Abcam, Cambridge, UK) at 4◦C overnight. 
β-Actin (1 : 3000; Abcam, Cambridge, UK) was used as 
a control. The membranes were washed three times and 
incubated with Horseradish PeroxidaseHRP-conjugated anti-
rabbit IgG secondary antibodies (1 : 2000; Boster, Wuhan, 
China) for 1 h at 37◦C. An Electrochemiluminescence (ELC) 
detection system (Millipore, USA) was used and the band 
intensity was examined with a FluorChem FC system (Alpha 
Innotech). The results were normalized against β-actin, and 
ImageJ software was used to analyse the results. 

The proteins that can be separated by 10% SDS-PAGE are 
50–110 kDa in length. When the proteins were larger than 
100 kDa, 8% SDS–PAGE was performed. In our study, the 
expression of VE-cadherin (130–140 kDa), CD31 (130 kDa), 
α-SMA (42 kDa), Vim (57 kDa), Sirt1 (120 kDa), Nrf2 (97– 
100 kDa) and HO-1 (33 kDa) was evaluated. Therefore, VE-
cadherin, CD31 and Sirt1 were examined by 8% SDS-PAGE 
and the remaining proteins were examined by 10% SDS-
PAGE. 

Luciferase reporter assay 
To confirm that SIRT1 was a direct target of miR-155-5p, we 
generated luciferase-3′-untranslated region (3′UTR) reporter 
constructs of SIRT1 mRNA. The wild-type SIRT1 3′UTR, the 
mutant SIRT1 3′UTR or the corresponding nontargeting con-
trol RNA was cotransfected with miR-155-5p mimics. The 
specific loci at which miR155-5p matched SIRT1 is shown 
in Table 1. The samples were obtained 24 h after transfection 
and used for luciferase assays (Promega, WI, USA). 

Statistical analysis 
The data were analysed using SPSS 26.0 software and the 
means ± SD are presented. Student’s t test was used for com-
parisons between two groups. Multiple groups were analysed 
by two-way analysis of variance with Tukey’s post hoc test. 
In all the cases, if p < 0.05, there was a significant difference. 

Results 
aFGF promotes wound healing in diabetic mice 
First, we established a wound model in diabetic db/db mice 
with fasting blood glucose levels >16.7 mmol/l, as measured 

in tail vein blood. A 10 mm diameter full-layer skin injury 
was established on the backs of the mice, and 100 μl of PBS  
(control) or 200 μg of aFGF was injected subcutaneously 
around the wound for five consecutive days. At each time 
point, the skin wound area in the aFGF treatment group was 
smaller than that in the control group, and the wounds in 
the aFGF group were mostly closed by day 14 (Figure 1A–C). 
We performed Masson and H&E staining of the wound sam-
ples to histologically evaluate the contraction of the wound 
base, granulation and epithelial processes on day 14. Masson 
staining revealed the collagen profile in the wounds in the 
two groups (Figure 1D). Compared with those in the control 
group, the collagen fibres in the aFGF group were arranged 
in a regular and orderly manner. H&E staining revealed 
that the granulation tissue in the aFGF group had healed 
well, the wound length was the shortest and epithelial tissue 
had fully formed (Figure 1E). H&E and Masson staining 
showed that aFGF could effectively treat diabetic wounds. 
Furthermore, ROS fluorescence staining was performed on 
the skin tissue from the wounds on day 14 (Figure 1F). The 
ROS fluorescence intensity in the aFGF group was signifi-
cantly lower than that in the control group, suggesting that 
aFGF effectively reduced the level of ROS in wounds and 
ameliorated oxidative stress in diabetic wounds. On day 14 
after wound formation, the α-SMA/CD31 dual-fluorescence 
results revealed that there were more blood vessels in the 
aFGF group than in the control group, as indicated by the 
increases in vascular density and the number of blood vessels, 
the large lumens and structural integrity (Figure 1G–I). These 
findings confirmed that aFGF could promote angiogenesis 
and vessel maturation. Thus, aFGF reduced ROS levels in 
wounds, promoted angiogenesis and accelerated the healing 
of diabetic wounds. 

aFGF inhibits epithelial–mesenchymal 
transdifferentiation of HUVECs induced by high 
glucose concentrations 
We examined the effect of aFGF on HUVECs in a high-
glucose environment in vitro. HUVECs in a high-glucose envi-
ronment were immunofluorescently stained for Ki67, which 
is a common biomarker used to evaluate cell proliferation, 
and the aFGF group exhibited the strongest Ki67-positive 
staining (Figure 2A, C). Similarly, the aFGF group exhibited 
more cell migration than the other group (Figure  2B, D, G, L). 
Additionally, the highest amount of tube formation and 
complete tubular structures were observed in HUVECs in 
this group (Figure 2H, K). Therefore, aFGF promoted the 
proliferation and migration of HUVECs and tube formation 
in high-glucose environments. In these environments, ROS 
are produced by factors such as nicotinamide adenine 
dinucleotide phosphate oxidase, xanthine oxidase and 
other pathways, and mitochondria are the main source 
of ROS production in cells. When glucose levels are high, 
mitochondria can increase ROS production, which leads to 
cellular oxidative stress and tissue damage. Therefore, we
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Figure 1. Effects of aFGF on wound healing in a diabetic mouse model. (a) Digital images of wounds treated with PBS or aFGF on days 0, 3, 7, 10 and 14. (b) 
Analysis of the wound closure rate in each group at each time point. (c) Analysis of the wound length on days 0, 7 and 14 in each group. (d) Representative 
Masson staining of the wound tissue in each group on 1 week, 2 week and 3 week; scale bar: 2000 μm. (e) Representative H&E staining results of the wound 
tissue in each group on day 14; scale bar: 2000 μm. (f) Representative images of ROS levels in skin wound tissue; scale bar: 1000 μm. (g) Representative images 
of α-SMA and CD31 immunofluorescence staining of skin wound tissue on day 14 after injury; scale bar: 200 μm (left) and scale bar: 50 μm (enlarged). Statistical 
analysis of the relative expression of (h) CD31 and  (i) α-SMA (n = 5 per group, ∗p < 0.05, ∗∗∗p < 0.001). CTR control, aFGF acidic fibroblast growth factor, ROS 
reactive oxygen species, α-SMA α-smooth muscle actin 
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Figure 2. Effects of aFGF on EndMT in HUVECs. (a) The effect of aFGF on HUVEC proliferation was determined using Ki67 immunofluorescence assays; scale 
bar: 275 μm. (b) Effect of aFGF on HUVEC migration at each time point; scale bar: 650 μm. (c) Statistical analysis of the relative Ki67 expression in the different 
groups. (d) Relative migration of HUVECs in each group. (e) Mitochondrial ROS levels in HUVECs in the different groups; scale bar: 100 μm. (f) The JC-1 signal 
in HUVECs was examined by fluorescence confocal microscopy. The cells were labelled with JC-1 to show mitochondria. Double staining of cells stained with 
JC-1 is shown: green for J-monomers and red for J-aggregates (scale bar: 50 μm). (g) The effect of aFGF on HUVEC migration was examined using a transwell 
assay after 8 h of coculture; scale bar = 1000 μm. (h) Angiogenesis in the different groups; scale bar: 1000 μm. (i) HUVEC ROS levels in the different groups were 
examined using immunofluorescence assays; scale bar: 825 μm. (j, o) Immunofluorescence analysis of CD31, α-SMA, VE-cadherin and vimentin in the different 
groups; scale bar: 125 μm. (k) Quantification of the number of tubes per field. (l) Quantification of the number of migrated HUVECs. (m) Quantitative analysis of 
mtROS levels in HUVECs in each group. (n) Quantitative analysis of HUVEC ROS levels in each group. (p, q) Western blot analysis of α-SMA, CD31, vimentin and 
VE-cadherin expression (n = 3 per group, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001). N normal, Glu glucose, Vim vimentin, Ve-cad VE-cadherin, aFGF acidic fibroblast 
growth factor, ROS reactive oxygen species, α-SMA α-smooth muscle actin 
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Figure 3. aFGF inhibits EndMT through miR155-5p in HUVECs. (a) Levels of miR155-5p in HUVECs in high-glucose environments were analysed by qRT–PCR. (b) 
Effect of miR155-5p on HUVEC proliferation was determined using Ki67 immunofluorescence assays; scale bar: 275 μm. (c, d) Western blot results showing the 
expression of α-SMA, CD31, vimentin and VE-cadherin in the different groups. (e) Relative migration of HUVECs in each group. (f) Effect of miR155-5p on HUVEC 
migration at each time point; scale bar: 650 μm. (g, h) Statistical analysis of the protein expression of α-SMA, CD31, vimentin and VE-cadherin. (i) The effect of 
miR155-5p on HUVEC migration was examined using a Transwell assay after 8 h of coculture; scale bar: 1000 μm. (j) Angiogenesis in the different groups; scale 
bar: 1000 μm. (k) Quantification of the number of migrated HUVECs. (l) Quantification of the number of tubes per field. (m) Statistical analysis of the relative 
Ki67 expression in the different groups. (n = 3 per group, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001). N Normal, Glu glucose, NC negative control, Mimic NC mimic 
negative control, Inhibitor NC inhibitor negative control, Vim vimentin, Ve-cad VE-cadherin,aFGF acidic fibroblast growth factor, α-SMA α-smooth muscle actin 
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Figure 4. aFGF reduces ROS production in a high-glucose environment, partially ameliorating EndMT in HUVECs. (a) Immunofluorescence staining of vimentin 
and VE-cadherin in the different groups; scale bar = 125 μm. (b) JC-1 signals in HUVECs in the different groups were examined by fluorescence confocal 
microscopy; scale bar = 125 μm. (c) Immunofluorescence staining of CD31 and α-SMA in the different groups; scale bar = 200 μm. (d) mtROS levels in HUVECs in 
the different groups were examined using immunofluorescence assays; scale bar =125 μm. (e) Quantitative analysis of mtROS levels in HUVECs in each group. 
(f) Quantitative analysis of ROS levels in HUVECs in each group. (g) ROS levels in HUVECs in the different groups were examined using immunofluorescence 
assays; scale bar = 825 μm. (n = 3 per group, ∗p < 0.05). NC negative control, Ve-cad VE-cadherin, Vim vimentin, Mito SOX mitochondrial superoxide indicator, 
aFGF acidic fibroblast growth factor, ROS reactive oxygen species 

performed fluorescence staining to evaluate the total ROS 
and mtROS levels in cells, and the results showed that ROS 
and mtROS levels were significantly increased in cells exposed 
to high glucose. aFGF pretreatment inhibited the production 
of ROS and mtROS in these cells ( Figure  2I, E, M, N). JC-1 
staining was used to evaluate the protective effect of aFGF on 

mitochondria in HUVECs under high-glucose conditions. 
Compared with that in the control group, the MMP in the 
high-glucose group was significantly reduced, and pretreat-
ment with aFGF prevented the loss of the MMP and reduced 
mitochondrial damage (Figure 2F). Under high oxidative-
stress conditions, HUVECs underwent EndMT, which
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Figure 5. Verification of the targeted regulatory relationship between miR155-5p and SIRT1 in HUVECs. (a, b) Targeted modulation was measured by luciferase 
reporter gene assays. (c, d) Western blot results showing SIRT1, Nrf2 and HO-1 expression in the different groups. (e, f) Statistical analysis of SIRT1, Nrf2 and 
HO-1 expression. (g, h) Immunofluorescence staining of SIRT1, Nrf2 and HO-1 in the inhibitor groups; scale bar: 200 μm. (i, j) Immunofluorescence staining 
of SIRT1, Nrf2 and HO-1 in the mimic groups; scale bar: 125 μm. (n = 3 per group, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001). WT Wild type, MT  mutation type, Nrf2 
recombinant nuclear respiratory factor 1, HO-1 heme oxygenase 1, N normal, Glu glucose, NC negative control 
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hindered their function and affected neovascularization and 
wound healing. Fluorescence and protein expression assays 
confirmed that in high-glucose environments, the expression 
of the vascular EC-specific markers VE-cadherin and CD31 
was decreased, whereas the expression of the mesenchymal 
markers α-SMA and Vim was increased. aFGF partially 
reversed these pathological changes (Figure 2J, O, P, Q). 
These findings partly confirmed that aFGF promoted neo-
vascularization in high-glucose environments and inhibited 
the epithelial–mesenchymal transdifferentiation of HUVECs 
caused by high glucose. 

aFGF inhibits high-glucose-induced EndMT by 
negatively regulating miR-155-5p 
It is well known that various microRNAs play crucial roles 
in diabetic wounds. The literature review showed that miR-
155 was significantly increased in a high-glucose environment 
and was regulated by FGF, which is involved in wound 
oxidative stress. Therefore, we focused on whether this factor 
participated in EndMT. To investigate the role of miR-155-5p 
in the inhibitory effects of aFGF on EndMT, we first examined 
the expression of miR-155-5p in a high-glucose environment 
and confirmed that miR-155-5p was highly expressed in 
HUVECs and that aFGF could partially reduce the expres-
sion of miR-155-5p (Figure 3A). We transfected miR-155-
5p mimics and inhibitors and found that the proliferation 
(Figure 3B and M), migration (Figure 3F, I, K) and tube for-
mation ability (Figure 3J, L) of HUVECs were increased by 
miR-155-5p inhibition compared with the effect of the mimic. 
In addition, in a high-glucose environment, the miR-155-
5p inhibitor increased the expression of the vascular EC-
specific markers VE-cadherin and CD31, whereas the expres-
sion of the mesenchymal markers α-SMA and Vim was 
decreased (Figure 3C, G). The pathological changes induced 
by EndMT were alleviated to some extent. In contrast, the 
miR-155-5p mimic decreased the expression of VE-cadherin 
and CD31 and increased the expression of a-SMA and Vim. 
aFGF partially reversed the pathological changes induced 
by EndMT (Figure 3D, H). We also performed fluorescent 
double-staining of cell-specific markers and mesenchymal 
markers, which further confirmed that the mimic intensi-
fied EndMT in HUVECs, and the inhibitor could alleviate 
EndMT in cells (Figure 4A, C). Next, we further verified the 
effects of miR-155-5p on total ROS levels, mitochondrial 
function and mtROS levels in cells. JC-1 staining showed 
that, compared with that in the mimic group, the MMP 
was significantly increased and mitochondrial damage was 
alleviated in the inhibitor group (Figure 4B). ROS and mtROS 
were significantly increased in cells exposed to the mimic, 
while the production of mtROS and ROS in these cells was 
inhibited in the miR-155-5p inhibitor group (Figure 4D–G). 
In summary, these findings confirmed that aFGF protected 
mitochondrial function and reduced cellular oxidative stress 
by negatively regulating miR-155-5p, thereby inhibiting high 
glucose-induced epithelial–mesenchymal transdifferentiation 
in HUVECs. 

Luciferase targets the miR-155 downstream target 
gene SIRT1 
We further investigated the exact mechanism by which 
miR-155-5p affects EndMT. A luciferase reporter gene 
assay was performed to confirm the targeting relationship. 
The miR-155-5p mimic significantly reduced luciferase 
activity in HEK293 cells transfected with reporter plasmids 
containing the SIRT1 wild-type 3′-UTR sequence (p < 0.001) 
compared with that in cells transfected with the negative 
control of the miR-155-5p mimic. However, the negative 
control of the mutant SIRT1 3′-UTR did not appear 
to be inhibited, which indicated the absence of binding 
(Figure 5A, B). Subsequently, HUVECs were transfected with 
the miR-155-5p mimic or inhibitor and the corresponding 
negative controls with Lipo2000 and were analysed by 
western blotting (Figure 5C, D) and fluorescence staining 
(Figure 5G–J). This analysis was performed to determine the 
relationship between miR-155-5p, SIRT1 and Nrf2/HO-1, 
which is a classic pathway that regulates oxidative stress. 
The results suggested that the expression of SIRT1 was 
increased in HUVECs that were transfected with the miR-
155-5p inhibitor, and the corresponding mimic exerted the 
opposite effect. The expression of Nrf2 and HO-1 in the miR-
155-5p mimic group was also inhibited, which was contrary 
to the effect of the inhibitor or aFGF on HUVECs. Moreover, 
there was a significant difference compared with the negative 
control (p < 0.05). These data indicate that SIRT1 is the 
direct target of miR-155-5p in high-glucose environments. 
aFGF alleviated oxidative stress via SIRT1/Nrf2/HO-1, 
reduced ROS levels, alleviated EndMT in HUVECs in high-
glucose environments and ultimately improved the function 
of HUVECs. 

Discussion 
Difficulty in healing diabetic wounds and a high recurrence 
rate are the main causes of disability and death in patients 
with diabetes, which is becoming a major health problem 
worldwide [19]. The main reason for the difficulty in 
healing chronic diabetic wounds is the disturbance of the 
wound microenvironment caused by high glucose levels, 
which can lead to oxidative stress, vascular remodelling 
difficulties, peripheral neuropathy and chronic inflammation 
[20,21]. Vascular function provides nutrient and oxygen 
support throughout the wound healing process and plays 
an important role in chronic wound healing in diabetic 
patients [22]. However, high-glucose environments can 
induce high levels of ROS production, leading to functional 
defects in HUVECs, mitochondrial dysfunction in ECs, 
apoptosis and inflammation [23]. These changes ultimately 
manifest as impaired vascular function, reduced blood vessel 
density, insufficient production, limited extracellular matrix 
remodelling and delayed diabetic wound healing [3,24]. 
Although researchers have made great efforts to understand 
the causes of impaired healing in chronic diabetic wounds, 
the underlying molecular mechanism has not yet been fully
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understood. At present, the treatment of diabetic wounds 
is not fully effective, and there is an urgent need for new 
therapeutic approaches to prevent and treat chronic diabetic 
wounds. 

Previous studies have reported that aFGF, which was the 
first member of the FGF family discovered and is therefore 
also known as FGF-1, exerts a wide range of effects, including 
promoting mitosis in mesoderm- and ectoderm-derived cells; 
promoting the proliferation and migration of keratecyate 
cell (KCs), fibroblasts (FBs) and HUVECs; regulating the 
metabolism of collagen and the extracellular matrix; and 
promoting tissue repair and regeneration [3,25]. aFGF levels 
in natural tissues are very low [26]. In 2006, Li and col-
leagues developed recombinant human aFGF, which was the 
first aFGF drug in the world [27]. Subsequently, in clinical 
practice, recombinant human aFGF has been used in various 
studies of acute and chronic wounds. In recent years, several 
new mechanisms of action and indications for aFGF have 
been studied [28]. In this work, we investigated its role in the 
healing of diabetic wounds using a model of full-layer skin 
injury on the backs of db/db mice. aFGF inhibited oxidative 
stress in the skin, promoted angiogenesis and significantly 
accelerated wound healing in diabetic mice. New studies will 
undoubtedly provide additional insights into the key role of 
aFGF in chronic diabetic wounds. 

The presence of a healthy endothelium plays a crucial role 
in the dynamic maintenance of vascular tension, angiogenesis 
and haemostasis and in providing anti-inflammatory, antioxi-
dant and antithrombotic interfaces [29]. Endothelial dysfunc-
tion is a marker of many human vascular diseases, includ-
ing atherosclerosis, vascular calcification, hypertension and 
diabetes [30]. A high-glucose environment in patients with 
diabetes leads to HUVEC dysfunction, resulting in reduced 
angiogenesis, which manifests as decreases in the density 
of blood vessels and capillaries [31]. In previous studies, 
we observed that HUVEC proliferation and migration were 
inhibited and angiogenesis was impaired under high-glucose 
conditions in vitro [32]. In this study, we evaluated the effects 
of aFGF on the proliferation, migration and tube formation of 
HUVECs under high-glucose conditions. aFGF significantly 
enhanced the proliferation and migration of HUVECs in 
high-glucose environments. Compared with those in the high-
glucose group, more tube formation and more complete tubu-
lar structures were observed in aFGF-treated HUVECs. These 
results suggest that aFGF can enhance angiogenesis in high-
glucose environments. Recent studies on the pathogenesis of 
VE cell dysfunction in patients with diabetes have shown that 
endothelial interstitial transformation is a novel feature of 
endothelial dysfunction [33]. This feature is characterized by 
the loss of cell-to-cell connections, a fibroblast-like morphol-
ogy and fibrosis [34]. We performed fluorescence staining and 
analysed the protein expression of the vascular EC-specific 
markers VE-cadherin and CD31, as well as the mesenchymal 
markers α-SMA and Vim. The results confirmed that in 
high-glucose environments, the expression of VE-cadherin 

and CD31 decreased, whereas the expression of the mes-
enchymal markers α-SMA and Vim increased. aFGF partially 
reversed these pathological changes and ameliorated EndMT. 
Furthermore, EndMT can be induced by high oxidative stress 
in diabetic wounds, in which both the physical barrier and 
secretion functions of ECs are impaired. Mitochondria are 
the main sites of ROS production, and structural damage 
or dysfunction of these organelles can easily disrupt the in 
vivo balance and induce oxidative damage [35]. Harmful 
stimuli alter the permeability of the mitochondrial mem-
brane, reduce membrane potential, block the transmission 
of the mitochondrial electron transport chain, inhibit the 
production of cytochrome c, inhibit the levels of adenosine 
triphosphate and accelerate the accumulation of total ROS 
in cells [36]. Based on the finding that aFGF could amelio-
rate oxidative stress in the wounds of animal models, this 
study confirmed that high glucose could induce abnormal 
changes in the MMP and the accumulation of mtROS and 
ROS in an in vitro high-glucose-induced VE cell model. 
Moreover, aFGF could improve the MMP of HUVECs in 
high-glucose environments, protect mitochondrial functions, 
clear mtROS and total ROS in cells, and alleviate oxida-
tive stress in high-glucose environments, thereby improving 
EndMT. 

miRNAs are a class of single-stranded noncoding RNAs 
containing 17–25 nucleotides that can influence gene expres-
sion at the posttranscriptional level [37]. There is growing 
evidence that miRNAs play a role in the pathogenesis and 
progression of diabetic wounds. The noncoding small RNA 
miR-155 is significantly increased in high-glucose environ-
ments and is affected by FGF regulation, thus participating 
in the oxidative stress response in wounds. Other researchers 
have indicated that miR-155 is closely related to EC dys-
function [38–40]. Our study revealed that miR-155-5p was 
highly expressed in high-glucose environments, and aFGF 
effectively reduced its expression. When cells were trans-
fected with the miR-155-5p mimic, proliferation, migration 
and tube formation were also inhibited. EndMT-related pro-
tein assays and fluorescence staining confirmed that miR-
155-5p promoted EC EndMT. In contrast, the miR-155-5p 
inhibitor increased the MMP, protected mitochondrial func-
tion, cleared mtROS and total ROS in cells, and reversed the 
pathological changes induced by EndMT. These findings fur-
ther showed that aFGF inhibited the epithelial–mesenchymal 
transdifferentiation of HUVECs induced by high glucose by 
negatively regulating miR-155-5p, thus enhancing angiogen-
esis in high-glucose environments. The main function of miR-
NAs, which are a class of small endogenous noncoding RNAs, 
is to downregulate the expression of target genes by bind-
ing to the 3′-UTR [41,42]. Bioinformatic analysis revealed 
that miR-155-5p contained complementary sequences to the 
SIRT1 3′-UTR, and a luciferase reporter gene assay veri-
fied the targeted regulatory relationship between miR-155-
5p and SIRT1. As expected, the miR-155-5p mimic signifi-
cantly reduced luciferase activity in HEK293 cells transfected
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with reporter plasmids containing SIRT1 wild-type 3′-UTR 
sequences. 

It has been reported that Nrf2, which is an important 
transcription factor, inhibits oxidative stress by activating 
multiple genes encoding cytoprotective and antioxidant 
enzymes [43]. HO-1 is a key rate-limiting enzyme that 
catalyses the production of carbon monoxide, ferrous iron 
and biliverdin from haemoglobin. This protein is closely 
associated with oxidative stress and can be rapidly induced 
by various stressors, including oxidative stress, ultraviolet 
radiation and inflammatory cytokines. The regulation 
of the Nrf2/HO-1 defence axis is a classic pathway for 
alleviating oxidative stress in the body. Multiple studies 
have shown a direct connection between SIRT1 and the 
Nrf2/HO-1 signalling cascades, and SIRT1 can regulate the 
transcriptional activity of Nrf2 and its downstream targets 
[44,45]. In this study, we performed protein and fluorescence 
staining of factors in the SIRT1/Nrf2/HO-1 pathway, and 
the results showed that the miR-155-5p inhibitor promoted 
the expression of SIRT1, whereas the mimic exerted the 
opposite effect. The expression of Nrf2 and HO-1 in the miR-
155-5p mimic group was also inhibited, further confirming 
that SIRT1 was a direct target of miR-155-5p in high-
glucose environments. aFGF ameliorated oxidative stress 
via SIRT1/Nrf2/HO-1, which reduced the mtROS and ROS 
levels. The epithelial–mesenchymal transdifferentiation of 
HUVECs in high-glucose environments was thus alleviated, 
ultimately improving the function of HUVECs. This study 
focused on the effect of aFGF on vascular ECs in diabetic 
wounds and related mechanisms. In vivo, it is difficult to 
isolate wound vascular ECs, and it is difficult to determine 
whether the differential expression of certain factors is due 
to differences in vascular ECs in wounds. Therefore, in vitro 
studies on the mechanism of the aFGF/Nrf2/HO-1 pathway 
have been performed, but further animal experiments are 
lacking. 

Conclusions 
In conclusion, the results of our study indicated that aFGF 
enhanced the SIRT1/Nrf2/HO-1 pathway by inhibiting miR-
155-5p. Furthermore, aFGF protected mitochondrial func-
tion and cleared mtROS, thereby reducing intracellular ROS 
levels and alleviating the pathological state of EndMT in 
HUVECs under high-glucose conditions. These results may 
be helpful for obtaining a comprehensive understanding of 
the relationship between aFGF and VE cell dysfunction in 
diabetic wounds, thereby providing support for the treatment 
of chronic diabetic wounds. 
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