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Abstract
Objective  To investigate the expression of miR-217 and HIF-1α/VEGF pathway in patients with diabetic foot ulcer (DFU) 
and its effect on angiogenesis in DFU rats.
Methods  The serum levels of miR-217, HIF-1α and VEGF were detected in DFU and simple diabetes mellitus (DM) patients, 
and healthy controls. DFU rat models were established and treated with miR-217 inhibitors and/or HIF-1α siRNA. The ulcer 
healing of DFU rats was observed. Besides, ELISA method was performed to detect the serum level of HIF-1α, VEGF and 
inflammatory factors, immunohistochemical (IHC) method to test the micro-vessel density (MVD), as well as qRT-PCR 
and Western blot to determine expressions of miR-217, HIF-1α, VEGF, VEGFR2, eNOS, MMP-2, and MMP-9 in tissues.
Results  The serum levels of miR-217 were up-regulated while HIF-1α and VEGF were down-regulated in DFU patients 
and rats when compared with DM and healthy controls (all P < 0.05). Dual-luciferase reporter gene assay confirmed that 
HIF-1α was the direct target gene of miR-217. DFU rats treated with miR-217 inhibitors had decreased foot ulcer area and 
accelerated ulcer healing, with significantly reduced inflammatory factors (IL-1β, TNF-α and IL-6), as well as elevated 
HIF-1α and VEGF (all P < 0.05); meanwhile, they remarkably increased the MVD in foot dorsum wound tissues and the 
protein expressions of HIF-1α, VEGF, VEGFR2, eNOS, MMP-2, and MMP-9 (all P < 0.05).
Conclusion  Inhibiting miR-217 could up-regulate HIF-1α/VEGF pathway to promote angiogenesis and ameliorate inflam-
mation of DFU rats, thereby effectively advancing the healing of ulcerated area.
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Introduction

Diabetic foot ulcer (DFU), as one of the most devastating 
complications of diabetes mellitus (DM), is an infection, 
ulcer or destruction of deep tissue usually found in middle- 
and end-stage DM patients [33, 51]. As estimated, approxi-
mately 15% of DM patients would simultaneously have foot 
ulcer during their lifetime, among whom 14–24% need to 
receive amputation surgery, greatly affecting the life quality 

of those sufferers [13, 54]. To date, the nosogenesis of DFU 
has not been clearly clarified and it is generally believed 
to be associated with peripheral neuropathy (PNP), vascu-
lar disorders and foot infections [3, 7]. On the other hand, 
angiogenesis is the process of blood vessels extending their 
vascular branching by sprouting and forming a vascular 
network [31, 46]. It was reported that the healing disorder 
of diabetic ulcer was closely associated with the decreased 
nutrient supply caused by poor angiogenesis in granulation 
tissues [21, 26, 38]. Therefore, promoting the local angio-
genesis of wound surface could ameliorate the healing dis-
order of diabetic ulcer to a certain degree.

Endothelial cells are the single layer cells of the vascular 
intima, playing an important role in maintaining the structure 
and function of blood vessels [14]. While vascular endothe-
lial dysfunction is the initiating agent of DM complications 
in DM patients, including DFU [24]. As reported, miR-217 
is not only closely related to the proliferation and migration 
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of tumor cells [9, 42], but also has a regulatory function in 
the aging of endothelial cells [32]. Besides, Zhang S et al. 
reported that miR-217 could target FOXO3A to promote the 
proliferation and migration of HCMV-infected endothelial 
cells and angiogenesis [53]. Also, Shao Y et al. found that 
miR-217 could mediate Sirt1/HIF-1α pathway to modulate 
the inflammation and fibrosis of high glucose-exposed rat 
glomerular mesangial cells [39]. More importantly, we 
identified that HIF-1α is the target gene of miR-217 using 
the target gene prediction website. As an oxygen concentra-
tion-dependent key transcription factor, HIF-1α can regu-
late multiple target genes, including vascular endothelial 
growth factor (VEGF), and thereby modulating a variety of 
hypoxia-induced adaptive reactions, such as angiogenesis, 
metabolism, and cell apoptosis [4, 5]. A previous study also 
confirmed that HIF-1α and VEGF were involved in the heal-
ing and angiogenesis of DFU [52], suggesting that miR-217 
may affect HIF-1α/VEGF pathway to play the regulatory 
role in angiogenesis of DFU.

Given the above, we detected the expression level of 
miR-217 and HIF-1α/VEGF in DFU patients and estab-
lished DFU rat models to investigate the impact of miR-
217-mediated HIF-1α/VEGF pathway on ulcer healing and 
angiogenesis of DFU, thereby exploring its therapeutic effect 
and possible mechanism.

Materials and methods

Ethics statement

The clinical research in this study was approved by the Eth-
ics Committee of The First Affiliated Hospital of Shantou 
University Medical College and conformed to the guide-
lines of Helsinki Declaration [48]. All samples were col-
lected after obtaining the informed consent form signed by 
all the subjects. Besides, the animal experiments were per-
formed according to local protocols on the care and use of 
laboratory animals, and in strict obedience to the Guide for 
the Care and Use of Laboratory Animals published by the 
National Institute of Health in the USA [17].

Study subjects and blood sample collection

From January 2015 to January 2018, 55 patients with DFU 
admitted to our hospital were recruited as DFU group, 
including 36 males and 19 females with the average age of 
56.12 ± 12.93 years and a mean DM course of 3–24 years. 
Meanwhile, 42 simple DM patients without DFU were 
selected as DM group, consisting of 31 males and 11 females 
with the average age of 56.81 ± 13.52 years and the mean 
DM course of 4–25 years. All DM patients were diag-
nosed and confirmed based on the DM diagnostic criteria 

published by WHO [23], and the grading of DFU severity 
was performed according to the Wagner diabetic foot ulcer 
classification system [47]. All patients did not have com-
plications such as malignant tumor, dysfunction of heart, 
liver and kidney, or history of cerebral hemorrhage, cerebral 
infarction and acute myocardial infarction (AMI). Moreover, 
60 healthy individuals who undertook physical examination 
in our hospital during the same time period were recruited 
as healthy control (HC) group composed of 39 males and 21 
females with the average age of 58.23 ± 15.48 years. There 
was no significant difference among the three groups in gen-
der ratio and age (all P > 0.05). In the morning, 10 ml fasting 
blood was taken from cubital vein of all subjects into the 
heparin anticoagulant tube and centrifuged for 20 min at 
the rate of 3500 rpm/min, and the serum was separated and 
preserved in a refrigerator at − 80 °C.

Establishment of DFU rat models

Healthy male SD rats of SPF grade (purchased from 
Shanghai SLAC Laboratory Animal Co., LTD.), weighing 
200–250 g, were intraperitoneally injected with streptozo-
tocin (STZ, 55 mg/kg, Sigma) to construct DM models [54] 
after fasting for 12 h. After 72 h, blood samples were col-
lected from the tail vein of rats in each group, and the fasting 
blood glucose was detected using One Touch blood sugar 
monitoring system and standard glucose test paper (Lifescan 
INC, Johnson & Johnson Company, Mil- pitas, CA, USA). 
Blood sugar concentration ≥ 16.7 mmol/L [10] was regarded 
as the criterion of successful DM models. To build DFU 
rat models, a 4 × 4 mm empyrosis on the dorsal hind foot 
of the DM rats was made at 10–12 weeks after treatment 
with STZ. First, thirty rats were randomly divided into three 
groups (n = 10 per group): Control group (rats injected with 
normal saline), DM group (rats injected with STZ to con-
struct DM model) and DFU group (DM rats used to con-
struct DFU model). Blood samples were collected from the 
rats and qRT-PCR was performed to detect the serum levels 
of miR-217. Then, forty DFU rats were randomly divided 
into four groups with ten per each: model group, miR-217 
inhibitors group, miR-con (control) group, and miR-217 
inhibitors + siHIF-1α group. Rats in the miR-217 inhibitors 
group, miR-con group and miR-217 inhibitors + siHIF-1α 
group were injected with miR-217 inhibitors, or miR-217 
negative control, or siHIF-1α, respectively, mixed with the 
lipofectamine RNAiMAX Transfection Reagent (Invitrogen, 
USA) [16, 28]. Next, serum-free culture medium was added 
and placed for 4–6 h at room temperature. Then, rats of each 
group were injected with corresponding transfection rea-
gents via the tail vein. miR-217 inhibitors, miR-217 negative 
control and HIF-1α siRNA were synthesized by Shanghai 
Genechem Co., Ltd.
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Dual‑luciferase reporter gene assay

Dual-luciferase reporter gene assay was conducted with 
human or rat wild-type plasmid HIF1α-3′UTR-WT and 
mutant-type plasmid HIF1α-3′UTR-MUT. First, 293T cells 
and skin fibroblast cell line CRL-1213 of Sprague–Dawley 
rats collected at the logarithmic growth phase were seeded 
onto 96-well plates. When cell confluence reached about 
70%, 293T cells (ATCC) and CRL-1213 (ATCC) were co-
transfected with HIF1α-3′UTR-WT or HIF1α-3′UTR-MUT 
plasmid and miR-217 mimic/NC (Shanghai Genechem Co., 
Ltd.) based on the instructions on the Lipofectamine 2000 
kit. After 6 h of incubation in an incubator (Thermo, USA), 
the culture medium was replaced by medium containing 10% 
FBS for another 48 h of incubation. Dual-luciferase activity 
detection was performed by following the procedures pro-
vided by Promega. The culture solution was removed from 
96-well plate, cells were rinsed with 100 μL PBS buffer, 
and 100 μL PLB solution was added into each well, and the 
plate was shaken for 15 min before the collection of cell lysis 
solution. The activity of ranilla luciferase was detected and 
the expression level of reporter gene was presented by firefly 
to ranilla luciferase activity ratio.

Enzyme‑linked immunosorbent assay (ELISA) 
method

Frozen serum samples of patients and rats were taken and 
detected by strictly following the instructions on ELISA kit 
(Wuhan Boster Biological Technology Co. Ltd., Wuhan, 
Hubei, China). The optical density (OD) value was obtained 
at the wavelength of 450 nm with a Microplate reader 3550-
UV (Bio-Rad). All samples and standard solution were 
tested by double hole detection to draw the standard curve 
and calculate the content of HIF-1α and VEGF in samples.

Ulcer area observation in DFU rats

The ulcer healing of rats in each group was observed. On the 
3rd, 7th, and 14th day of injection via tail veins, the ulcer 
area was photographed with a digital camera and analyzed 
with the software Image-Pro Plus. V6.0 to compare the ulcer 
healing of rats among different groups. After 14 days, the 
peripheral blood was taken from the venae angularis and 
centrifuged for 20 min at the rate of 3500 rpm/min to isolate 
the serum for the detection of HIF-1α and VEGF levels. At 
the same time, the changes in the levels of IL-1β, TNF-α and 
IL-6 were also measured by ELISA assay strictly in accord-
ance with the manufacturer’s instructions. Later, rats were 
decapitated to get the wound tissues from the foot dorsum 
of rats, which were preserved in liquid nitrogen.

HE staining

Ulcer tissue samples were fixed in 10% neutral paraform-
aldehyde, embedded in paraffin, sliced into sections (each 
5 μm in thickness), and dewaxed in a gradient manner. Then, 
sections were stained with hematoxylin for 8 min, followed 
by color separation with hydrochloric ethanol, rinsed with 
water, staining with eosin for 3 min, dehydration with gra-
dient alcohol, hyalinization with xylene, and mounting 
with neutral resin. The pathological morphology changes 
of wound tissues were observed under a multi-functional 
fluorescence microscope BX60 (Olympus, Japan).

MVD detected by immunohistochemical method

The skin tissues were taken from foot dorsum of rats in 
each group, embedded in paraffin, made into sections, and 
baked at 68 °C for 20 min. After routine dewaxing with 
xylene, dehydration with gradient alcohol, and placement 
at room temperature for 15 min, tissues were rinsed with 
PBS buffer for 2–3 times × 5 min. Next, normal goat serum 
(NGS) blocking solution was added for 20 min at room tem-
perature, and CD34 antibody (1:2000, BD Biosciences, San 
Jose, CA, USA) was added for overnight reaction at 37 °C. 
Then, secondary antibody was added for 1 h of incubation 
at 37 °C and tissues were washed with PBS buffer before 
DAB development, observation of chromogenic degree 
under a microscope, counterstaining with hematoxylin for 
2 min, and routine dehydration, hyalinization, mounting and 
microscopic examination under an Olympus optical micro-
scope. For quantitative analysis by immunohistochemical 
method, six high-power fields were randomly selected in 
each section to detect the integrated optical density (IOD) 
of each visual field.

qRT–PCR

Total RNA was extracted using the miRNeasy1 serum kit 
(Qiagen, Hilden, Germany) according to the manufacturer’s 
instructions with the exception that C. elegans synthetic 
miRNA Caenorhabditis elegans (cel)-miR-39 (Qiagen, 
Hilden, Germany) was added into serum samples prior to 
extraction and used to monitor RNA recovery, reverse tran-
scription efficiency and for subsequent data normalization. 
The software Primer 5.0 was used to design the primers of 
miR-217, which were later synthesized by Sangon Biotech 
(Shanghai) Co., Ltd. and shown in Table 1. Next, the total 
RNA was reversely transcribed into cDNA using the Prime-
scriptTM RT reagent Kit (Takara, Japan), and qRT–PCR was 
performed with the SYBR® premix Ex Taq TM kit (Takara, 
Japan). The spiked-in syn-cel-miR-39 serves as endogenous 
control for data normalization. The expression of miR-217 in 
the foot dorsum skin tissues of rats was calculated with U6 
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as the internal reference gene. The 2−ΔΔCt method was used 
to analyze the relative expression of miR-217.

Western blot analysis

Foot dorsum skin tissues of rats were collected, lysis 
buffer was added by 100–200 μl to 20 mg tissues, and a 
glass homogenizer was used for homogenization, followed 
by 15 min of centrifugation at the rate of 12,000 rpm. The 
supernatant was collected for SDS–PAGE electrophoresis. 
Then, electronic transfer was employed to move isolated 
proteins to the nitrocellulose filter, which was placed in 5% 
skimmed milk PBS buffer for blocking for 1 h. Later, pri-
mary antibodies were added for overnight incubation at 4 °C, 
including HIF-1α (ab16066), VEGF (ab46154), VEGFR2 
(ab11939), eNOS (ab5589), MMP-2 (ab151866), MMP-9 
(ab73734) antibodies (1:1000, Abcam). Subsequently, the 
filter was rinsed with PBS buffer for three times and horse-
radish peroxidase (HRP)-conjugated secondary antibod-
ies were added for 1 h of incubation at room temperature. 
Finally, the enhanced chemiluminescence method was used 
for development. Relative expression levels of proteins were 
presented as the gray value ratio of target band to reference 
band with GAPDH as the internal reference gene.

Statistical methods

Data analysis was conducted with the statistical software 
package SPSS 21.0 (IBM Corp., Armonk, NY, USA). Meas-
urement data were presented as mean ± standard deviation, 
the comparison among multiple groups was conducted 
using one-way ANOVA, and intergroup comparison was 
performed by post hoc Tukey test. Above all, P < 0.05 indi-
cated significant difference.

Results

Serum levels of miR‑217 and HIF‑1α/VEGF in DFU 
patients and rats

As shown in Fig. 1, compared with healthy controls, DM 
patients and rats were apparently increased in serum lev-
els of miR-217, HIF-1α and VEGF, but DFU patients and 
rats had significantly higher miR-217 but lower HIF-1α 
and VEGF serum levels than DM and healthy controls (all 
P < 0.05). In DFU patients with different Wagner grades, 
serum miR-217 levels gradually went up, while the levels of 
HIF-1α and VEGF decreased with the increase of Wagner 
grade (all P < 0.05).

MiR‑217 could target HIF‑1α

With the platform TargetScan (http//www.targe​tscan​
.org/) shown in Fig. 2a, we found a binding site to miR-
217 at the 3′-UTR region of HIF-1α from the human and 
rat. According to results of dual-luciferase reporter gene 
assay in 293T and CRL-1213 cells, the luciferase activity 
of HIF1α-3′UTR-MUT did not show observable difference 
after transfection with miR-217 mimic and NC (all P > 0.05). 
However, compared with NC, miR-217 mimic could dra-
matically reduce the luciferase activity of HIF1α-3′UTR-WT 
(all P < 0.05, Fig. 2b, c), suggesting that HIF-1α is a direct 
target gene of miR-217.

The ulcer healing of DFU rats

As illustrated by Fig. 3a, compared with the rats in the 
model group, those in the miR-con group did not show 
obvious changes in ulcer area at different time points 

Table 1   Primers for real-time quantitative PCR

Name Accession no. Sequence

has-miR-217 MIMAT0000274 Mature sequences 5′-UAC​UGC​AUC​AGG​AAC​UGA​UUGGA-3′
Forward primer 5′-TAC​TGC​ATC​AGG​AAC​TGA​CTGGA-3′
Reverse primer 5′-TAC​TGC​ATC​AGG​AACT-3′

rno-miR-217 MIMAT0000887 Mature sequences 5′-UAC​UGC​AUC​AGG​AAC​UGA​CUGG-3′
Forward primer 5′-GGG​GTA​CTG​CAT​CAG​GAA​CT-3′
Reverse primer 5′-CAG​TGC​GTG​TCG​TGG​AGT​-3′

syn-cel-miR-39 MIMAT0000010 Mature sequences 5′-UCA​CCG​GGU​GUA​AAU​CAG​CUUG-3′
Forward primer 5′-GGG​GAG​CTG​ATT​TCG​TCT​TG-3′
Reverse primer 5′-CTC​AAC​TGG​TGT​CGT​GGA​GT-3′

U6 NR_104084.1 Mature sequences 5′-GTG​CTC​GCT​TCG​GCA​GCA​CAT​ATA​CTA​AAA​TTG​GAA​CGA​TAC​ 
AGA​GAA​GAT​TAG​CAT​GGC​CCC​TGC​GCA​AGG​ATG​ACA​CGC​
AAA​TTC​GTG​AAG​CGT​TCC​ATA​TTTTG -3′

Forward primer 5′- CTC​GCT​TCG​GCA​GCACA-3′
Reverse primer 5′- AAC​GCT​TCA​CGA​ATT​TGC​GT-3′

http://www.targetscan.org/
http://www.targetscan.org/
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Fig. 1   The serum levels of miR-217 and HIF-1α/VEGF in DFU 
patients and rats. a–c The serum levels of miR-217 (a), HIF-1α (b) 
and VEGF (c) in healthy control (HC), diabetes mellitus (DM) and 
diabetic foot ulcer (DFU) patients *, P < 0.05 compared with HC 
group; #, P < 0.05 compared with DM group. d–f Comparison of 
the serum levels of miR-217 (d), HIF-1α (e) and VEGF (f) in DFU 

patients of different Wagner grade; *, P < 0.05 compared with grade 
I; #, P < 0.05 compared with grade II; &, P < 0.05 compared with 
grade III; %, P < 0.05 compared with grade IV. g–i The serum levels 
of miR-217 (g), HIF-1α (h) and VEGF (i) in control, DM and DFU 
rats

Fig. 2   Verification of the target 
relationship between miR-217 
and HIF-1α. a The binding 
site to miR-217 at the 3′-UTR 
region of HIF-1α shown by the 
target gene prediction website; 
b–c, miR-217 mimic reduc-
ing the luciferase activity of 
HIF1α-3′UTR-WT in 293T (b) 
and CRL-1213 cells (c) detected 
by dual-luciferase reporter gene 
assay; *, P < 0.05 indicated the 
significant differences
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(all P > 0.05), while rats in the miR-217 inhibitors group 
presented significant reduction in ulcer area and appar-
ent accelerated ulcer healing on the 3d, 7d and 14d 
(all P < 0.05). Moreover, rats in the miR-217 inhibi-
tors + siHIF-1α group had a larger ulcer area and slower 
healing than those in the miR-217 inhibitors group (all 
P < 0.05).

Additionally, HE staining (Fig. 3b) showed that rats in 
the model group had increased inflammatory cells, as well 
as decreased fibroblasts and neo-vessels, while those in the 
miR-217 inhibitors group presented typical new granulation 
tissues, which was demonstrated by the infiltration of mas-
sive fibroblasts and the formation of new capillary vessels. 
In comparison with miR-217 inhibitors group, the miR-217 
inhibitors + siHIF-1α group was slower in healing and sta-
tistically reduced in fibroblasts and neo-vessels.

MVD of DFU rats in each group

As displayed in Fig. 4, CD34 protein was mainly expressed 
in cytoplasm of vascular endothelial cells with the brown-
ish-yellow color. Compared with the model group, miR-
con group was not significantly different in MVD of DFU 
rats (P > 0.05), while miR-217 inhibitors group went up 
remarkably in MVD (P < 0.05). Besides, rats in the miR-217 
inhibitors + siHIF-1α group showed apparently decreased 
MVD compared with rats in the miR-217inhibitors group 
(P < 0.05).

Expression of HIF‑1α, VEGF and inflammatory 
factors in peripheral blood of rats

As shown in Fig.  5, compared with rats in the model 
group, those in the miR-217 inhibitors group had markedly 
decreased miR-217 serum levels and inflammatory factors 
(IL-1β, TNF-α and IL-6), but up-regulated levels of HIF-1α 
and VEGF (all P < 0.05); however, those in the miR-con 
group did not show any observable changes in these mol-
ecules (all P > 0.05). In comparison with rats in miR-217 
inhibitors group, those in the miR-217 inhibitors + siHIF-1α 
group did not differ significantly in serum miR-217 levels, 
but declined dramatically in the levels of HIF-1α and VEGF 
and increased remarkably in inflammatory factors (IL-1β, 
TNF-α and IL-6) (all P < 0.05).

Expression of miR‑217 and HIF‑1α/VEGF 
pathway‑related proteins in foot dorsum skin 
tissues of DFU rats

Compared with rats in the model group, those in the miR-
217 inhibitors group demonstrated a decrease in the expres-
sion of miR-217 and a dramatic increase in the protein 
expressions of HIF-1α, VEGF, VEGFR2, eNOS, MMP-2, 
and MMP-9 (all P < 0.05, Fig. 6), while rats in the miR-con 
group showed no significant difference in these indexes (all 
P > 0.05). Meanwhile, miR-217 inhibitors + siHIF-1α group 
was remarkably lower than the miR-217 inhibitors group in 
the protein expression levels of HIF-1α, VEGF, VEGFR2, 

Fig. 3   The ulcer healing of DFU rats in each group. a Comparison 
of ulcer area of rats in each group; *, P < 0.05 compared with model 
group; #, P < 0.05 compared with miR-217 inhibitors group; b, patho-

logical morphology of ulcer area of rats on the 14th day of injection 
in each group observed after HE staining, with the arrow indicating 
neo-vessels
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eNOS, MMP-2 and MMP-9 (all P < 0.05), but has no signifi-
cance in the expression of miR-217 (P > 0.05).

Discussion

By detecting the serum level of miR-217, we found DFU 
patients had higher miR-217 serum levels as compared with 
healthy controls and simple DM patients, and this indicator 
was positively correlated to the severity of DFU. Consistent 
with our findings, miR-217 expression was apparently up-
regulated in patients with diabetes mellitus type 2 (T2DM) 
and positively correlated to the DM severity, as indicated 
by Shao Y et al. [40]. Meanwhile, high glucose exposure 
induced the increase of miR-217, but silencing miR-217 
can improve cell viability, reduce cell apoptosis, and miti-
gate high glucose-induced foot tissue injury in the study 
of Sun J et al. [43]. These evidences provided a possibil-
ity that the up-regulation of miR-217 in DFU patients was 
likely to be caused by the sustained high glucose stimulation. 
Besides, we also found apparently higher levels of HIF-1α 
and VEGF in DM patients than in healthy controls, while 
these two indicators were obviously reduced in the serum 
of DFU patients with the increase of disease severity. Also, 
Pichu S et al. also discovered that the HIF-1α expression 
level in DFU patients was dramatically lower than that in 
T2DM patients and healthy controls [35]. And the serum 
level of VEGF-A in DFU patients was remarkably lower 
than that in simple DM patients and the increase of VEGF-A 

concentration was associated with the reduction of risk for 
DFU in the study of Chen Z et al. [8]. Mechanically, the up-
regulated expression of HIF-1α and VEGF in DM patients 
may be caused by the hypoxia and ischemia of local tissues, 
which activated the endogenous defense and repair mecha-
nism, and thereby leading to the increase of HIF-1α (a tran-
scriptional complex responding to hypoxia) to affect glucose 
metabolism and up-regulate the expression of HIF-1α induc-
ible genes, like VEGF [25, 36]. Indeed, high glucose can 
suppress the protein expression and transcriptional function 
of HIF-1α in the previous work [12, 45], which may explain 
the reduction of HIF-1α and VEGF in DFU patients. Long-
term high glucose exposure would lower the stability of 
HIF-1α, reduce the response of tissues and cells to hypoxia, 
and cause the decreased angiogenesis of DM patients, and 
thus inhibiting the wound healing of DM patients and even 
aggravating DFU [6, 49]. All the above suggested that long-
term high glucose in DM patients caused up-regulation of 
miR-217 and downregulation of HIF-1α and VEGF, which 
may participate in DFU development.

Beyond that, the DFU rat models were also constructed, 
and we found the reduced ulcer area and the increased MVD 
in DFU rats after treated with miR-217 inhibitors. Since 
MVD is one of the most useful indicators in reflecting angio-
genesis [15], we can hypothesize that inhibition of miR-217 
could accelerate the ulcer healing and promote angiogen-
esis of DFU rats. In agreement with our research, inhibiting 
miR-217 could up-regulate SirT1 expression to suppress 
endothelial cell senescence and enhance angiogenic activity, 

Fig. 4   Comparison of MVD in DFU rats from different groups. a 
Expression of CD34 in rats of each group detected by immunohisto-
chemical assay on the 14th day of injection (red arrows indicate the 

newly developed blood vessels); b, comparison of MVD in DFU rats 
from different groups; *, P < 0.05 compared with model group; #, 
P < 0.05 compared with miR-217 inhibitors group
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as suggested by Menghini et al. [32]. Another important 
finding in this study was that DFU rats treated with miR-
217 inhibitors presented an elevated expression of HIF-1α 
and VEGF, decreased expression of inflammatory factors 
(IL-1β, TNF-α, and IL-6), as well as dramatically increased 
eNOS, MMP-2 and MMP-9. To our knowledge, a variety of 
inflammatory factors, like IL-1β, TNF-α and IL-6 secreted 
by monocytes and neutrophils, are involved in the wound 
healing process in DFU patients [1, 34, 41]. In addition, 
IL-1β could also induce the expression of MMPs [2], and the 
abnormal expression of MMPs in the wound healing process 
could trigger the extensive hydrolysis of matrix, thus hinder-
ing the healing of ulcers [27, 37]. Furthermore, the enhanced 
VEGF, and reduced levels of IL-1β, TNF-1α, as well as the 
decreased protein expressions of eNOS, MMP2 and MMP9, 
would promote the wound healing of DFU rats, ameliorate 
angiogenesis and inhibit inflammation in another study [30], 
which demonstrated that miR-217 inhibitors could suppress 
the inflammation and ameliorate the abnormal expression of 
MMPs to promote ulcer healing. At the same time, HIF-1α 

has been identified to be able to bind to HIF-1β subunit in 
endothelial cells to increase transcription and the binding 
to VEGF initiator, elevating the expression level of VEGF 
[11, 19], which is an angiogenic factor closely related to 
neovascularization (NV) [20], and can effectively promote 
the proliferation and migration of endothelial cells with the 
elevated level of endothelial nitric oxide synthase (eNOS) 
[22], triggering a series of reactions to induce angiogenesis 
and increase the blood supply to local ulcer area, and pro-
moting wound healing in DFU patients [29, 50]. Moreover, 
the DFU mice treated with 20(S)-protopanaxadiol (PPD) 
could stimulate angiogenesis by upregulating the expression 
of HIF-1α-mediated VEGF to accelerate wound healing in 
the study of Zhang EY et al. [52]. Sunkari et al. also revealed 
that over-expressed HIF-1α could enhance the proliferation 
of endothelial cells and promote the wound healing of DFU 
rats [44]. Worth mentioning, HIF-1α was confirmed to be 
the target gene of miR-217 through utilizing dual-luciferase 
reporter gene assay in our investigation. Similar to our 
results, miR-217 could modulate the proliferation, EMT 

Fig. 5   Comparison of miR-217 (a), HIF-1α (b), VEGF (c) and inflammatory factors IL-1β (d), TNF-α (e) and IL-6 (f) in DFU rats from differ-
ent groups. *, P < 0.05 compared with model group; #, P < 0.05 compared with miR-217 inhibitors group
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Fig. 6   The expression of miR-217and HIF-1α/VEGF pathway-
related proteins in foot dorsum skin tissues of DFU rats. a Expres-
sion of miR-217 in foot dorsum skin tissues of DFU rats detected by 
qRT–PCR; b, expression of HIF-1α/VEGF pathway-related proteins 

detected by Western blot; c–h, Protein expressions of HIF-1α (c), 
VEGF (d), VEGFR2 (e), eNOS (f), MMP-2 (g), and MMP-9 (h) in 
DFU rats of each group. *, P < 0.05 compared with model group; #, 
P < 0.05 compared with miR-217 inhibitors group
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and apoptosis of renal cell carcinoma (Rcc) cells by target-
ing HIF-1α [18]. More importantly, our animal experiments 
revealed that HIF-1α siRNA could reverse the role of miR-
217 inhibitors in promoting ulcer healing, suggesting that 
suppressing miR-217 could enhance VEGF expression and 
promote angiogenesis by upregulating the expression of its 
target gene HIF-1α, and thus accelerating wound healing.

To sum up, our study found up-regulated miR-217 expres-
sion and down-regulated HIF-1α/VEGF expression in DFU 
patients. Moreover, inhibiting miR-217 could promote 
angiogenesis and ameliorate inflammation by up-regulation 
of HIF-1α/VEGF pathway, thereby accelerating the ulcer 
healing of DFU rats.
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