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Abstract

To investigate the relationship between small non-coding RNA-204-3p (miR-
204-3p) and the onset and wound healing of diabetic foot ulcers (DFU) and the
underlying molecular mechanism, sixty four newly diagnosed patients with
T2DM without DFU (T2DM group), 82 T2DM patients with DFU (DFU
group), and 60 controls with normal glucose tolerance (NC group) were
included. Quantitative real-time PCR (qQRT-PCR) method was used to deter-
mine miR-204-3p expression levels in peripheral blood and wound margin
tissue of subjects, and to analyse the relationship between the expression of
miR-204-3p and wound healing. In vitro experiments were also performed to
understand the effect of miR-204-3p on high glucose induced injury of HaCaT
cells (human keratinocytes). The results showed that miR-204-3p expression
level of peripheral blood in the T2DM group was marked lower than that in
the NC group [2.38 (1.31-5.04) vs 3.27 (1.51-6.98)] (P < .05). Similarly, the
miR-204-3p expression level of peripheral blood in the DFU group was signifi-
cantly lower than the T2DM group [1.15 (0.78-2.89) vs 2.38 (1.31-5.04)]
(P < .01). The expression level of miR-204-3p in peripheral blood and wound
margin tissues of DFU patients was positively correlated with the healing rate
of foot ulcers after 8 weeks (P < .05). Multifactorial logistic regression analysis
showed that decreased expression of miR-204-3p in peripheral blood was an
independent risk factor for DFU (OR = 2.95, P < .05). The results of in vitro
experiments showed that miR-204-3p could improve the proliferation and
migration of HKC cells and reduce the proportion of apoptosis of HKC cells by
targeted regulation of zinc finger protein Kruppel like factor 6 (KLF6) in high

Abbreviations: ABI, ankle brachial index; AGEs, advanced glycation end products; CRP, C-reactive protein; DFU, diabetic foot ulcer; ESR,
erythrocyte sedimentation rate; FPG, fasting plasma glucose; HbAlc, glycosylated haemoglobin Alc; HKCs, human keratinocytes; IL-1, interleukin-1;
KLF6, zinc-finger transcription factor Kriippel-like factor 6; MMP-9, matrix metalloproteinase-9; qRT-PCRq, quantitative real-time PCR assays;
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glucose environment. Therefore, the decreased expression of miR-204-3p in
peripheral blood and wound tissue of T2DM patients is closely related to the
occurrence and poor wound healing of DFU. The down-regulated expression
of miR-204-3p can reduce its ability to antagonise the functional damage of
keratinocytes induced by high-glucose conditions. These results will provide
potential targets for the treatment of DFU.

foot ulcer, human keratinocytes, KLF6, miR-204-3p, type 2 diabetes

« the manuscript entitled “Decreased expression of miR-204-3p in peripheral

blood and wound margin tissue associated with the onset and poor wound
healing of diabetic foot ulcers,” is to investigate the relationship between
small non-coding RNA-204-3p (miR-204-3p) and the onset and wound heal-
ing of diabetic foot ulcers and the underlying molecular mechanism

« we collected 64 newly diagnosed patients with T2DM without DFU (T2DM

group), 82 T2DM patients with DFU (DFU group), and 60 controls with nor-
mal glucose tolerance (NC group). Quantitative real-time PCR (qRT-PCR)
method was used to determine miR-204-3p expression levels in peripheral
blood and wound margin tissue of subjects, and to analyze the relationship
between the expression of miR-204-3p and wound healing. In vitro experi-
ments were also performed to understand the effect of miR-204-3p on high
glucose-induced injury of HaCaT cells (human keratinocytes)

this is the first study to show that the decreased expression of miR-204-3p in
peripheral blood and wound tissue may be associated with the pathogenesis
and poor healing of DFU, and demonstrate that miR-204-3p improves high
glucose-induced apoptosis and dysfunction in HKCs in vitro by targeting the

1 | INTRODUCTION

Diabetes mellitus is a metabolic disease characterised by
elevated blood glucose levels. Long-term high blood glu-
cose levels can cause a variety of chronic complications
in patients with diabetes mellitus, and diabetic foot ulcers
(DFUs) are one such complication. A one-year observa-
tional cohort study of 1333 diabetic patients older than
50 years in eight hospitals in China showed that the
annual incidence of DFU was 8.1%." DFU is one of the
leading causes of non-traumatic amputation. Due to
the adverse effects of high-glucose conditions in diabetic
patients and obvious changes in the skin microenviron-
ment, the healing of DFUs becomes delayed or difficult,
rendering healing chronically challenging.”

Cutaneous wound healing is a dynamic and orderly
physiological process including several stages of the
inflammatory response, such as cell proliferation or con-
nective tissue formation, wound contraction and wound

reduction of KLF6 expression, so as to participate in wound healing

covering, with re-epithelialisation as an important part of
wound repair.>* Human keratinocytes (HKCs) are the
main constituent cells of the epidermis, accounting for
more than 90% of epidermal cells. Recent studies have
shown that the interactions between the epidermis and
mesenchyme, especially keratinocyte-fibroblast interac-
tions, play an extremely important role in wound healing
and scar formation.” Keratinocytes affect the wound heal-
ing process by secreting many cytokines, including trans-
forming growth factor f (TGF-p), interleukin-1 (IL-1),
and matrix metalloproteinases.® Among these cytokines,
TGF-p can promote fibroblast proliferation and collagen
synthesis and secretion, and matrix metalloproteinase-9
(MMP-9) is an enzyme with the largest relative molecular
weight among the matrix metalloproteinase superfamily
and can degrade extracellular matrix components.’

In vitro studies have shown that hyperglycaemia can
inhibit the migration and proliferation of HKCs and pro-
mote their apoptosis.> Lafosse et al also found that the
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ability of HKCs to secrete factors that promote wound
healing was reduced under high-glucose conditions."
Advanced glycation end products (AGEs) are stable cova-
lent adducts produced by a series of reactions between
the amino groups of macromolecular substances (such as
proteins, lipids, and nucleic acids) and aldehyde groups
of glucose or other reducing sugars under non-enzymatic
conditions. In a high-glucose environment, AGEs can
accumulate and act on the AGE receptor (RAGE), affect-
ing cell structure and function. Studies have shown that
AGEs can inhibit the migration and proliferation of
HKCs'' and upregulate the expression of MMP-9 in
HKCs.'> GADD45a is a gene whose expression is induced
by DNA damage and can regulate many signalling path-
ways, such as those of apoptosis and survival. Zhou
et al'® found that the expression of GADD45a is increased
in the foot ulcer wounds of diabetic patients and the skin
wounds of diabetic model rats; furthermore, in vitro stud-
ies indicated that AGEs can dramatically upregulate the
expression of GADD45a in HKCs, promote demethyla-
tion of the MMP-9 promoter and its corresponding
expression, and thus affect the healing of diabetic foot
wounds. These studies indicate that hyperglycaemia can
give rise to HKC impairment and then affect wound
repair.

MicroRNAs (miRNAs) are a class of endogenous non-
coding small RNAs that regulate the expression of genes
and/or proteins through posttranscriptional levels and
participate in various biological processes, such as cell
proliferation, apoptosis, cell cycle progression, and differ-
entiation.'* Studies'>'® have confirmed that loss of the
Dicer enzyme or the DGCR8 gene required for miRNA
biosynthesis in the skin of newborn mice can lead to
defects in skin barrier function, poor hair follicle develop-
ment, and the excessive proliferation of basal cells of the
epidermis, suggesting that miRNAs play critical roles in
epidermal development and functional maintenance.

Etich et al'’ found that the expression of miR-204
changed significantly during wound healing, but it is
unclear whether it is involved in the regulation of wound
healing. In an animal experiment, An et al'® observed
that miR-204 expression is downregulated during the
healing process of rat corneal ulcers; subsequently,
in vitro studies showed that inhibiting miR-204 expres-
sion can suppress the proliferation of rat corneal epithe-
lial cells and promote apoptosis. Previous studies suggest
that miR-204 has beneficial effects on various physiologi-
cal and pathological conditions, including cancer and
cardiovascular disease.'”*° Recently, miR-204-3p was
reported to potentially play a protective role in high
glucose-induced podocyte apoptosis and dysfunction by
downregulating the expression of the bradykinin B2
receptor (Bdkrb2).?! However, studies assessing whether
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miR-204-3p can ameliorate or inhibit high glucose-
induced HKC dysfunction have not been reported.

Kriippel-like factors (KLFs) are highly conserved
zinc-finger proteins that bind specific DNA sequences
and regulate cell proliferation, apoptosis, differentiation,
and metabolism.** Zinc-finger transcription factor Kriip-
pel-like factor 6 (KLF6) is a member of the KLF family, is
expressed abnormally in cutaneous melanoma® and
psoriasis,”* and is associated with wound healing.*> At
present, the research on whether KLF6 is involved in the
functional changes of HKC in high glucose environment
has also not been published.

Nowadays, there are few reports about the clinical
research on the relationship between miR-204-3p and the
incidence of DFU. Therefore, we are designed to explain
the changes in the miR-204-3p expression level in the
peripheral blood and wound margin tissue of DFU
patients and their relationship with the onset and treat-
ment outcome of DFU. Additionally, the possible mecha-
nism of miR-204-3p involved in wound healing of DFU
was explored in vitro experiments.

2 | MATERIALS AND METHODS

2.1 | Study subjects

A total of 82 patients with type 2 diabetes (T2DM) and
DFU who were hospitalised in the Department of Endo-
crinology, the First Affiliated Hospital of Anhui Medical
University, between April 2019 and December 2020, had
a course of foot ulcer >4 weeks, an ankle-brachial index
(ABI) of 0.7 to 1.3, a ulcer area within 2 to 20 cm? and a
Wagner classification at II-III grade (DFU group). Addi-
tionally, 64 newly diagnosed T2DM patients admitted to
the Department of Endocrinology at our hospital at the
corresponding period were selected as T2DM group.
These patients had a course of T2MD ranging from
1 week to 5 months with no DFU, no lower extremity
atherosclerosis disease, and no diabetic peripheral neu-
ropathy. Moreover, 60 healthy people undergoing physi-
cal examination were selected from the Health
Management Centre of our hospital in the same period as
the normal control group (NC group). These participants
established normal glucose tolerance by undergoing 75 g
oral glucose tolerance test (OGTT), with a fasting plasma
glucose (FPG) < 6.1 mmol/L and blood glucose
<7.8 mmol/L 2 hours after glucose load. All subjects had
no severe heart, liver, or kidney dysfunction or cancerous
ulcer wounds. The study was approved by the Medical
Ethics Committee of the First Affiliated Hospital of
Anhui Medical University, and all subjects provided
informed consent.
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3 | STUDY METHODS

3.1 | Treatment of diabetic foot ulcer
and collection of ulcer margin tissue
samples

As described by previous study,*® all subjects underwent
wound debridement after admission. During the debride-
ment process, the full-sickness skin tissue within 0.5 cm
of the wound margin was cut by skilled surgeons using
tissue scissors according to the sampling protocol. Mean-
while, all patients were given routine systemic treatment,
including anti-infection treatment, antihypertensive
treatment, hypoglycemic treatment, correction of hypo-
proteinemia, neuroprotection treatment, etc. Offloading
and negative-pressure wound therapy could be adminis-
tered in accordance with the specific conditions of
patients. The complete wound healing of DFU patients
was noted after 8 weeks of treatment.

3.2 | Detection of observational indexes
Venous blood was drawn from the elbow of each subject
at 8:00 to 8:30 am on the morning after a 10-hours fast,
and was collected into anticoagulant tubes or non-
anticoagulant tubes for determination of fasting plasma
glucose (FPG), glycosylated haemoglobin Alc (HbAlc),
white blood cell count (WBC), C-reactive protein (CRP),
erythrocyte sedimentation rate (ESR), plasma miR-
204-3p (P-miR-204-3p), lipid indicators, etc. In detail, the
blood glucose and the blood lipid were measured using
automatic biochemistry analyser (MODULE P800, Roche,
Switzerland), FPG was detected by the glucose oxidase
method, and the total cholesterol (TCH), triglyceride
(TG), high-density lipoprotein cholesterol (HDL-C), and
low-density lipoprotein cholesterol (LDL-C) were distin-
guished by oxidised enzyme-linked colorimetry. Addi-
tionally, HbAlc by high-pressure liquid chromatography,
CRP by latex-enhanced scattering immunoturbidimetric
assay, and ESR by Westergren method. Ulcer area was
measured by digital photography combined with Image J
medical image analysis software (Image J-ij133-jdk15;
National Institutes of Health, Bethesda, Maryland), and
ABI was measured by Doppler blood flow detector (DPL-
03; Hangzhou Yuanxiang Medical Equipment Co., Ltd,
China).

3.3 | Cell culture

HKCs were obtained from the Cell Resource Centre of
the Institute of Basic Medical Sciences, Chinese Academy

of Medical Sciences. RPMI-1640 medium (Gibco, USA)
was supplemented with 10% foetal bovine serum (FBS,
Sigma-Aldrich, USA). HKCs were inoculated in a culture
flask containing 10 mL of medium and cultured in a
humidified incubator (Thermo, USA) at 37°C in a 5%
CO, and 95% air atmosphere, and the medium was chan-
ged every 2 to 3 days. Serum starvation was performed
for 24 hours to synchronise the cells before experiments
were performed.

3.4 | Cell grouping and transfection
Synchronised HKCs were collected and treated with
D-glucose (Sigma-Aldrich). Then, the cells were ran-
domly divided into the normal glucose group (NG group,
D-glucose 5 mmol/L), the high-glucose treatment group
(HG group, D-glucose 30 mmol/L), the miR-204-3p over-
expression group and its relative control groups (the
HG + miR-204-3p group, HG + miR-NC group, and
miR-204-3p- and miR-NC-transfected high glucose-
treated group), the KLF6 expression-inhibition
group and its control groups (the HG + si-KLF6 group,
HG + si-NC6 group, and si-KLF6- and si-NC-transfected
high glucose-treated group), and the miR-204-3p and
KLF6 overexpression group and its relative control
groups (the HG + miR-204-3p + pcDNA-KLF6 group,
HG + miR-204-3p + pcDNA group, and miR-204-3p and
PcDNA-KLF6 or miR-204-3p and pcDNA cotransfected
high glucose-treated group). Cell transfection was per-
formed with Lipofectamine 2000 reagent (Invitrogen,
USA) according to the manufacturer's instructions, and
HKCs were cultured for 48 hours after transfection. Hsa-
miR-204-3p lentivirus (miR-204-3p) and negative control
lentivirus (miR-NC), as well as si-KLF6, si-NC, pcDNA,
and pcDNA-KLF6, were synthesised by GenePharma
(Shanghai, China).

3.5 | Apoptosis detection by flow
cytometry

Cells from each group were digested with 0.25% trypsin
(Sigma-Aldrich), collected (1 x 10° cell/mL), and centri-
fuged at 1000 rpm for 5 minutes at room temperature.
Then, the cells were resuspended in 500 pL of Annexin V
binding buffer and 5 puL of Annexin V-fluorescein isothio-
cyanate (FITC) stock solution (Beyotime, China), and the
cells were incubated in the dark for 30 minutes at 4°C.
Then, 5 pL of propidium iodide (PI; Beyotime) was
added, and the cells were incubated for another
10 minutes. HKC apoptosis was quantified by flow cyto-
metry (BD Biosciences).
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3.6 | Cell proliferation analysis by CCK-8
Each group of cells in the logarithmic growth phase was
digested with 0.25% trypsin and seeded in a 96-well plate
at 2000 cells/well. Then, the cells were incubated for
24 hours. The medium in each well was replaced with
fresh medium, and 10 pL of CCK-8 solution (Beyotime)
was added. Subsequently, the plate was incubated in an
incubator at 37°C in a 5% CO, and 95% air atmosphere
for 2 hours. The absorbance (OD) was recorded at
450 nm using a microplate reader (Eppendorf, Germany).

3.7 | Cell migration assessment by
transwell assay

Cells from each group were digested with 0.25% trypsin
and collected (3 x 10° cell/mL). A 100-uL cell suspension
was seeded in the upper chamber of the Transwell cham-
ber (8 um, Corning, USA), 600 pL of medium was added
to the lower chamber, and then the plate was incubated
at 37°C for 12 hours. The Transwell chamber was
removed from the incubator, the medium was discarded,
the chamber was washed twice with PBS, fixed in 4%
paraformaldehyde for 15 minutes, air-dried at room tem-
perature and stained with 0.1% crystal violet for
30 minutes. Cells on the upper surface of the Transwell
filter were swabbed off and washed three times with PBS.
Cells in five randomly selected fields were counted, and
the cell migration rate was calculated by dividing the
number of cells remaining on the filter by the initial
number of cells seeded.

3.8 | Detection of miR-204-3p and KLF6
expression by real-time quantitative PCR
assays

Real-time quantitative PCR assays (qQRT-PCR) were per-
formed to detect the expression of plasma miR-204-3p,
miR-204-3p, and KLF6 in wound margin tissue and
HKCs. RNA was extracted from peripheral blood, 50 mg
of wound margin tissue or cultured HKCs according to
the instructions of the miRcute miRNA extraction and
separation kit (TTANGEN, Beijing, China), respectively.
cDNA was then synthesised according to the instructions
of miRcute miRNA cDNA synthesis kit (TTANGEN, Bei-
jing, China). The primer sequences of miR-204-3p and
KLF6 were as follows: miR-204-3p: forward primer 5'-
AGC TGT ACA AGT AAG CCT GAT CAT GTA CCC
ATA GG-3' and reverse primer 5-GGG AGA GGG GCT
TAG CTT ATG GGA CAG TTA TGG GC-3; U6: forward
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primer 5-GCT TCG GCA CAT ATA CTA AAA-3' and
reverse primer 5-CGC TTC ACG AAT TTG CCT GTC
AT-3'; KLF6: forward primer 5-TGC TAC TTG AAA
GCA CGC CA-3' and reverse primer 5-CAG CCT TGC
CTT GAC CAT CT-3'; GAPDH: forward primer 5-GGA
GCG AGA TCC CTC CAA AAT-3' and reverse primer
5'-GGC TGT CAT ACT TCT CAT GG-3'.

gRT-PCR was carried out according to the instruc-
tions of the miRcute miRNA fluorescence quantitative
detection kit (TTANGEN, Beijing, China). The cycling
conditions for miR-204-3p were: initial denaturation at
95°C for 5 minutes, denaturation at 95°C for 10 seconds,
annealing at 65°C for 15 seconds, and extension at 72°C
for 30 seconds, for a total of 40 cycles. With U6 as the
internal reference, the relative expression of miR-204-3p
was calculated based on the 2724 method. In addition,
the cycling conditions for KLF6 were: initial denaturation
at 95°C for 10 minutes, denaturation at 95°C for
15 seconds, annealing at 60°C for 50 seconds, and exten-
sion at 74°C for 30 seconds, for a total of 45 cycles. With
GAPDH as the internal reference, the relative expression
of KLF6 was calculated based on the 2~ 44" method.

3.9 | Protein expression detected by
western blot

Proteins were extracted with radioimmunoprecipitation
assay (RIPA) buffer (Beyotime Institute of Biotechnology)
in cultured HKCs. Protein from each sample was sepa-
rated on a 10% SDS-PAGE gel at 55 V for approximately
30 minutes, followed by 110 V for 1 hours when the bro-
mophenol blue indicator reached the separation gel, and
then transferred to nitrocellulose membranes at 200 mA
for 2 hours. The membranes were blocked with blocking
solution containing 5% non-fat dry milk (NFDM) pre-
pared with TBST for 1 hour at room temperature and
washed three times with TBST for 10 minutes per wash.
The membranes were incubated with primary antibodies
against KLF6 (dilution: 1:1000), MMP-9 (dilution: 1:400),
TGF-f (dilution: 1:400), Bax (dilution: 1:1000), Bcl-2
(dilution: 1:1000), and cleaved caspase-3 (dilution:
1:1000) at 4°C overnight. Subsequently, the membranes
were incubated with the appropriate horseradish
peroxidase-conjugated secondary antibody (dilution:
1:8000; Beyotime) at room temperature for 1 hours. Then,
the developer (Thermo Fisher Scientific, Inc.) was added
dropwise for development, and pictures were taken.
GAPDH was used as the internal reference protein to cal-
culate the relative expression of the proteins. The above
primary antibodies were purchased from Cell Signalling
Technology, Inc. USA.
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3.10 | Dual-luciferase reporter gene
assay

The nucleotide sequence complementary to miR-204-3p in
the 3'-untranslated region (3'-UTR) of KLF6 was obtained
using the online prediction software TargetScan (Www.
targetscan.org). The 3'-UTR luciferase reporter gene vectors
of wild-type KLF6 (WT-KLF6) and mutant KLF6 (MUT-
KLF6) were constructed and cotransfected with miR-
204-3p or anti-miR-204-3p, respectively. Then, luciferase
activity was assessed with a luciferase reporter assay kit
(GenePharma) according to the manufacturer's protocol.

3.11 | Statistical analysis

SPSS version 22.0 (IBM SPSS Company, USA) was used for
the statistical analysis. Normal measurement data is
expressed by mean + standard deviation, and non-normal
measurement data is expressed by median (interquartile
range) [M (P 25, P75)]. The ttest was used to analyse

differences between two groups, and the comparison between
multiple groups used the analysis of variance test, followed
by the SNK-q test. The count data was expressed as a percent-
age, and the y* test was performed. Spearman correlation
analysis was used to evaluate the correlation between the
expression of miR-204-3p and other clinical variables. A mul-
tivariate unconditional logistic regression method was used to
assess whether miR-204-3p is an independent risk factor for
DFU. All statistical tests were two-sided, and P < .05 repre-
sents a significant difference. Each in vitro independent
experiment was repeated at least three times.

4 | RESULTS

4.1 | Comparisons of clinical data among
NC group, T2DM group, and DFU group

There were no significant differences found in the gender
composition, age, SBP, DBP, TCH, and LDL-C among the
three groups (P > .05). Compared with the NC group, there

TABLE 1 Comparison of clinical data among NC group, T2DM group, and DFU group [n (%), (X +s), M (P25, P75)]

Variable NC group (n = 60) T2DM group (n = 64) DFU group (n = 82) P value
Male [n (%)] 33 (55.0) 34 (53.1) 44 (53.7) 795
Age (year) 52.1 +8.9 53.3 + 8.7 52.6 + 8.5 .308
Duration of diabetes (year) 0.4 +0.2 11.7 + 5.8 <.001
Ulcer duration (week) - - 7.8 +2.4 -
Ulcer area (cm?) - 10.7 + 3.6 -
SBP (mm Hg) 119 +9 123 + 12 125 + 13 1103
DBP (mm Hg) 73+12 76 + 13 77+ 11 361
FPG (mmol/L) 49+0.5 9.7 +2.3° 11.5 + 3.3™ <.001
HbAlc (%) 52+03 8.2+ 1.4° 9.4 + 1.4™ <.001
TG (mmol/L) 1.5+ 0.7 1.7 + 0.5 1.8 +0.7° 031
TCH (mmol/L) 43+0.7 4.9 + 0.6 47 +0.5 187
LDL-C (mmol/L) 25+02 32+ 04 2.6 £ 0.3 .096
HDL-C (mmol/L) 14 +0.2 1.2 +0.3° 0.9 + 0.4 <.001
ABI 1.1+0.1 1.0 + 0.1 0.8 + 0.2* <.001
CRP (mg/L) 6.3+ 0.9 87+1.1 30.5 + 2.4 <.001
WBC (x10°) 43 +0.7 4.6 +0.8 10.2 + 2.2 <.001
ESR (mm/h) 103 +2.2 12.6 + 2.8 45.7 +15.9% <.001
P-miR-204-3p 3.27 (1.51-6.98) 2.38 (1.31-5.04)° 1.15 (0.78-2.89)* <.001
T-miR-204-3p - 2.29 (1.11-4.57)

T-KLF6 - - 2.924 (1.47-4.02) -

Note: Data are presented mean + standard deviations or numbers (%) or median with IQR; Differences among four groups analysed using one-way
analysis of variance or x” test, and the SNK-q test analysis was used for comparison between the two groups. Versus NC group, *P < .05, ®p < 01;vs
T2DM group, °P < .05, 9P < .01. T-miR-204-3p, miR-204-3p expression in the wound margin tissue; T-KLF6, KLF6 mRNA expression in the wound

margin tissue.

Abbreviations: ABI, ankle brachial index; CRP, C-reactive protein; DBP, diastolic blood pressure; DFU, diabetic foot ulcer; ESR, erythrocyte

sedimentation rate; FPG, fasting plasma glucose; HbAlc, glycated haemoglobin Alc; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; MiR, MicroRNA; NC, normal control; P-miR-204-3p, plasma miR-204-3p expression; SBP, systolic blood pressure; T2DM, type
2 diabetes; TCH, total cholesterol; TG, triacylglycerol; WBC, white blood cell.
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was a significant increase in FPG, HbAlc, TG levels in the
T2DM group and DFU group (P < .05), while HDL-C level
and P-miR-204-3p decreased significantly (P < .05). Besides,
compared with the NC group, inflammatory indices (CRP,
WBC, ESR) were significantly increased, while ABI was sig-
nificantly decreased in the DFU group (P < .05). No signifi-
cant difference was observed in ABI and inflammatory
indices (CRP, WBC, ESR) between the NC group and T2DM
group. Additionally, compared with the T2DM group, the
duration of diabetes, FPG, HbAlc, and inflammatory indices
(CRP, WBC, ESR) in the DFU group were significantly
increased (P < .05), while ABI, HDL-C level and P-miR-
204-3p expression were significantly decreased (P < .05), and
there were no significant differences observed in TG between
the T2DM group and DFU group (P > .05). The detailed
results are shown in Table 1.

4.2 | Correlations between miR-204-3p
expression level in plasma and wound
margin tissue and other clinical data

As shown in Tables 2 and 3, both in the T2DM group and
DFU group, P-miR-204-3p and T-miR-204-3p levels were

TABLE 2 Correlations between the
expression levels of miR-204-3p in

peripheral blood and other clinical data Variables
among NC group, T2DM group, and Age
DFU group (r) Sex

Duration of diabetes
Ulcer duration
Ulcer area
FPG

HbA1lc

TG

TCH

LDL-C
HDL-C

ABI

CRP

WBC

ESR
T-miR-204-3p
T-KLF6
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negatively correlated with FPG, HbAlc (P < .05). In addi-
tion, in the DFU group, P-miR-204-3p level was nega-
tively correlated with T-KLF6 level, and positively
correlated with T-miR-204-3p level, while P-miR-204-3p
and T-miR-204-3p levels had no significant correlation
with other indicators in the two groups (P > .05). More-
over, in the NC group, P-miR-204-3p had no significant
correlation with other indicators (P > .05).

4.3 | Relationship between miR-204-3p
levels in plasma and wound margin tissue
and the clinical features of diabetic foot
ulcers

To further investigate the clinical significance of altered
miR-204-3p expression levels in plasma and wound mar-
gin tissue, the median values of P-miR-204-3p, and T-
miR-204-3p in the DFU group were used as the cut-off
point for grouping, namely, the low expression group
(lower than the cut-off point) and the high expression
group (higher than or equal to the cut-off point). It was
found that P-miR-204-3p and T-miR-204-3p were posi-
tively correlated with the healing rate of foot ulcer after

NC (n = 60) T2DM (n = 64) DFU (n = 82)
P value r P value r P value

0.039 .621 0.018 726 0.057 .501
0.084 458 0.027 .603 0.096 351
—0.045 279 —0.105 268
—0.125 103
—0.104 278
—0.179 .086 —0.363 <.001 —0.314 .001
—0.152 112 —0.302 .003 —0.298 .009
0.037 .655 —0.168 .105 —0.098 232
0.048 .583 0.088 237 0.071 311
0.094 226 0.016 752 0.078 485
0.028 .702 0.148 115 0.114 124
0.081 473 0.084 326 0.198 .068
0.084 448 —0.079 .396 —0.119 115
0.049 .383 0.018 673 —0.136 .104
0.031 742 0.026 .582 —0.128 112
0.483 <.001
—0.373 <.001

Note: T-miR-204-3p, miR-204-3p expression in the wound margin tissue; T-KLF6, KLF6 mRNA expression

in the wound margin tissue.

Abbreviations: ABI, ankle brachial index; CRP, C-reactive protein; DBP, diastolic blood pressure; DFU,
diabetic foot ulcer; ESR, erythrocyte sedimentation rate; FPG, fasting plasma glucose; HbAlc, glycated
haemoglobin Alc; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol;
MiR, MicroRNA. P-miR-204-3p, plasma miR-204-3p expression; NC, normal control; SBP, systolic blood
pressure; T2DM, type 2 diabetes; TCH, total cholesterol; TG, triacylglycerol; WBC, white blood cell.
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TABLE 3
204-3p in wound margin tissue and other clinical data in the DFU
group (r)

Correlations between the expression levels of miR-

DFU (n = 82)
Variables r P value
Age 0.023 625
Sex 0.058 414
Duration of diabetes —0.097 231
Ulcer duration —0.101 167
Ulcer area —0.087 .301
FPG —0.352 .001
HbAlc —0.327 .007
TG —0.106 121
TCH 0.089 .296
LDL-C 0.045 .503
HDL-C 0.119 .102
ABI —0.118 .109
CRP —0.109 147
WBC —0.127 101
ESR —0.101 152
P-miR-204-3p 0.483 <.001
T-KLF6 —0.373 <.001

Note: T-KLF6, KLF6 mRNA expression in the wound margin tissue.
Abbreviations: ABI, ankle brachial index; CRP, C-reactive protein; DBP,
diastolic blood pressure; DFU, diabetic foot ulcer group; ESR, erythrocyte
sedimentation rate; FPG, fasting plasma glucose; HbAlc, glycated
haemoglobin Alc; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-
density lipoprotein cholesterol; MiR, MicroRNA; NC, control group; P-miR-
204-3p, plasma miR-204-3p expression; SBP, systolic blood pressure; T2DM,
type 2 diabetes group; TCH, total cholesterol; TG, triacylglycerol; WBC,
white blood cell.

8 weeks (for P-miR-204-3p, P = .022; for T-miR-204-3p,
P = .010). There was no correlation between P-miR-
204-3p and T-miR-204-3p and other clinical features of
foot ulcers (Tables 4 and 5).

4.4 | Analysis of risk factors for a diatic
foot ulcer

In diabetic patients, multifactorial unconditional logistic
regression analysis was performed with DFU as the
dependent variable, and gender, age, diabetic duration,
SBP, DBP, FPG, HbAlc, TG, TCH, LDL-C, HDL-C, ABI,
CRP, WBC, ESR, and P-miR-204-3p as independent vari-
ables, respectively. The results showed that the duration
of diabetes, HbAlc, ABI, CRP, and low expression of P-
miR-204-3p were all independent risk factors for DFU
(Table 6).

TABLE 4
204-3p in peripheral blood and clinical features of DFU [(X +s),
n (%)]

Relationship between the expression levels of miR-

DFU
High Low
expression  expression
group group P
(n =43) (n =39) value
Age (year) 523+ 8.7 53.1+9.5 .236
Sex .681
Male 24 (55.8) 20 (51.3)
Female 19 (44.2) 19 (48.7)
Ulcer area (cm?) 967
<5 8 (18.6) 7(17.9)
5-10 22(51.2) 20 (51.3)
>10 13 (30.2) 12 (30.8)
Ulcer duration (week) 273
<6 13 (30.2) 6 (15.4)
6-10 20 (46.5) 23 (59.0)
>10 10 (23.3) 10 (25.6)
Wagner grade .985
II 10 (23.3) 9(23.1)
111 33 (66.7) 30 (66.9)
Outcome of ulcer after .022
8 weeks
Healing 24 (55.8) 12 (30.8)
Non-healing 19 (44.2) 27 (69.2)

Note: Data are presented mean + standard deviations or numbers (%);
Differences between two groups analysed using ¢ test or y” test.
Abbreviations: DFU, diabetic foot ulcer; MiR, MicroRNA.

4.5 | High-glucose conditions severely
disturb expression patterns in HKCs

To explore the detrimental effects of high-glucose levels
on HKCs, we exposed HKCs to high-glucose medium
(30 mM) for 48 hours. The apoptosis rate was signifi-
cantly increased in high glucose-treated HKCs compared
with the NG group (Figure 1A). High-glucose conditions
inhibited cell proliferation and migration (Figure 1B,C).
To further elucidate the regulatory mechanisms involved,
we measured the expression of TGF-p, MMP-9, Bcl-2,
Bax, and cleaved caspase-3. Among these proteins, TGF-f
and MMP-9 play crucial roles in wound healing, and
Bcl-2, Bax, and cleaved caspase-3 are factors strongly
associated with apoptosis.””** The mRNA and protein
expression of TGF-f and Bcl-2 were markedly reduced in
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TABLE 5 Relationship between the DFU
expression levels of miR-204-3p in
wound margin tissue and clinical High expression Low expression
features of DFU [(X + ), n (%)] group (n = 37) group (n = 45) P value
Age (year) 52.7+£9.2 53.5+ 84 .194
Sex 948
Male 20 (54.1) 24 (53.3)
Female 17 (45.9) 21 (46.7)
Ulcer area (cm?) 734
<5 5(13.5) 9 (20.0)
5-10 20 (54.1) 23 (51.1)
>10 12 (32.4) 13 (28.9)
Ulcer duration (week) .542
<6 10 (30.2) 8 (15.4)
6-10 19 (46.5) 24 (59.0)
>10 8(23.3) 13 (25.6)
Wagner grade .295
II 7(23.3) 13(23.1)
111 30 (66.7) 32(66.9)
Outcome of ulcer after 8 weeks .010
Healing 22 (59.5) 14 (31.1)
Non-healing 15 (40.5) 31 (68.9)

Note: Data are presented mean + standard deviations or numbers (%); Differences between two groups

analysed using t test or 3 test.

Abbreviations: DFU, diabetic foot ulcer; MiR, MicroRNA.

TABLE 6 Multiple logistic
regression analysis of risk factors for

Variable
diabetic foot ulcers
HbAlc (%)
CRP (mg/L)
ABI
P-miR-204-3p

Diabetic duration (year)

g SE Wald OR 95% CI P value
0.56 0.19 8.75 4.21 1.24-9.25 <.001
0.39 0.22 3.26 1.83 1.13-7.81 .037
0.26 0.11 2.92 1.65 1.06-10.42 .041
0.32 0.18 3.86 1.77 1.12-9.89 .036
0.44 0.26 5.72 2.95 1.18-10.97 .008

Note: Multivariate unconditional logistic regression analysis adjusted for sex, age, diabetic duration, ulcer
duration, SBP, DBP, FPG, HbAlc, TG, TCH, LDL-C, HDL-C, ABI, CRP, WBC count, ESR, ulcer area, P-

miR-204-3p.

Abbreviations: ABI, ankle brachial index; CRP, C-reactive protein; DBP, diastolic blood pressure; ESR,
erythrocyte sedimentation rate; FPG, fasting plasma glucose; HbAlc, glycated haemoglobin Alc; HDL-C,
high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; MiR, MicroRNA; P-miR-
204-3p, plasma miR-204-3p expression; SBP, systolic blood pressure; TCH, total cholesterol; TG,
triacylglycerol; WBC, white blood cell.

high glucose-treated HKCs, whereas the expression of
MMP-9, Bax, and cleaved caspase-3 was increased
(Figure 1H,I). Meanwhile, the expression levels of miR-
204-3p and KLF6 were evaluated, showing a significant
reduction in miR-204-3p (Figure 1D), whereas KLF6
(protein and mRNA) was correspondingly elevated
(Figure 1E-G).

4.6 | Overexpression of miR-204-3p
attenuates high glucose effects

To further investigate the role of miR-204-3p in high
glucose-treated HKCs, miR-204-3p lentivirus was transfected
into high glucose-treated HKCs. High glucose-induced
apoptosis was significantly reduced by overexpression of
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FIGURE 1 Response of HKCs to high-glucose conditions. (A) Apoptosis was analysed using flow cytometry. (B) Cell viability was
monitored by CCK-8 assay. (C) Cell migration was tested using Transwell inserts. (D) The expression of miR-204-3p was detected by
gRT-PCR. (E-G) The mRNA and protein expression of KLF6 were detected by qRT-PCR and western blotting, respectively. (H and I)
The protein expression of TGF-p, MMP-9, Bcl-2, Bax, and cleaved caspase-3 was detected by western blotting. *P < .05 vs the NG group;
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miR-204-3p (Figure 2A,B). The proliferation and migration  glucose-induced downregulation of TGF-f and Bcl-2 protein
of HKCs were observably improved (Figure 2C,D). In addi- expression in HKCs but markedly suppressed MMP-9, Bax,
tion, overexpression of miR-204-3p prevented the high and cleaved caspase-3 protein expression (Figure 2F-K).
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FIGURE 2 Overexpression of miR-204-3p attenuates HKCs' response to high-glucose conditions. High glucose-treated keratinocytes
transfected with miR-NC or miR-204-3p for 48 hours. (A and B) Apoptosis was analysed using flow cytometry (the NG group and HG group
were the negative controls in the transfection experiment). (C) Cell proliferation was monitored by CCK-8 assay. (D) Cell migration was tested
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ZHAO ET AL.

= | wiLEY-E)

4.7 | KLF6 inhibition alleviates high
glucose effects

To evaluate the role KLF6 in high glucose-induced HKC
dysfunction, si-NC- or si-KLF6-transfected HKCs were
exposed to high-glucose conditions (30 mM). High
glucose-induced apoptosis was significantly reduced
(Figure 3A), and cell proliferation and migration were
clearly enhanced (Figure 3B,C) when KLF6 expression
was inhibited. Then, we detected the expression of TGF-
B, MMP-9, and apoptosis-related proteins by western
blotting and discovered that the reduced expression of
KLF6 (Figure 3D,I) significantly reduced the protein
expression of MMP-9 and Bax (Figure 3F,H,I). Corre-
spondingly, the protein expression of TGF-f, which pro-
motes wound healing, and Bcl-2, which inhibits
apoptosis, was markedly increased (Figure 3E,G,I).
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4.8 | The KLF6 gene has a direct miR-
204-3p binding site

The DNA bases in the 3’-UTR of KLF6 can form comple-
mentary pairs with those of miR-204-3p and were pre-
dicted using the online prediction software TargetScan
(www.targetscan.org). We hypothesized that miR-
204-3p has a regulatory effect on KLF6 expression. The
putative miR-204-3p binding site in the 3’-UTR of KLF6
is shown in Figure 4A. The wild-type (WT) sequence of
KLF6 or its mutant-type (MUT) sequence was cotrans-
fected with miR-NC, miR-204-3p, anti-miR-NC, or anti-
miR-204-3p into luciferase reporter plasmids to verify
that miR-204-3p targets the 3’-UTR of KLF6. The lucif-
erase reporter assay showed that transfection of miR-
204-3p significantly decreased luciferase enzymatic

activity using the WT- but not the MUT-UTR
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KLF6 inhibition attenuates the high glucose response of HKCs. (A) Apoptosis was analysed using flow cytometry (the NG

group and HG group were the negative controls in the transfection experiment). (B) Cell viability was monitored by CCK-8 assay. (C) Cell
migration was tested using Transwell inserts. (D-I) The protein expression of KLF6, TGF-p, MMP-9, Bcl-2, and Bax was detected by western
blotting. *P < .05 vs the NG group; “P < .05 vs the HG + si-NC group; n = 3 in each group
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(Figure 4B). The level of KLF6 was reduced accordingly,
while after transfection with anti-miR-204-3p, the level
was upregulated (Figure 4C,D). Taken together, these
results confirm that KLF6 is a direct target gene of
miR-204-3p.

4.9 | KLF6 overexpression neutralises
the protective effect of miR-204-3p

We designed a study to further elucidate the role of
KLF6 in the protective effect of miR-204-3p on high
glucose-induced HKCs. KLF6 overexpression abol-
ished the protective effect of miR-204-3p overexpres-
sion on HKC apoptosis (Figure 5A). Moreover, the
upregulation of cell proliferation and migration by
miR-204-3p transfection was also reversed by KLF6
overexpression (Figure 5B,C). Additionally, KLF6
overexpression inhibited the upregulation of TGF-f
and Bcl-2 protein expression and the downregulation
of MMP-9 and Bax protein expression in miR-204-3p-
transfected cells (Figure 5D-I).

5 | DISCUSSION

In this study, we confirmed that the expression level of
miR-204-3p in peripheral blood of newly diagnosed
T2DM patients was significantly lower than that of peo-
ple with normal glucose tolerance. Moreover, the expres-
sion level of miR-204-3p in peripheral blood of T2DM
patients associated with DFU was significantly lower
than that in T2DM patients without DFU. Multivariate
logistic regression analysis illustrated that the lower
expression of miR-204-3p was an independent risk factor
for DFU. Further analysis showed that the expression
level of miR-204-3p in peripheral blood and wound mar-
gin tissue of patients with DFU was closely related to the
healing rate of foot ulcer. Specifically, low expression of
miR-204-3p was associated with lower healing rate of foot
ulcer in T2DM patients associated with DFU. These
results suggested that the decreased expression of miR-
204-3p was not only a strong risk factor for the onset of
DFU but also as a potential biomarker for predicting the
ending of foot ulcer healing. To the best of our knowl-
edge, this is the first study that looked into the
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KLF6 overexpression neutralises the protective effect of miR-204-3p in high glucose-treated HKCs. High glucose-treated

HKCs were cotransfected with miR-204-3p and pcDNA or miR-204-3p and pcDNA-KLF6 for 48 hours. (A) Apoptosis was analysed using
flow cytometry. (B) Cell viability was monitored by CCK-8 assay. (C) Cell migration was tested using Transwell inserts. (D-I) The protein
levels of KLF6, TGF-p, MMP-9, Bcl-2, and Bax were determined by western blotting. *P < .05 vs the NG 4 miR-NC group; *P < .05 vs the

HG + miR-204-3p group; n = 3 in each group

relationship between changes of miR-204-3p expression
and the pathogenesis and treatment outcomes of DFU in
patients with T2DM.

Surprisingly, in the present study, in comparison with
the controls with normal glucose tolerance, the miR-
204-3p level in peripheral blood of T2DM patients was
significantly decreased. Furthermore, correlation analysis
demonstrated that the expression level of miR-204-3p
was negatively correlated with FPG, HbAlc levels in both
T2DM patients and T2DM patients associated with DFU.
These results suggest that the low expression of miR-
204-3p in the peripheral blood and wound margin tissues
of T2DM patients may be related to hyperglycemia. We
can not explain the reason for the down-regulation of
miR-204-3p expression in T2DM patients. However, a
previous study demonstrated that high blood sugar
potentially downregulates the expression of miR-24 by
inducing the activation of c-Myc,”® Therefore, more

studies are needed to clarify the mechanism of miR-
204-3p expression change in high glucose environment.
In fact, in the present study, the course of DFU was at
least 4 weeks, which was chronic refractory wound,
including the following clinical features: long history of
DM and poor long-term blood glucose control, combined
with varying degrees of abnormal lipid metabolism,
peripheral vascular lesion, and infectious inflammation
status. Multivariate regression analysis showed that the
courses of DM, HbAlc, ABI, and CRP were independent
influencing factors for the occurrence of foot ulcer, which
was consistent with findings of the previous studies.***
Notably, further analysis showed that the peripheral
blood miR-204-3p level in DFU group was significantly
lower than that in T2DM group. Multivariate regression
analysis provided evidence that the low expression of
miR-204-3p was an independent influencing factor in the
occurrence of DFU, correlations analysis showed that
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low expression of miR-204-3p was associated with lower
wound healing rate in T2DM patients associated with
DFU. These results suggest that decreased expression
of miR-204-3p was associated with poor wound healing
of DFU, miR-204-3p is involved in the pathogenesis of
DFU. However, the specific mechanism is not clear.

It is generally believed that DFU is harder to heal
than non-diabetic chronic skin wounds, and hyperglyce-
mia is an important adverse factor. In view of the
decreased expression of miR-204-3p in T2DM patients,
which is related to hyperglycemia, and the change of
miR-204-3p expression may affect the occurrence and
healing of DFU, we believe that hyperglycemia may have
a detrimental effect on DFU by regulating the role of
miR-204-3p. In order to further verify the above hypothe-
sis, we carried out in vitro experiments.

Known TGF-p is an important cytokine secreted by
HKCs and can act on fibroblasts to promote wound heal-
ing. In diabetic chronic wounds, increased expression of
MMP-9 is considered a critical factor leading to delayed
wound healing, and MMP-9 has, therefore, been addressed
as a vital therapeutic target using a specific inhibitor.”” In
addition, Bcl-2, Bax, and cleaved caspase-3 are all important
factors closely linked to apoptosis, with Bcl-2 inhibiting
apoptosis, and Bax and caspase-3 promoting apoptosis.*® In
the present study, in vitro experiments showed that the pro-
liferation and migration of high glucose-treated HKCs cells
were visibly decreased, while the proportion of apoptotic
cells was significantly increased, which is consistent with
previous reports.*® Moreover, the expression of miR-
204-3p, TGF-p, and Bcl-2 was markedly reduced. Further
studies showed that miR-204-3p overexpression can signifi-
cantly upregulate the expression of TGF-p and Bcl-2 pro-
teins in HKCs treated with high-glucose medium, increase
the proliferation and migration of HKCs, and reduce the
protein levels of MMP-9, Bax, and cleaved caspase-3 and
the apoptosis rate. These results indicate that miR-204-3p
can combat the functional impairment of HKCs under
high-glucose conditions and may participate in the process
of diabetic chronic wound repair.

It is found that high-glucose conditions are an impor-
tant influencing factor in regulating KLF6 expression.
KLFé6 is overexpressed in proximal tubular epithelial cells
in a diabetic rat model® and is obviously increased in a
diabetic pulmonary fibrosis rat model. Furthermore,
in vitro studies have shown that the expression of KLF6
can be induced by high-glucose conditions.>* Consistent
with these results, we found that the protein and mRNA
levels of KLF6 were markedly increased in high glucose-
treated HKCs in the present study. Inhibiting KLF6
expression significantly increased the protein levels of
TGF-p and Bcl-2 in high-glucose culture of HKCs,
enhancing their proliferation and migration, and reduced

Bax expression and the HKC apoptosis rate. These find-
ings indicate that KLF6 may play a pivotal role in HKC
injury under high-glucose conditions.

In this study, we found that there was a negative cor-
relation between the expression of KLF6 and the expres-
sion of miR-204-3p in the wound margin tissues of DFU
group. In addition, in vitro studies showed that the
increased protein and mRNA levels of KLF6 in HKCs
were attenuated by overexpression of miR-204-3p. To fur-
ther explore whether overexpression of miR-204-3p can
prevent HKC impairment induced by high-glucose treat-
ment by targeting KLF6, we used bioinformatics predic-
tion and a dual-luciferase reporter gene to verify that the
UTR of the KLF6 gene is a target of miR-204-3p. Upregu-
lating or downregulating the expression of miR-204-3p
significantly altered KLF6 levels, indicating that miR-
204-3p has a negative regulatory effect on KLF6 expres-
sion. Conversely, KLF6 overexpression reversed the effect
of miR-204-3p overexpression on the expression of TGF-f
and Bcl-2 and the proliferation and migration of HKC
and reduced the inhibitory effects of miR-204-3p overex-
pression on the expression of MMP-9 and Bax and apo-
ptosis. These results confirm that miR-204-3p can directly
target KLF6 to protect HKCs against functional damage
in a high-glucose environment.

In summary, we found that the decreased expression
of miR-204-3p in peripheral blood and wound tissue may
be associated with the pathogenesis and poor healing of
DFU, and demonstrate that miR-204-3p improves high
glucose-induced apoptosis and dysfunction in HKCs
in vitro by targeting the reduction of KLF6 expression, so
as to participate in wound healing. However, there are
some limitations in our study: (a) the single-centre study
had relatively small sample size, and there was an inevita-
ble selection bias in this study, thus more research is
needed to confirm the findings in our study; (b) The mech-
anism of miR-204-3p involved in wound healing process is
relatively preliminary; (c) The results of this study are
derived only from biochemical and functional studies
based on a two-dimensional monoculture system in vitro.
If these results are extended to the therapeutic concepts,
considerable limitations remain. Therefore, in future,
more studies are needed to explore target cell and tissue
interactions in appropriate models in vitro and in vivo.
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