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Background. Hair follicles are important accessory organs of the skin, and it is important for skin renewal and performs variety of
important functions. Diabetes can cause several dermatoses; however, its effect on hair follicles is unclear. The purpose of this
study was to investigate the effect of type II diabetes (T2DM) on the hair follicles of mice. Methods. Seven-week-old male
C57BL/6 littermate mice were divided into two groups. The treatment group was injected with streptozotocin (STZ) to induce
T2DM, and the control group was parallelly injected with the same dose of buffer. Seven days after injection, the back is
depilated to observe the hair follicle regeneration. Hair follicle regeneration was observed by naked eyes and HE staining. The
proliferation of the skin cells was observed by PCNA and K14 staining. The altered genes were screened by RNA sequencing and
verified by qRT-PCR. In addition, Lgr5+GFP/mTmG transgenic mice were used to observe the effect of T2DM on Lgr5 hair
follicle stem cells (HFSC). And the expression of WNT4 and WNT8A were measured by Western Blot. Results. T2DM inhibited
hair follicle regeneration. Compared to control mice, T2DM mice had smaller hair follicles, reduced skin thickness, and less
expression of PCNA and K14. RNA sequencing showed that the two groups had significant differences in cell cycle and
proliferation-related pathways. Compared with the control mice, the mRNA expression of Lgr4, Lgr5, Wnt4, and Wnt8a was
decreased in the T2DM group. Moreover, T2DM inhibited the activation of Lgr5 HFSC and the expression of WNT4 and
WNT8A. Conclusions. T2DM inhibited hair follicle regeneration and skin cells proliferation by inhibiting WNT-dependent Lgr5
HFSC activation. This may be an important reason for the reduction of skin renewal ability and the formation of chronic wounds
caused by diabetes. It is important for the treatment of chronic diabetic wounds and the development of tissue engineering.

1. Introduction

Diabetes affects more than 340 million people worldwide,
and about one-third of patients are accompanied by skin
disorders [1, 2]. Hyperglycemia causes damage to a wide
range of skin cell populations, including endothelial cells,
keratinocytes, fibroblasts, and neurons. Diabetic ulcers are
one of the common complications of diabetes, and about

20% of patients are affected by diabetic ulcers [3]. Diabetic
ulcer is difficult to heal and is usually accompanied by infec-
tion, which causes a significant economic burden to the
patients [4]. The most common diabetic ulcer is diabetic
foot, and about 6% of diabetic patients have different degrees
of foot infection and ulcers [5]. Between 0.03% and 1.5% of
patients require amputation because of long-term ulcers [6].
At present, the most useful methods to prevent foot
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complications are foot care and screening [7]. Until now,
there is no effective medication or method for the treatment
of diabetic ulcers.

The skin is the first line of defense against external
aggressions. The keratinocytes on the skin surface form a
natural barrier, which can prevent the invasion of various
microorganisms and physical and chemical substances.
There are various stem cell populations in the skin, and they
maintain the skin’s stability to resist the external environ-
ment by continuously proliferating new cells to replace the
aging skin cells [8]. When the cell proliferation capacity
decreases, the skin renewal rate will decrease. Undoubtedly,
when the cell proliferation rate cannot follow the skin
renewal requirements, it will increase the ulcers probability
and decrease wound healing. Previous studies have con-
firmed that diabetes can cause a variety of skin complica-
tions [1, 9]. In vivo studies have shown that hyperglycemia
can cause epidermal dysfunction, accelerate skin aging,
inhibit the proliferation and differentiation of keratinocytes,
and increase skin cell apoptosis [10–12]. In vitro studies also
proved that high-glucose environment can inhibit the differ-
entiation and function of human immortal keratinocyte line
(HaCaT), inhibit the viability of fibroblasts, and reduce the
migration of keratinocytes [1, 13–15]. These studies have
provided sufficient evidence for diabetes to reduce skin
renewal capacity. The classical opinion believes that diabetic
ulcers are usually caused by neuropathy, insufficient blood
supply, and infection [3]. However, the concept that the for-
mation of diabetic ulcers is associated with reduced skin
renewal capacity has not been widely accepted. Stronger evi-
dence is needed to support this view.

Hair follicle is a complex micro-organ in the dermis.
When the skin is injured, the epidermal stem cells in the hair
follicle are activated and migrated to the wound site and
then differentiated into epidermal cells, which contributes
to the reepithelialization of the wound [16, 17]. Mice with
defective hair follicle development showed a significant delay
in reepithelialization [18, 19]. Hair follicles are one of the
deepest components in the skin. The activation of hair folli-
cle stem cells (HFSCs) helps to repair non-full-thickness
skin injury, allowing missing skin to regenerate from hair
follicles. Leucine-rich repeat-containing G protein-coupled
receptor (Lgr5) is one of the biomarkers of HFSCs [20, 21].
The activation of Lgr5/Wnt/β-catenin signaling pathway is
the key to hair follicle regeneration. Lgr5 depletion inhibits
hair follicle regeneration [22]. This phenomenon is revers-
ible due to the transdifferentiation between stem cells [22].
In addition, the activation of HFSCs determines the hair fol-
licle cycle. The hair follicle cycle includes anagen, catagen,
and telogen [23, 24]. The anagen (active growth phase) is
the period when the hair follicles grow most vigorously. At
the same time, activated melanocytes secrete melanin to
defend against light radiation. During the catagen (transition
phase), follicle matrix cells stop proliferating and melano-
cytes stop secreting melanin. The size of the hair follicle
begins to decrease. During the telogen (resting phase), the
hair follicle shrinks further, and the hair begins to fall out.
When the body needs it, the hair follicles retransition from
the telogen to the anagen. Based on our experience, the hair

follicles of C57BL/6 mice transit from the anagen to the telo-
gen when they are 6-8 weeks old. Hair regrowth could be
observed 10-14 days after the back is depilated, and the skin
turns from white to bluish-black, which means that the
HFSCs start to proliferate. After 21 days, the new hair will
be the same length as the original hair.

Recently, hair follicle transplantation is considered a
promising method for the treatment of diabetic ulcer. Tradi-
tional hair follicle transplantation collects hair follicles from
the occipital region and transplants them to the bald area.
The transplanted hair follicles will regenerate new hair
within a few months [25]. Recent clinical studies show that
autologous hair follicle transplantation can promote wound
healing, especially diabetic ulcers [26–28]. For example, hair
follicle transplantation can promote the diabetic leg ulcers
healing and vascular regeneration [29]. Transplantation of
epidermal sheets derived from hair follicles can accelerate
chronic wound healing in patients with diabetes and chronic
venous insufficiency of the lower extremities [30, 31]. Com-
pared with abdominal skin without hair follicles, head skin
with hair follicles accelerates the diabetic ulcer healing
[32]. In addition, hair follicle transplantation can promote
the wound healing of autosomal recessive dystrophic epider-
molysis bullosa [33]. These studies not only prove the
importance of hair follicles in maintaining skin regeneration,
but also prove that hair follicles have great application
potential as a tissue engineering biomaterial.

Diabetes affects skin regeneration, but the effect of diabe-
tes on hair follicles is controversial. Only a few studies have
put forward the idea that diabetes is associated with hair
loss, but there is a lack of experimental proof [34–36]. We
hypothesize that diabetes reduces the skin renewal capacity
by inhibiting the hair follicles regeneration. Therefore, to
observe the effect of diabetes on the hair follicles, we used
streptozotocin (STZ) to induce type II diabetes (T2DM) in
mice and observed the hair follicles regeneration on the back
of the mice and explored the underlying mechanisms.

2. Materials and Methods

2.1. Ethical. The study related to animal use has been com-
plied with all the relevant national regulations and institu-
tional policies for the care and use of animals and has been
approved by the Animal Care and Use Committee of Shenz-
hen Second People’s Hospital.

2.2. Animals. Male C57BL/6 mice were purchased from
Charles River (Beijing, China). Lgr5 +GFP/mTmG mice,
which show green fluorescence in LGR5 protein and red
fluorescence in the cell membrane, were gifts from Prof.
Wang Xusheng of Sun Yat-sen University (Guangzhou,
China). Animals were housed at the animal center of the
Shenzhen Institute of Translational Medicine, under con-
stant temperature (22-26°C) and half-day light/dark cycle
schedule with free access to food (1025; HFK, Beijing,
China) and water. Mice were anaesthetized using isoflurane
(970-00026-00; RWD, Shenzhen, China).

After fasting for 16 hours, 20 mice were injected with
STZ (120mg/kg, dissolved in 0.028mol/L citric acid and

2 Journal of Diabetes Research



0.022mol/L sodium citrate buffer with pH4.4) to induce
T2DM [37]. Blood glucose levels were checked during the
2nd and 7th day after the injection. Mice with blood glucose
≥16.7mmol/L were included in the experiment. On the 7th
day of the experiment, hair on the back was removed with
Veet® hair removal cream and then continued to observe
the hair regrowth and hair follicle cycle transition.

2.3. Histology. At execution, mice were perfused with PBS.
Skin samples were fixed in 4% paraformaldehyde (PFA)
overnight and sent to Servicebio (Wuhan, China) for paraf-
fin fixation services. Five μm slides were stained using a
hematoxylin-eosin (H&E) kit (Servicebio, Wuhan, China).
Pictures were taken under a microscope scanning system
(SQS-40P, Shengqiang, Shenzhen, China).

2.4. Immunohistochemistry. For PCNA staining, the slides
were incubated at 65°C for 2 h and dewaxed with xylene
(15min, 15min), alcohols (100% 5min, 100% 3min, 95%
3min, 80% 3min), and water (5min, 5min). Slides were
soaked in a pH 6.0 citrate solution at 95°C for 12min and
naturally cooled for 30 minutes. Next, the slides were incu-
bated with endogenous peroxidase blocker (Kit-7310 reagent
1, Maixin, Fuzhou, China) for 15min at 37°C, nonspecific
staining blocker (Kit-7310 reagent 2, Maixin, Fuzhou,
China) for 60min, anti-PCNA antibody (A0264, ABclonal,
Wuhan, China) overnight at 4°C, biotin-labeled goat anti-
mouse/rabbit IgG polymer (Kit-7310 reagent 3, Maixin,
Fuzhou, China) for 30min at 37°C, and streptavidin-
peroxidase (Kit-7310 reagent 4) for 15min at 37°C. Diami-
nobenzidine (DAB, DAB-1031, Maixin, Fuzhou, China)
staining is used for the brown color and hematoxylin stain-
ing for the background. Seal the slides with neutral gum.

2.5. Immunofluorescence. To assess cell proliferation, we
used the immunohistochemistry kit (Kit-7310, Maixin,
Fuzhou, China). Briefly, slides were incubated with 3%
H2O2 for 30min at 37°C, nonspecific staining blocker for
60min, anti-K14 antibody (10143-1-AP, Proteintech,
Wuhan, China) overnight at 4°C, HRP secondary antibody
(ab150165, Abcam, Cambridge, UK) for 60min 37°C, and
DAPI (G1235-4, Servicebio, Wuhan, China). Pictures were
taken under a microscope (Revolve FL, Discover echo, San
Diego CA, USA).

2.6. RNA Sequencing. Samples were preserved in RNALater®
at 4°C overnight. Then, samples were stored in dry ice and
sent to the RNA-sequencing company (Nuomi, Suzhou,
China). The data were processed by cluster heatmap, vol-
cano map, Gene Ontology (GO), Reactome, and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis through the company technicians.

2.7. qRT-PCR. RNA samples were returned from the com-
pany after sequencing and transcribed to complementary
DNA (cDNA) by synthesis kit (K1622, Thermo, Waltham
MA, USA). Quantitative real-time PCR (qRT-PCR) kit was
purchased from Bimake (B21203, Bimake, Shanghai, China).
All the steps were performed according to the manufactur-
er’s instructions. The qRT-PCR analysis was performed on

an ABI-Q3 apparatus (ABI, Foster, USA) with normalization
to Gapdh as the reference gene. Details were described as
before [38, 39]. Primers sequences: Lgr4, forward 5′-CCCG
ACTTCGCATTCACCAA-3′, reverse 5′-CCTGAGGAAAT
TCATCCAAGTT-3′; Lgr5, forward 5′- CCTACTCGAAG
ACTTACCCAGT-3′, reverse 5′-GCATTGGGGTGAATGA
TAGCA-3′; Wnt4, forward 5′- AGACGTGCGAGAAACT
CAAAG-3′, reverse 5′- GGAACTGGTATTGGCACTCCT-
3′; Wng8a, forward 5′-GGGAACGGTGGAATTGTCCTG
-3′, reverse 5′-GCAGAGCGGATGGCATGAA -3′; Gapdh,
forward 5′-AGGTCGGTGTGAACGGATTTG -3′, reverse
5′-GGGGTCGTTGATGGCAACA -3′.

2.8. Western Blot. Details have been previously described [40].
Proteins were detected by anti-WNT4 and anti-WNT8A
(GB112192, GB112250, Servicebio, Wuhan, China) rabbit
polyclonal antibodies. Anti-β-TUBULIN mouse monoclonal
antibody was obtained from Servicebio (GB13017-2).

2.9. Statistics. Data are reported asmean ± standard deviation
(SD). Group size assayed in each experiment is indicated in
the figure legends. Group mean differences were analyzed by
Student’s t-test using GraphPad Prism 6 (San Diego, USA).
A P < 0:05 was considered statistically significant.

3. Results

3.1. T2DM Inhibits Hair Regrowth and Reduces Skin
Thickness. Mice were depilated on day 7 after successful
induction of T2DM. As expected, on the 10th day after dep-
ilation, there was a significant difference in hair regrowth
between the two groups. Compared to control group,
T2DM inhibited hair regrowth (Figures 1(a) and 1(b)). To
further confirm the inhibitory effect of T2DM on hair folli-
cles, we observed skin tissue sections. The H&E staining
showed that T2DM not only inhibited the hair follicles
regeneration, but also reduced the skin thickness
(Figures 1(c) and 1(d)). It means that T2DM may delay
the hair follicles cycle transition and inhibit skin cells prolif-
eration. Apart from this, we did not observe any changes in
other skin structures and organs.

3.2. T2DM Inhibits the PCNA Expression and K14
Proliferation. To study whether T2DM inhibited the hair fol-
licles regeneration and skin cells proliferation, we observed
the expression of PCNA and K14, which are important bio-
markers of cell proliferation. T2DM inhibited the expression
of PCNA in hair follicles and epidermis (Figures 2(a) and
2(b)). Also, T2DM reduced the fluorescence intensity of
K14 (Figures 2(c) and 2(d)). This shows that T2DM can
inhibit hair follicles regeneration and skin cells proliferation.

3.3. T2DM Inhibits HFSCs Activation and Cell Cycle-Related
Pathways. To explore the underlying mechanism of T2DM
inhibited skin cells proliferation and hair follicles regenera-
tion, we analyzed the differences in mRNA expression
between the two groups. The results showed that there were
significant differences in mRNA expression between the two
groups (Figures 3(a) and 3(b)). Moreover, the bioinformatics
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analysis of GO, Reactome, and KEGG showed significant dif-
ferences in the expression of genes related to cell cycle, prolif-
eration, and division (Figures 3(e), 3(f), and 3(g)). Compared
with the control group, T2DM significantly inhibited the
expression of Lgr4, Lgr5, Wnt4, and Wnt8a genes, which are
related to the activation of HFSCs (Figure 3(c)). The results
of qRT-PCR are consistent with the results of RNA sequenc-
ing (Figure 3(d)). These results suggest that T2DM inhibits
the proliferation of skin cell populations by inhibiting the cell
cycle. And it is closely related to LGR5/WNT pathway-
dependent HFSCs activation.

3.4. T2DM Inhibits Lgr5+ Hair Follicle Stem Cells Activation
and WNT Expression. To identify whether T2DM inhibited
WNT-dependent Lgr5 hair follicle stem cell activation, we
used Lgr5+GFP/mTmG mice. Compared with the control
mice, the green fluorescence of the T2DM mice was signifi-
cantly reduced as shown in Figure 4(a). Similarly, T2DM
suppressed the expression of WNT4 protein (Figure 4(b)).
However, the level of WNT8A protein was not significantly

different between the two groups, which may be related to
the lower group size and lower protein expression level
(Figure 4(c)).

4. Discussion

The cause of diabetic ulcers has been attributed to neuropa-
thy, insufficient blood supply, and infection [3]. Here, it is
the first time shown that T2DM inhibits the skin renewal
capacity by inhibiting the WNT-dependent Lgr5 hair follicle
stem cells activation. In addition, T2DM directly inhibits
cutaneous cells proliferation, including K14 and HFSCs, by
inhibiting the cell cycling. This may be a new mechanism
for the formation of diabetic ulcers. This study not only
explains why T2DM affects skin regeneration, but also gives
a new way for the development of treatments for diabetic
ulcers in the future.

There is no doubt that high glucose affects cells activity
and physiological functions. For example, high glucose can
inhibit the differentiation of neural stem cells [41] and also
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lead to the death of cardiac stem cells [42]. In this study,
T2DM inhibited the activation of Lgr5 HFSC, the prolifera-
tion of K14, and the production of PCNA, which means that
T2DM reduced the renewal capacity of the skin. The follow-
ing RNA sequencing results further proved our hypothesis
that the T2DM inhibited cell cycling. Because HFSCs can
differentiate into a variety of skin cells, we believe that
T2DM inhibits the skin renewal capacity by inhibiting the
Lgr5 HFSCs activation.

Hair follicles are distributed in most areas of the body,
but there are differences in distribution and morphology
[43]. In humans, most of the hair on the body surface is
small and colorless, while the hair on the head is longer
and denser. The hair follicles in the same area may also have
significant characteristics differences in different districts,
such as the top of the head and the headrest area. Compared
with the hair follicles on the top of the head, the hair follicles
of the headrest have stronger environmental adaptability

and can resist androgenetic alopecia [44]. Therefore, the hair
follicles in the headrest area are also considered as premium
donor sites for hair follicle transplantation [45]. Similarly, it
is considered that the skin from the head is more suitable to
be a donor site for skin grafting. It can be explained that the
headrest contains high-quality hair follicles, which increases
the success rate of skin grafting. In contrast, hair follicles
from nonpremium donor sites may have reduced prolifera-
tion and differentiation capacity due to environmental inter-
ference. As far as we know, Balb/c background nude mice
have no hair in most areas of their bodies, but a small
amount of hair growth can be observed on the head and
beard. This study focused the effect of T2DM on hair folli-
cles from the back of mice. As expected, these hair follicles
are sensitive to diabetes. This can explain why diabetic
patients have reduced skin renewal capacity and are more
likely to form chronic wounds. Nevertheless, diabetic ulcers
rarely occur on the head, and hair loss is not yet considered a
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Figure 2: T2DM inhibits skin cells proliferation. (a) Representative photos of PCNA in the skin. (b) T2DM decreased the PCNA expression
in hair follicles (control 13:31 ± 3:428 vs. T2DM 8:462 ± 5:272, brown area %, P = 0:0204, n = 5) and epidermis (control 14:4 ± 3:387 vs.
T2DM 9:2 ± 5:45, brown dot per 100 μm, P = 0:0387, n = 5). (c) Representative photos of K14 and DAPI staining in skin. (d) T2DM
reduced the depth of K14 in hair follicles (control 525:8 ± 250:5 vs. T2DM 212:2 ± 36:23, μm, P = 0:0353, n = 5). ∗P < 0:05.
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symptom of diabetes. Unfortunately, the effect of diabetes on
hair follicles of the head and the limbs in mice has not been
studied yet. This is also an important area to research upon
in the future.

In addition, the demand for glucose of hair follicles from
different regions is inconsistent. Generally, the growth of
hair follicles on the head has a higher energy requirement,
which is related to the metabolism of glucose and glucose
derivatives [46, 47]. Moreover, the glucose sensitivity of stem
cells activation and differentiation are inconsistent [48, 49].
For example, muscle stem cells have different requirements
for glucose during proliferation, resting, and differentiation
[50]. However, we have not found any research on the rela-
tionship between hyperglycemia and trunk hair follicles. At
least, our research supports the result that trunk hair follicles
are sensitive to hyperglycemia.

Skin grafting is the golden standard for the treatment of
large-area burns and full-thickness wounds [51–53]. The

success rate is related to problems, such as poor grafts, infec-
tions, and donor site morbidity [52, 54]. For diabetic
patients, skin grafting may also cause new wounds, which
may have complications and difficult to heal. For patients
with skin defects and burns that exceed 50%-60% of the total
body surface, autologous skin grafting is impractical due to
insufficient donor sites [53, 55]. Although autologous skin
grafting is the first choice, in some cases, artificial skin is also
a good choice. Besides, hair follicle transplantation can pro-
vide a source of autologous keratinocytes for wound healing.
Hair follicles can be obtained quickly and will not cause
large wounds. Therefore, hair follicle transplantation has
great potential in the treatment of diabetic ulcers. In addi-
tion to this, hair follicles can be proliferated through the hair
follicle recombination technology in vitro, and it can be used
in the treatment of patients with severe burns or diabetes. It
does not only reduce the need for donation area, but also
reduces the risk of infection. Recently, bioprinting
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Figure 3: RNA sequencing results. (a) Volcano map. (b) The mRNA expression levels between samples. (c, d) Lgr4, Lgr5, Wnt4, and Wnt8a
expression levels in RNA sequencing and qRT-PCR, respectively. (e, f, g) GO, Reactome, and KEGG bioinformatic analysis results.

12 Journal of Diabetes Research



technology has provided a good choice for wound repair. It
does not only print 3-dimensional bionic skin, but also cre-
ate a stable structure. Although there are more and more
biomaterials that combine stem cells with bioprinting, there
is no biomaterial containing hair follicles and HFSCs [53].
The development of biomaterials containing HFSCs or hair
follicle structure has potential application prospects and
clinical value.

We were interested to publish this study as soon as pos-
sible; therefore, this study has some limitations. First, the
group size is small, and we will increase the group size to
confirm the accuracy and universality of the research. Sec-
ond, we used male mice, and we are planning to use female
mice as well in our future study. Third, hair follicles in mice
are different from those in humans. It is not sure whether
the phenomenon that diabetes inhibits hair follicle regener-
ation also exists in humans. And it is uncertain alopecia is

related to diabetes; therefore, further research is needed.
Fourth, our research period is short. We only observed hair
follicle and skin changes within 3 weeks after T2DM induc-
tion. We did not observe changes in other skin structures
during this study period. Diabetes is known to cause chronic
organ injury. Longer study periods are required if the long-
term effects of T2DM on the skin are to be observed. Lastly,
our research only explains the phenomenon and mechanism
of T2DM inhibiting the regeneration of hair follicles on the
back of mice, and the rest of the site is still unclear. We are
planning to add more data in the future.

5. Conclusions

In summary, T2DM inhibits skin self-renewal by inhibiting
WNT-dependent Lgr5 HFSCs activation. It may be a key
factor in the formation of diabetic chronic wounds. This
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study not only provides a new explanation for the formation
of diabetic chronic wounds, but also provides a new theoret-
ical basis for hair follicle transplantation. Finding a mecha-
nism that can resist the HFSCs inhibitory effects of
diabetes may lead to the development of new drugs.
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Introduction. Autologous cell therapy (ACT) is one of the last options for limb salvage in patients with chronic limb-threatening
ischemia (CLTI) and diabetic foot ulcers (DFU). However, some patients may still undergo a major amputation even after ACT,
but the risk factors for this are not known. Therefore, the aim of our study was to assess the risk factors for major amputation in
patients with CLTI and DFU during a 2-year follow-up after ACT. Methods. One hundred and thirteen patients after ACT were
included in our study and divided into two groups: Group 1 with major amputation (AMP; n = 37) and Group 2 without
amputation (nAMP, n = 76). The risk factors for major amputation were evaluated before ACT and included factors relating to
the patient, the DFU, and the cell product. Results. The AMP group had significantly higher C-reactive protein (CRP) levels
compared to the nAMP group (22.7 vs. 10.7mg/L, p = 0:024). In stepwise logistic regression, independent predictors for major
amputation were mutation of the gene for methylenetetrahydrofolate reductase (MTHFR) with heterozygote and homozygote
polymorphism 1298 (OR 4.33 [95% CI 1.05-17.6]), smoking (OR 3.83 [95% CI 1.18-12.5]), and CRP > 10mg/L (OR 2.76 [95%
CI 0.93-8.21]). Lower transcutaneous oxygen pressure (TcPO2) values were observed in AMP patients compared to the nAMP
group at one month (24.5 vs. 33.2, p = 0:012) and at 3 months (31.1 vs. 40.9, p = 0:009) after ACT. Conclusion. Our study
showed that the risk for major amputation after ACT in patients with CLTI and DFU is increased by the presence of MTHFR
heterozygote and homozygote gene mutations, smoking, and higher CRP at baseline. Lower TcPO2 at one and 3 months after
ACT may also have a predictive value. Therefore, it is necessary to stop smoking before ACT, treat any infection, and, above
all, consider antiaggregation or anticoagulant treatment after the procedure.

1. Introduction

Diabetic foot ulcers (DFU) represent a late complication of
diabetes and result in delayed healing and often to minor
or major amputation and are associated with higher mor-
bidity and mortality [1–3]. A meta-analysis of 16 studies
reported that the 5-year mortality rate after major amputa-
tion in patients with diabetes and PAD was 62.2% [4].

The main factor leading to amputation is delayed
wound healing in patients with diabetes. Poor healing of
DFU is influenced by hyperglycaemia, chronic inflammation,
micro- and macrovascular dysfunction, and neuropathy [5,
6]. Other factors for impaired healing are immunological
abnormalities such as disruption of macrophage function,
altered function of keratinocytes and fibroblasts, and
decreased stem cell homing [2, 7, 8].
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One of the most important factors that influence ulcer heal-
ing is tissue perfusion. Chronic limb-threatening ischemia
(CLTI) represents the end stage of peripheral arterial disease
with high mortality and morbidity, increased rates of major
amputation, and decreased quality of life [9]. PAD affects
almost 20% of older Americans (above 60 years). The risk fac-
tors were hyperlipidemia, hypertension, diabetes, chronic kid-
ney disease, and smoking. Firnhaber and Powell described the
risk of PAD to be ten times higher in patients with at least three
of these factors [10]. Levels of circulating omentin-1 have been
proved to be associated with the severity of PAD [11].

Cigarette smoking is a major risk factor for cardiovascu-
lar disease, stroke, and mainly PAD [12]. Tobacco use also
has a strong correlation with CLTI [13, 14].

One of the factors influencing tissue perfusion is hemo-
coagulation disorders [15, 16]. Acquired abnormalities of
the coagulation cascade and inherited thrombophilia in
patients with diabetes can be a predictive factor for throm-
bosis [17]. Methylenetetrahydrofolate reductase (MTHFR)
with polymorphism A1298C (MTHFR A1298C) may be
associated with high levels of homocysteine and increases
the risk of cardiovascular disease [18].

Another factor that contributes to impaired wound heal-
ing and reduced tissue oxygenation is infection. Acute
inflammatory marker C-reactive protein (CRP) helps to
diagnose infection at an early stage [19]. The presence of
raised CRP and reduced lower limb perfusion significantly
decreased wound healing in diabetic patients with CLTI
[20]. CRP and increased proinflammatory cytokines inter-
leukin 6 correlated with worse outcomes after endovascular
procedure in patients with diabetes and PAD [21].

To reduce amputations in patients with CLTI and DFU,
additional methods are needed to improve tissue oxygenation.
Autologous cell therapy (ACT) represents an important ther-
apeutic role in CLTI in whom revascularization is not an
option (no-option CLTI, NO-CLTI) [22]. The goal of ACT
is to promote the growth of collateral vessels through neovas-
cularization and arteriogenesis. Nowadays, it is reserved only
for NO-CLTI because in accordance with international guide-
lines, we should always prefer standard revascularization pro-
cedures if possible and to reserve cell therapy only for patients
in clinical trials [9]. The cost of this procedure is usually com-
parable to that of PTA with stenting. ACT may reduce ampu-
tation rate, rest pain, and tissue loss and lead to a decrease in
mortality and an increase in amputation-free survival [23].
At our centre, we have extensive experience in the use of
ACT in management of CLTI and DFU [24]. Although we
have shown that this treatment reduces the risk of amputation,
we cannot prevent this complication in some patients. There-
fore, we decided to analyse the factors that may increase the
risk of amputation even after ACT.

The aim of our study was to assess the factors that
increase the risk of major amputation in patients with CLTI
and DFU during a 2-year follow-up after ACT.

2. Methods

One hundred and thirteen patients with diabetes type 1 or 2,
CLTI, and chronic foot ulcer that were not suitable for stan-

dard revascularization and treated in our foot centre during
the last 13 years were included in the study and treated with
ACT. For the purposes of this study, patients were divided
into two groups (Group 1 (n = 37) with major amputation
(AMP) and Group 2 (n = 76) without amputation (nAMP))
and followed up for 2 years after ACT. Demographic and
baseline characteristics of both groups are shown in Table 1.

Exclusion criteria for ACT were as follows: deep infec-
tion in the foot, limb edema, untreated advanced diabetic
retinopathy requiring laser therapy or retinopathy with high
risk of retinal bleeding, severe hematological disease and
deep vein thrombosis, myocardial infarction or stroke in
the last 6 months, neoplastic process of any organ, and life
expectancy less than 6 months.

The CLTI was evaluated by angiography, ultrasound,
computed tomography, or magnetic resonance angiography
of the lower limb and by transcutaneous oxygen pressure
(TcPO2) of less than 30mmHg at baseline (measured by
Radiometer TCM400, Radiometer Medical ApS, Brønshøj,
Denmark). Patients with CLTI and DFU were consented
for ACT after discussion with interventional radiologists,
vascular surgeons, and foot care specialists.

All factors that might potentially increase risk for
amputation were assessed at baseline and before ACT and
were divided into three groups: first group was patient-
related factors such as patient’s age, body mass index,
smoking history, diabetes duration and diabetes control,
and laboratory results such as CRP, number of leucocytes,
renal function, serum lipids, coagulation parameters (levels
of protein S, protein C, fibrinogen, and homocysteine), and
thrombophilic mutations (factor V Leiden, prothrombin
mutation MTHFR C677T and A1298C). The second group
included ulcer characteristics (size and depth, presence of
infection, edema, and limb perfusion, presence of ischemia
and gangrene, and value of TcPO2). The third group of
factors was related to the cell product that included cells’
viability, number of leukocytes, and CD34+ cells (Table 1).

Foot ulcers were classified byWIfI score assessing the size of
the wound, presence of infection and/or ischemia, and by other
classification systems focused on foot ulcers, ischemia, and
infection (PEDIS, TEXAS, and Wagner; Table 2). The presence
of local inflammation was confirmed if any of the following
were present: purulence, erythema, tenderness, warmth, or
induration with limitation to the skin and tissue [25].

We have described the ACT method in detail in our
previous publication [24]. Briefly, the ACT was obtained from
bone marrow from the iliac crest using a Jamshidi needle
under local or general anesthesia. The separation of mononu-
clear fraction was performed either by Harvest Smart PReP2
(Harvest Technologies Corporation, Plymouth, MA, USA)
or by succinyl gelatin (Gelofusine; B. Braun, Melsungen, Ger-
many) which accelerated erythrocyte sedimentation.

The final suspension, a volume of 40-60mL, was
injected intramuscularly in the ischemic lower limb in a
series of 40–50 punctures injecting 1mL at each site and
keeping 1-2 cm distance between them on both sides of
the gastrocnemius muscle, deep into the soleus muscle
and into the dorsal and plantar muscles and also into the
edges of the wound.
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Table 1: Baseline characteristics of patients.

Amputation (AMP) (n = 37) Without amputation (nAMP) (n = 76) p

Sex

Male 30 (81%) 64 (84%)

NS

Female 7 (19%) 12 (16%)

Age (years) 66 ± 13:7 67 ± 10:5
Cholesterol (mmol/L) 4:0 ± 0:9 4:2 ± 1:1
LDL cholesterol (mmol/L) 2:3 ± 0:74 2:4 ± 0:98
Body mass index (kg/m2) 27.8 26.7

Malnutrition 8 (22%) 15 (20%)

Diabetes mellitus

Diabetes type 1 5 (14%) 19 (25%)

NS
Diabetes type 2 32 (86%) 57 (75%)

HbA1c (mmol/mol) 57 ± 16:7 58:7 ± 13:5
Duration of diabetes (years) 25:6 ± 13:2 24:9 ± 12:1
CRP (mg/L) 22:7 ± 28 10:7 ± 12 p = 0:024

Comorbidities

Chronic kidney disease (CKD) 2.43 2.63

NS
Modification of diet in renal disease study
equation (MDRD)

0.74 0.95

Chronic heart failure 26 (70%) 41 (54%)

Smoking

Smoker 5 (13%) 9 (12%)

NS
Ex-smoker 21 (57%) 22 (29%)

Years of history of smoking 23 ± 20 18 ± 18
Nonsmoker 11 (30%) 45 (59%)

Treatment

Acetylsalicylic acid 22 (59%) 34 (45%)

NS

Clexane 2 (5%) 6 (8%)

Clopidogrel 5 (14%) 12 (16%)

Rivaroxaban 0 (0%) 5 (7%)

Dabigatran 2 (5%) 12 (16%)

Warfarin 6 (16%) 7 (9%)

Statins 25 (68%) 37 (49%)

Vascular interventions

Percutaneous transluminal angioplasty (PTA)
(number of patients (%)/number of procedures)

35 (95%)/1.62 29 (38%)/1.74
NS

Bypass (number of patients (%)/number of procedures) 13 (35%)/0.59 25 (33%)/0.36

Cultivation

MRSA or ESBL infection 5 (14%) 7 (9%)

NSAnother ATB-resistant infection 6 (16%) 23 (30%)

Osteomyelitis 6 (16%) 23 (30%)

Osteomyelitis

Osteomyelitis in X-ray 11 (29.7%) 33 (43.4%)
NS

Positive probe to bone test 6 (16%) 17 (22%)
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Patients were followed up at intervals of 1, 3, and 6
months and after 1 and 2 years after therapy. At baseline
and at each follow-up visit, TcPO2 was measured. The effect
of ACT was evaluated by ulcer healing and changes in
TcPO2 and compared to baseline values. All patients were
checked up biweekly or monthly and received best local
wound care with regard to their type of wound (iodium-
based solutions for gangrene or wet healing dressings for
chronic nonhealing ulcers); in some cases for deep wounds,
a negative pressure wound therapy was used.

3. Statistical Analysis

Statistical analysis was done using BMDP Statistical Soft-
ware Inc. 8.1 (Medcalc, Ostend, Belgium) and Medcalc
version 17.8.6. We used the χ2 test, stepwise logistic regres-
sion, and calculated univariate odds ratios (ORs), with 95%
confidence intervals (CIs). The figures were performed by
GraphPad Prism 7.0.4 (GraphPad Software, La Jolla, CA,
USA).

4. Results

Of the 113 patients included in the study, 37 underwent
major amputation and 76 did not have an amputation dur-
ing the 2-year follow-up. There was no difference in patients’
characteristics between the amputated and nonamputated
groups at baseline (Table 1). The time to major amputation
in the AMP group is shown in Figure 1. The classifications of
DFU at baseline and up to 6 months in both groups are
shown in Table 2.

In a stepwise logistic regression, the independent pre-
dictors for amputation after ACT were MTHFR A1298C
mutation, previous or present smoking history, CRP > 10
mg/L at baseline, and a decrease in TcPO2 1 month after
ACT (Table 3). The most important predictor for major
amputation (OR 4.33 [95% CI 1.05-17.6]) was MTHFR
mutation with homo- and heterozygous polymorphism
A1298C. Our results also confirmed tobacco use as a signifi-
cant risk factor of major amputation almost 4 times in
smokers compared to ex-smokers (OR 3.83 [95% CI 1.18-
12.5]). CRP represented a risk factor with levels higher than

Table 1: Continued.

Amputation (AMP) (n = 37) Without amputation (nAMP) (n = 76) p

Prothrombophilic factors

MTHFR A1298C 22 (61%) 29 (38%)

NS

Homocysteine (μmol/L) 12.07 16.51

MTHFR C677T 13 (35%) 31 (41%)

Homocystein (μmol/L) 12.80 15.40

Protein C (%) 105:9 ± 29:1 104 ± 29:6
Protein S (%) 90:7 ± 31:8 98:8 ± 34:3

Cell product

Viability (%) 96.2 93.9

NSTotal CD34+ in product (∗106) 12.6 13.9

Total leucocytes in product (∗109) 2.6 2.2

Table 2: Classification systems of DFU at baseline and at all follow-up visits.

AMP nAMP
Baseline
(n = 37)

1M
(n = 35)

3M
(n = 29)

6M
(n = 14)

Baseline
(n = 76)

1M
(n = 76)

3M
(n = 72)

6M
(n = 71)

Wagner (mean) 3.43 3.40 3.14 2.93 2.87 2.79 1.78 1.06

Wagner 3 (%) 6 (16%) 8 (23%) 8 (28%) 3 (21%) 7 (9%) 9 (38%) 5 (7%) 4 (6%)

Wagner 4 (%) 24 (65%) 21 (60%) 11 (38%) 4 (29%) 33 (43%) 30 (12%) 12 (17%) 4 (6%)

PEDIS infection 1.54 1.91 2.07 2.00 0.68 0.58 0.22 0.08

WIfI (mean)

Wound 1.81 1.91 2.00 1.93 1.93 1.84 1.74 0.86

Ischemia 2.95 2.49 2.31 1.93 2.97 2.20 1.74 1.48

Foot infection 0.57 0.91 1.07 1.00 0.64 0.47 0.19 0.07

TEXAS (%)

TEXAS B only infection 0 (0%) 1 (3%) 5 (17%) 1 (7%) 0 (0%) 0 (0%) 2 (3%) 2 (3%)

TEXAS C only ischemia 28 (76%) 14 (40%) 3 (10%) 4 (29%) 49 (64%) 33 (43%) 26 (36%) 20 (28%)

TEXAS D infection and ischemia 9 (24%) 17 (49%) 16 (55%) 5 (36%) 27 (36%) 27 (36%) 4 (6%) 1 (1%)

4 Journal of Diabetes Research



10mg/L (OR 2.76 [95% CI 0.93-8.21]). CRP levels in the
AMP group were higher in comparison with those of the
nAMP group (22.7 vs. 10.7mg/L, p = 0:024; Figure 2).

Lower TcPO2 values were observed in AMP patients
compared to the nAMP group at one month (24.5 vs. 33.2,
p = 0:012) and at 3 months (31.1 vs. 40.9, p = 0:009) after
ACT (Figure 3). The results also showed that a decrease in
TcPO2 by 1mm Hg increased the risk of major amputation
by 4% (OR 0.959; 95% CI 0.926-0.993).

We observed the presence of multiresistant bacteria in
the wound swabs (methicillin-resistant Staphylococcus
aureus, Proteus sp., Klebsiella sp.) in both groups without a
significant difference between them (Table 1). The WIfI

scores (AMP 3.8 vs. nAMP 3.7, NS) and SINBAD scores
(AMP 4.1 vs. nAMP 4.1) were not different between the
AMP and nAMP groups at baseline (Table 1).

5. Discussion

This is the first study to report on amputation after ACT.
We have shown that the main major amputation risk factors
in patients with DFU and CLTI treated by ACT were
MTHFR A1928C mutation, smoking, elevated CRP, and
decrease in TcPO2. Many of these factors have been associ-
ated with amputations in other studies, but have not been
evaluated after ACT [26–28].

In our study, the incidence of major amputations over
the 2 years after ACT was 32.7%; however, majority of the
patients underwent an amputation in the first 6 months
(Figure 1). The incidence of major amputation in patients
with diabetes and CLTI in the literature is very high (23-
72%) [9, 29]. Kalbaugh et al. observed in a retrospective
population-based analysis incidence of major amputation
in 72% of patients with CLTI and predominantly in diabetic
patients in 61% within 16 years [29].

Risk factors for amputation have been studied previ-
ously. The risk of major amputation was, for example,
higher in men, people with neuropathy, foot ulcers with
higher Wagner score, patients with worse diabetes control,
with higher leucocytes, thrombocytes, C-reactive protein,
and decrease in HDL-cholesterol, albumin, C-peptide, uric
acid, and ankle-brachial index below 0.8 [26–28]. Prior
minor amputation increased the risk of subsequent major
amputation ten times and almost twentyfold increased risk
of minor reamputation [27].

In our study, in contrast to previous studies, we demon-
strated the predictive value of TcPO2 measured at 1 month
after ACT for major amputation. TcPO2 is a commonly used
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Figure 1: Time to amputation in the AMP group (n = 37).

Table 3: Independent predictors for major amputation.

Factor OR 95% CI

MTHFR A1298C 4.33 1.05-17.6

Smoking 3.83 1.18-12.5

CRP > 10mg/L 2.76 0.93-8.21

TcPO2 at 1 month 0.959 0.926-0.993
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Figure 3: TcPO2 in the AMP and nAMP groups up to 6 months
after ACT. ∗∗ represents a significant difference between the
AMP and nAMP groups in 1 month and 3 months.

5Journal of Diabetes Research



indicator of the effect of ACT on improving tissue perfusion
[30]. We believe that our study could contribute to more
usage of TcPO2 to assess the effect of ACT in upcoming
studies, because TcPO2 directly evaluates microcirculation
(and therefore can assess the formation of new collaterals)
and usually is more definitive and less variable than the laser
Doppler flowmetry. The increased value of TcPO2 may indi-
cate the revascularization effect of cell therapy and improve-
ment in limb perfusion. We assume that both values are
important—rate of TcPO2 increase and the absolute value
of TcPO2—at the end of the follow-up period, but we do
not suppose that there is an absolute TcPO2 threshold that
could predict the major amputation after ACT because
amputation could be influenced by other factors such as
osteomyelitis, cellulitis, or unbearable pain.

Another factor that is not usually listed among the risks
for major amputation is inherited thrombophilia. An associ-
ation of thrombophilic mutations with other pathological
conditions has been published. For example, an association
of the polymorphism MTHFR A1298C was strongly associ-
ated with the presence of end-stage renal disease [18].
MTHFR A1298C is found in 7 to 12% of North American,
European, and Australian populations [31]. In our study,
we observed substantially higher prevalence of this mutation
(38% in nAMP group and 61% in AMP group). Gemmati
et al. demonstrated the interaction between MTHFR homo-
zygotes and the prevalence of and also the increased risk for
both arterial and venous thromboses [32]. Lupi-Herrera
et al. observed a higher risk of arterial and venous thrombo-
embolic disease and described an increase in massive and
submassive pulmonary embolism and acute myocardial
ischemia in patients with MTHFR A1298C (p = 0:017) and
increased homocysteine levels [33]. In our study, we did
not show a clear association of major amputations with
higher homocysteine levels, although there is a pathogenetic
link between the MTHFR mutation and homocysteine [31].
Homocysteine is an intermediate amino acid containing a
sulfhydryl group that comes from the methylation of methi-
onine. The accumulation of homocysteine leads to patholo-
gies such as rheumatoid arthritis, cancer, and vascular
occlusive disease, and it is used also as a coronary artery dis-
ease risk factor [33, 34]. Hyperhomocysteinemia in associa-
tion with accelerated atherosclerosis is an independent risk
factor for cardiovascular, cerebrovascular, and peripheral
artery disease. Homocysteine induces endothelial dysfunc-
tion and vascular inflammation [35].

Another important predictor of major amputation in our
study was tobacco use. Smoking increased the risk of major
amputation in patients after ACT almost four times (OR
3.83). The risk of PAD increases after 30 years of smoking,
with cardiovascular disease after 20 years, and intense smok-
ing of more than 20 cigarettes daily increased the probability
of subclinical PAD in comparison with lower intensity use
[36, 37]. In patients who stop smoking, the risk would return
to the level of nonsmokers after 10 years of smoking cessa-
tion [36]. Kianoush et al. observed an 8-fold increased risk
of PAD, with ankle-brachial index less than 1.0, and also
an increase in aortoiliac calcium by almost tenfold in
smokers [37].

Another independent predictor for major amputation
after ACT was CRP above 10mg/L. Chronic inflammation
with elevated CRP has been shown to be associated with
PAD [9]. In studies evaluating DFU and osteomyelitis in
people with diabetes, it was observed that CRP above
35mg/L had a sensitivity of 80% and specificity of 89% for
the presence of diabetic foot infection [38]. A higher CRP
level in patients with CLTI has been associated not only with
increased risk of major amputation but was also with higher
mortality and poorer prognosis [39].

Our study showed no significant differences between
groups in LDL cholesterol, but in both groups the values of
LDL-c were above the recommended levels. All included
patients met the criteria of high risk of proatherosclerotic
changes and cardiovascular disease, but at baseline, it did
not meet the recommended levels of 1.8mmol/L of LDL
cholesterol (AMP 2:25 ± 0:74 vs. nAMP 2:4 ± 0:98) [40].

The DFU classification was without significant differ-
ences between the AMP and nAMP groups because
patients included in our study had advanced diabetic com-
plications such as neuropathy and CLTI and most of them
were classified in the higher grades of WIfI and other clas-
sification systems. Their chronic ulcers were either deep
and colonised with bacteria or gangrenous that worsened
the prognosis of the wound (Table 1).

Therefore, we feel that the findings from our study could
help with selection of the patients for ACT. To maximize the
success of ACT, we should instruct patients to stop smoking
and increase their adherence with DFU treatment and to
aggressively treat infection before the ACT procedure. Test
of MTHFR gene prior to ACT could possibly prevent later
thrombotic complications after the procedure by early indi-
cation of antithrombotic treatment. On the other hand, this
test is very expensive and the prothrombotic status is also
dependent on the levels of homocysteine [31].

6. Study Limitations

All patients who included in the study had severe PAD with
no revascularization possibilities and as mentioned were
NO-CLTI patients. ACT was performed as the last treatment
option before considering limb amputation. The results of
the study may be affected by the lower number of patients
in the groups. The indication for amputation was made on
the basis of a group decision of experts and the patient’s
opinion; however, a more subjective bias cannot be
excluded. The nature of the study meant that a control group
could not be included. Some of the baseline data could not
be influenced such as smoking history, long-term glycaemic
control, or LDL cholesterol levels.

7. Conclusion

The results of our study showed that the risk of major ampu-
tation in patients with diabetes after ACT with no-option
CLTI is increased by inherited thrombophilia—MTHFR
A1298C gene mutations, smoking, and higher CRP levels
before ACT treatment. The decrease in TcPO2 1 month after
ACT may also have a predictive value for major amputation.
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Therefore, for these patients, it is necessary to stop smoking
and before ACT treat any diabetic foot infection. After ACT,
it is advisable to monitor the level of TcPO2 and, above all,
consider adequate antiaggregation or anticoagulant treat-
ment after the procedure mainly in patients with thrombo-
philic mutations.
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Fibroblasts are the essential cell type of skin, highly involved in the wound regeneration process. In this study, we sought to screen
out the novel genes which act important roles in diabetic fibroblasts through bioinformatic methods. A total of 811 and 490
differentially expressed genes (DEGs) between diabetic and normal fibroblasts were screened out in GSE49566 and GSE78891,
respectively. Furthermore, the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways involved in type 2 diabetes were
retrieved from miRWalk. Consequently, the integrated bioinformatic analyses revealed the shared KEGG pathways between
DEG-identified and diabetes-related pathways were functionally enriched in the MAPK signaling pathway, and the
MAPKAPK3, HSPA2, TGFBR1, and p53 signaling pathways were involved. Finally, ETV4 and NPE2 were identified as the
targeted transcript factors of MAPKAPK3, HSPA2, and TGFBR1. Our findings may throw novel sight in elucidating the
molecular mechanisms of fibroblast pathologies in patients with diabetic wounds and targeting new factors to advance diabetic
wound treatment in clinic.

1. Introduction

As the global population ages, the incidence of diabetes is
rapidly increasing during recent decades [1]. Diabetic foot
ulcers (DFUs) are one of the most common and serious
complications of diabetes. It was reported that the incidence
of DFUs was up to 4% in diabetes [2]. The mechanism of
DFUs remains unclear, and many factors contributed to
the delayed healing of it, throwing a significant burden on
patients with diabetic wound [3]. Early diagnosis and inter-
vention of diabetic wound are important for reversing the
poor prognosis of DFUs [4]. Unfortunately, few distinctive
diagnostic biomarkers have been reported and demonstrated
in diabetic wound. Thus, it is of great necessity to screen out
the novel diagnostic biomarkers involved in the develop-
ment of diabetic wound.

Fibroblasts are the essential cell type of skin, highly involved
in the wound regeneration process, and acted in wound healing

by interacting with other cells including keratinocytes and
endothelial cells [5]. Exosomal miR-20b-5p derived from the
high-glucose impaired fibroblast proliferation and differentia-
tion, and delayed diabetic wound healing, suggesting the
crucial role of fibroblasts in diabetic wound healing [6]. Fur-
thermore, accumulative evidences have demonstrated the
important role of genetic and epigenetic regulation in diabetic
wound healing [7, 8].

In this study, we sought to identify the DEGmodulation in
diabetic fibroblasts by using bioinformatic methods. These
findings may provide useful insights into understanding the
molecular mechanisms of fibroblast pathologies in patients
with DFUs.

2. Materials and Methods

2.1. DEG Identification. Microarray data of datasets compar-
ing diabetes and the healthy controls were screened out from
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the Gene Expression Omnibus database (GEO, http://www
.ncbi.nlm.nih.gov/geo). DEGs were performed by Limma in
R, and p values < 0.05 were considered as statistically signifi-
cant. R package pheatmap was used to visualize Log2 mRNA
gene expression. Using Circlize and ComplexHeatmap in R,
common DEGs from different datasets were identified and
visualized. The circular visualization of chromosomal infor-
mation of common DEGs was achieved with circular visuali-
zation in R.

2.2. GO and KEGG Analyses. DAVID, an online bioinformat-
ics tool, was used to performGO and KEGG analyses. The top
ten GO terms in biological process, molecular function, and
cellular component and top five KEGG pathways were identi-
fied using the enrichment analysis. The result of enrichment
analysis of hub genes was visualized with GOplot. DEGs were
imported into Search Tool for the Retrieval of Interacting
Genes (STRING) to construct the PPI network. Then, the
TSV file of PPI network was imported into Cytoscape 3.7.2.
The interactions between enriched KEGG pathways were cal-
culated and visualized by Cytoscape 3.7.2.

2.3. Retrieval of KEGG Pathways Involved in Type 2 Diabetes
and Calculation of Shared Pathways between Enriched
Pathways and Type 2 Diabetes.miRWalk is an online bioinfor-
matics atlas tool. In this study, the KEGG pathways involved
in type 2 diabetes were retrieved from miRWalk. Then, the
intersection of enriched KEGG pathways (p ≤ 0:05) and type
2 diabetes-related KEGG pathways was obtained with Draw
Venn Diagram (http://bioinformatics.psb.ugent.be/webtools/
Venn/). The top shared KEGG pathway with the smallest p
value was selected. The enriched DEG-related part of the
KEGG pathway was established with the PPT drawing tool.

2.4. Targeted Transcript Factor Prediction. http://amp.pharm
.mssm.edu/Enrichr/, the online predicting tool, was used to
predict targeted transcript factors of enriched DEGs in the
shared KEGG pathway. The prediction result was visualized
by Gephi.

3. Results

3.1. DEG Identification. Datasets of GSE49566 and GSE78891
were obtained from GEO, which are the genes from human
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Figure 1: Heatmap of the DEGs between type 2 diabetes and normal people in GSE49566 and GSE78891: (a) heatmap clustering of the DEGs in
GSE49566; (b) gene expression information of each sample before standardization in GSE49566; (c) gene expression information of each sample
after standardization in GSE49566; (d) heatmap clustering of the DEGs in GSE78891; (e) gene expression information of each sample before
standardization in GSE78891; (f) gene expression information of each sample after standardization in GSE78891.
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Figure 2: The information of common DEGs: (a) 34 common DEGs were identified between the two datasets; (b) the gene position
information of the 34 common DEGs.
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skin fibroblasts (Figure 1). There were three type 2 diabetes
samples and six normal in GSE49566. There were six type 2
diabetes samples and five normal in GSE78891. 446 upregu-
lated and 365 downregulated DEGs were identified in
GSE49566. 242 upregulated and 248 downregulated DEGs
were identified in GSE78891. Totally, there were 34 common
DEGs identified. They were STMN2, HAPLN1, PTN, POSTN,
MAPKAPK3, CDH11, TLE1, ZFAND5, C9orf3, EMX2,
TIPRL, MEIS1, FZD6, SLC6A8, SLC7A1, TGFBR1, EMP1,
HSPA2, PLCB1, KISS1, HOXD4, EYA2, SERP1, UBL3,
GTF2H1, MYO1E, LMAN1, BMP2, CTNNAL1, SDC1,
GUCA1A, SUB1, ZC3H15, and MBP (Figure 2).

3.2. GO and KEGG Pathway Enrichment Analysis.GO analysis
results showed that common DEGs were significantly enriched
in skeletal system development, cell surface, protein binding,
mesenchymal differentiation, pathway-restricted SMAD pro-
tein phosphorylation, cardiac epithelial to mesenchymal transi-

tion, heart development, in utero embryonic development,
regulation of transcription, DNA-templated, and skeletal sys-
temmorphogenesis (Table 1). KEGG pathway analysis showed
that the common DEGs were significantly enriched in a path-
way in cancer, signaling pathways regulating pluripotency of
stem cells, Hippo signaling pathway, MAPK signaling path-
ways, and basal cell carcinoma pathway (Table 2). The infor-
mation and interaction of the GO and KEGG terms are
demonstrated in Figure 3.

3.3. Retrieval of KEGG Pathways Involved in Type 2 Diabetes
and Calculation of Shared Pathways between Enriched
Pathways and Type 2 Diabetes. The KEGG pathways linked
with type 2 diabetes were obtained from miRWalk. They are
listed in Table 3. Totally, there were 44 KEGG pathways
involved in the development of type 2 diabetes. The common
KEGG pathway between DEGs and type 2 diabetes with the
highest p value was the MAPK signaling pathway. The part

Table 1: Functional enrichment analysis of the DEGs. Top 10 terms were selected according to p value.

Term Name Count p value Genes

GO:0001501, BP
Skeletal system
development

5 2:3E − 5 POSTN, BMP2, CDH11, TGFBR1, HAPLN1

GO:0009986, CC Cell surface 5 3:7E − 3 BMP2, FZD6, PTN, HSPA2, TGFBR1

GO:0005515, MF Protein binding 18 6:1E − 3
EMX2, POSTN, TLE1, EYA2, FZD6, ZFAND5, STMN2, HSPA2,

SLC7A1, TGFBR1, KISS1, LMAN1, BMP2, MEIS1, MAPKAPK3, TIPRL,
MBP, PLCB1

GO:0048762, BP
Mesenchymal cell
differentiation

2 9:9E − 3 BMP2, TGFBR1

GO:0060389, BP
Pathway-restricted SMAD
protein phosphorylation

2 1:6E − 2 BMP2, TGFBR1

GO:0060317, BP
Cardiac epithelial to

mesenchymal transition
2 1:6E − 2 BMP2, TGFBR1

GO:0007507, BP Heart development 3 2:2E − 2 BMP2, PTN, TGFBR1

GO:0001701, BP
In utero embryonic

development
3 2:3E − 2 BMP2, ZFAND5, TGFBR1

GO:0006355, BP
Regulation of

transcription, DNA-
templated

6 3:5E − 2 EMX2, MEIS1, BMP2, TLE1, EYA2, TGFBR1

GO:0048705, BP
Skeletal system
morphogenesis

2 3:9E − 2 ZFAND5, TGFBR1

BP: biological process; MF: molecular function; CC: cellular component.

Table 2: Pathway enrichment analysis of the DEGs. Top 5 KEGG pathways were selected according to p value.

Term Name Count p value Genes

hsa05200 Pathways in cancer 4 8:4E − 3 BMP2, FZD6, PLCB1, TGFBR1

hsa04550 Signaling pathways regulating pluripotency of stem cells 3 1:1E − 2 MEIS1, BMP2, FZD6

hsa04390 Hippo signaling pathway 3 1:2E − 2 BMP2, FZD6, TGFBR1

hsa04010 MAPK signaling pathway 3 3:3E − 2 MAPKAPK3, HSPA2, TGFBR1

hsa05217 Basal cell carcinoma 2 6:1E − 2 BMP2, FZD6

KEGG: Kyoto Encyclopedia of Genes and Genomes.
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of the MAPK signaling pathway related to the DEGs was
established (Figure 4). MAPKAPK3, HSPA2, TGFBR1, and
p53 signaling pathways were involved.

3.4. Targeted Transcript Factor Prediction. The targeted tran-
script factors of MAPKAPK3, HSPA2, and TGFBR1 were
obtained from http://amp.pharm.mssm.edu/Enrichr/, which
indicated ETV4 and NPE2 were the potential ones. The rela-
tionship of transcript factors, DEGs, and other targeting
genes is shown in Figure 5.

4. Discussion

High risk of wound infection and healing failure was found in
diabetes, and the abnormal function of fibroblasts was

assumed as a major issue contributing to the delayed wound
healing [9–11]. Noticeably, fibroblasts exert an important role
in wound inflammatory response by release of various anti-
bacterial regulators, providing a robust defense of skin against
infections [12–14]. Diabetes patients are susceptible to infec-
tions due to the dysregulated function of the T cells, leading
to the overactivated tissue inflammation. In this bioinformatic
research, functional enrichment analysis was performed, and
the systematic results suggested that the highest p value was
the MAPK signaling pathway among DEGs in fibroblasts.
And the regulatory roles for diabetic wound healing were
identified in MAPKAPK3, HSPA2, and TGFBR1.

Phosphorylation of transcription is one of the modifica-
tions of MAPK-dependent regulation in cellular responses
[15]. Three subfamilies were found in the MAPK signaling
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Figure 3: GO and KEGG enrichment analysis results: (a) count number, gene ratio, and adjusted p value of common DEGs; (b) the
interaction relationship of the GO and KEGG terms.
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pathway, including the extracellular-signal-regulated kinases
(ERK MAPK, Ras/Raf1/MEK/ERK), the c-Jun N-terminal or
stress-activated protein kinases (JNK, SAPK), and p38
[16–18]. Once the pathway was activated, a number of down-
stream target kinases including MAPKAPK3 could be acti-
vated [19]. Recently, some researchers have fabricated an in
situ injectable hydrogel which can markedly accelerate dia-
betic wound healing through activating the TGF-β/MEK/
MAPK signaling pathway [20]. Similarly, Qian et al. demon-
strated that protein tyrosine phosphatase 1B was capable to
enhance fibroblast proliferation and mitigation via activation
of the MAPK/ERK pathway, thereby promoting diabetic
wound healing [21]. In the current study, we found a consis-
tent result that the MAPK signaling pathway plays a key role
in the regulation of diabetic wound healing, andMAPKAPK3,
HSPA2, and TGFBR1 are the potentially critical genes in this
regulation process. Moreover, to uncover the potential tar-
geted transcript factors of MAPKAPK3, HSPA2, and TGFBR1
genes, we used the online software (Enrichr, http://amp
.pharm.mssm.edu/Enrichr/) and the results suggested that
ETV4 and NPE2 were the potential transcript factors for these
genes. Thus, it was assumed that ETV4 and NPE2 may exert a
critical role in the regulation of diabetic wound healing.

Some limitations also existed in this bioinformatic
research. First, the current results were based on a public
database and only two datasets were included in our study;
the sample size should be enlarged to minimize the possible
confounding factors. Furthermore, this is a pure bioinfor-
matic research; more experimental validation is needed to
confirm the candidate pathways and their potential tran-
script factors. Moreover, clinical specimens of different
degrees of DFUs should be collected to validate our current
findings.

Table 3: Information on KEGG pathways linked with diabetes type 2.

Code KEGG

hsa00061 Fatty acid biosynthesis

hsa04910 Insulin signaling pathway

hsa01100 Metabolic pathways

hsa00640 Propanoate metabolism

hsa00620 Pyruvate metabolism

hsa04920 Adipocytokine signaling pathway

hsa03320 PPAR signaling pathway

hsa04930 Type II diabetes mellitus

hsa05332 Graft versus host disease

hsa04672 Intestinal immune network for IgA production

hsa05322 Systemic lupus erythematosus

hsa04660 T cell receptor signaling pathway

hsa04940 Type I diabetes mellitus

hsa05416 Viral myocarditis

hsa05330 Allograft rejection

hsa05320 Autoimmune thyroid disease

hsa04514 Cell adhesion molecules (CAMs)

hsa04920 Adipocytokine signaling pathway

hsa04512 ECM receptor interaction

hsa04640 Hematopoietic cell lineage

hsa03320 PPAR signaling pathway

hsa05320 Autoimmune thyroid disease

hsa04514 Cell adhesion molecules (CAMs)

hsa04660 T cell receptor signaling pathway

hsa04010 MAPK signaling pathway

hsa01100 Metabolic pathways

hsa00061 Fatty acid biosynthesis

hsa04910 Insulin signaling pathway

hsa04920 Adipocytokine signaling pathway

hsa04060 Cytokine-cytokine receptor interaction
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Figure 4: The part of the MAKP signaling pathway related to the
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pathways were involved, resulting in apoptosis, proliferation,
differentiation, and inflammation.
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5. Conclusions

Our findings suggested a functionally enriched MAPK sig-
naling pathway, with a focus on the potential role of ETV4
and NPE2 in the regulation of diabetic wound regeneration.
The current study may provide novel therapeutic targets in
diabetic wound treatment.
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Objectives. Diabetic wound inflammation deficiencies lead to ulcer development and eventual amputation and disability. Our
previous research demonstrates that myeloid-derived suppressor cells (MDSCs) accumulate during inflammation and promote
chronic wound healing via the regulation of Kruppel-like factor 4 (KLF4). In this study, we aimed to investigate the potential
roles of MDSCs and KLF4 in diabetic wound healing. Methods. An ob/ob mouse pressure ulcer (PU) model was used to
evaluate the process of wound healing. The expression levels of KLF4 and IL-17A were measured by real-time PCR, and
the population of MDSCs and Th17 cells was measured by flow cytometry. The levels of cytokines were determined by an
immunosuppression assay. Results. KLF4 deficiency in the diabetic PU model resulted in decreased accumulation of
MDSCs, increased expansion of Th17 cells, and significantly delayed wound healing. Conversely, KLF4 activation by
APTO-253 accelerated wound healing accompanied by increased MDSC populations and decreased numbers of Th17 cells.
MDSCs have been proven to mediate Th17 differentiation via cytokines, and our in vitro data showed that elevated KLF4
expression in MDSCs resulted in reduced Th17 cell numbers and, thus, decreased levels of cytokines indispensable for
Th17 differentiation. Conclusions. Our study revealed a previously unreported function of KLF4-regulated MDSCs in
diabetic wound healing and identified APTO-253 as a potential agent to improve the healing of pressure ulcers.

1. Introduction

Wound healing is a multifactorial, pathophysiologic process
characterized by four discrete temporal phases that overlap:
hemostasis, inflammation, proliferation, and remodeling [1].
Acute inflammation following dermal injury activates
diverse growth factors and cytokines that facilitate the subse-
quent proliferation stage. However, wounds in diabetics will
usually stall in a sustained inflammatory state resulting in
nonhealing ulcers. The amputation and disability caused
by these wounds are among the most common complica-
tions of type 2 diabetes, and, due to the estimated 10.9%
prevalence of diabetes within the Chinese adult population
[2], the number of potential victims is tremendous. Manage-
ment of inflammation in nonhealing wounds, therefore, will
open the way for the development of therapies that improve
both prognosis and quality of life for such patients.

Kruppel-like factor 4 (KLF4) is a transcription factor
critical in maintaining the epidermal permeability barrier
[3], and it has been found to mediate cutaneous wound heal-
ing in murine hair follicle stem cells [4]. Myeloid-derived
suppressor cells (MDSCs) are a heterogeneous population
of bone marrow-derived cells possessing phenotypic plastic-
ity, carrying monocyte markers [5], and contributing to
wound healing [6]. Our previous study showed that KLF4
facilitates the healing of wounds via the mediation of both
monocytic MDSC recruitment and differentiation of these
cells into fibrocytes [7], but the effects of KLF4-mediated
MDSCs on diabetic wounds still remain unknown.

Numerous literature reports that inflammatory media-
tors are highly associated with immune alterations in the ini-
tiation and development of chronic inflammatory diseases
[8, 9]. Interleukin- (IL-) 17A mediates the early inflamma-
tory stages of wound repair and may hinder normal healing
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[10] as evidenced by the application of IL-17 suppressive
antibody that reverses delayed wound closure in leptin-
deficient ob/ob mice [11]. Th17 cells are a major IL-17-
producing cell type, and both cell type and cytokine are
highly associated with the pathogenesis of diverse human
autoimmune diseases, including inflammatory bowel dis-
ease, psoriasis, and rheumatoid arthritis [12, 13]. Recently,
several studies have identified a link between MDSCs and
Th17 cell differentiation in different disease contexts, such
as experimental autoimmune encephalomyelitis and auto-
immune arthritis [14, 15], while direct evidence of Th17
mediation of H. pylori-induced peptic ulcers links IL-17 to
impaired mucosal barrier function through suppression of
regulatory T cells [16]. Therefore, we postulate that KLF4
might improve the repair of diabetic wounds by mediating
Th17 cell differentiation in an MDSC-dependent manner.

In this report, we used a pressure ulcer (PU) model in
ob/ob mice to show that compromised diabetic wound
repair correlates with decreased expression of KLF4 and
upregulation of IL-17A. The application of a KLF4 inducer
can significantly accelerate wound healing as evidenced by
the expansion of CD11b+Gr-1+ MDSCs and concomitant
decreases of Th17 cells and IL-17A expression. We also
observed efficient MDSC suppression of Th17 differentiation
and IL-17A production in vitro, and KLF4 expression is crit-
ical for this process. Our data highlights the importance of
KLF4-mediated MDSCs in facilitating diabetic wound repair
during chronic inflammation and suggests that targeting
KLF4 has potential to treat diabetic patients with chronic
wounds.

2. Materials and Methods

2.1. Mice. C57BL/6 (wild type, WT) and ob/ob mice were
obtained from Beijing Vital River Laboratory Animal Tech-
nology Company (Beijing, China). All mice were 8-12 weeks
of age with an equal ratio of males to females. All experi-
ments and procedures involving mice were approved by
the Institutional Animal Care and Use Committee of the
Huazhong University of Science and Technology.

2.2. Wound Healing Mouse Model and APTO-253
Treatment. Our murine PU model was created as described
previously [17], and wound evaluation was also performed
as previously described [7]. Briefly, KLF4 was induced by
an APTO-253 (MCE Chemicals & Equipment) treatment
via intraperitoneal injection every other day at a concentra-
tion of 1mg/kg in DMSO (Sigma-Aldrich) while vehicle
injections served as controls. Injections commenced two
days before the first I/R cycle (day 0), and mice were sacri-
ficed for further examination on day 3. For those mice
marked for wound evaluation, the APTO-253 treatment
continued to day 8.

2.3. RNA Extraction and Real-Time PCR Analysis. The TRI-
zol reagent (Invitrogen) was used to prepare total RNA
according to the manufacturer’s instructions. First-strand
cDNA synthesis and real-time PCR were carried out as

described previously [7]. Table S1 contains primer
sequences utilized in real-time PCR experiments.

2.4. Flow Cytometry Analysis. Splenocytes and peripheral
blood monocytes (PBMCs) were prepared as described pre-
viously [7]. Briefly, single-cell suspensions were created from
wound site tissue that was minced and digested with
1.0mg/ml collagenase (Sigma) before purification by Percoll
gradient (Sigma). Next, such dissociated single cells were
treated with fluorochrome-conjugated antibodies specific
for mouse CD11b, Ly6G, and CD4 (eBioscience). For intra-
cellular staining, fluorochrome-conjugated mouse IL-17
antibody (eBioscience) was used. A FACSAria III (BD) and
FlowJo (BD) were used to image cells and analyze data.

2.5. Coculture of CD4+ T Cells and MDSCs. Spleen-derived
MDSCs were isolated using FACS. Naive CD4+ T cells were
sorted from single-cell lymph node suspensions of WT mice
and activated with Dynabeads™ Mouse T-Activator
CD3/CD28 (Thermo). Triplicate batches of cells were cul-
tured in RPMI 1640 media supplemented with 10% FBS,
50μM 2-mercaptoethanol, and 2mM L-glutamine/1% peni-
cillin/streptomycin (Gibco) at a ratio of 1 : 2 (MDSC/T cells).
For APTO-253 treatment, MDSCs were incubated with
APTO-253 (50 nM) for 72h and washed with PBS before
coculturing. DMSO served as a control.

2.6. Immunosuppression Assays. The supernatant was col-
lected 48 h after coculturing, and samples of blood and skin
tissues were prepared for ELISA (MDL) according to the
manufacturer’s instructions. The levels of cytokines IL-1β,
IL-6, TGF-β, IL-17A, and IFN-γ were determined.

2.7. In Vitro Th17 Cell Differentiation. T cells were collected
and washed 120 h after coculturing, and intracellular stain-
ing of IL-17 was performed as described previously. The
ratio of Th17 cells to undifferentiated T cells was assessed
by flow cytometry.

2.8. Statistical Analysis. Statistical analysis was performed
with SPSS 16.0 software. Data were represented as the
mean ± SEM and analyzed using t-testing (two-group com-
parison) and one-way ANOVA (multigroup comparison).
A p value < 0.05 was considered to indicate statistical
significance.

3. Results

3.1. Compromised Wound Healing of PU in ob/ob Mice
Associated with Decreased Expression of KLF4 and
Upregulation of IL-17A. We first identified possible roles
for KLF4 and IL-17A in diabetic wound healing. As
expected, wound closure kinetics were significantly delayed
from day 3 to day 9 in ob/ob mice compared to wild-type
(WT) mice (Figure 1(a)). We examined the expression of
KLF4 and IL-17A in ob/ob mice on day 3 by qRT-PCR,
and a substantial decrease of KLF4 expression in the periph-
eral blood and granule tissue of the skin was detected while
IL-17A expression was significantly elevated in both blood
and skin (Figure 1(b)). We further confirmed IL-17
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expression using flow cytometry. On day 3 after wounding,
increased IL-17 expression in ob/ob mice was observed com-
pared with WT (ob/ob 6:487 ± 0:731% vs. WT 3:150 ±

0:773% in blood, p < 0:01; ob/ob 8:723 ± 0:863% vs. WT
5:374 ± 0:927% in skin, p < 0:05) (Figure 1(c)), which was
consistent with a previous report [11].
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Figure 1: Compromised wound healing of pressure ulcer (PU) in ob/ob mice associated with decreased expression of Kruppel-like factor 4
(KLF4) and upregulation of IL-17A.
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To determine if KLF4 deficiency reduced the population
of MDSCs in blood and wounds on day 3, we performed
flow cytometry, and the results demonstrated a concomitant
decrease in MDSCs in both sites (p < 0:01 in blood and p
< 0:01 in skin, Figure 1(d)). These preliminary data indi-
cated that KLF4, MDSCs, and IL-17A were all involved in
the inflammation stage of diabetic wound healing.

3.2. Activation of KLF4 by APTO-253 Improved Diabetic
Wound Healing Accompanied by Elevated MDSC
Expansion and Decreased Th17 Population. APTO-253 is a
small molecule that inhibits c-Myc expression and mediates
anticancer activity through induction of KLF4-mediated
tumor suppression [18]. As shown in Figure 2(a), the appli-
cation of APTO-253 significantly improved the progression
of wound healing from day 7 to day 9 in our ob/ob PU
model. Subsequent qRT-PCR analysis revealed that the base-
line KLF4 expression in ob/ob mice was significantly lower
than WT (p < 0:001), but APTO-253 rescued KLF4 expres-
sion in these mice (p < 0:001, vs. ob/ob) (Figure 2(b)), con-
sistent with the kinetic shifts presented in Figure 2(a). In
parallel with increased KLF4 expression in the APTO-253-
treated group, the populations of CD11b+Gr-1+ MDSCs in
blood and skin wounds were also increased compared to
ob/ob PU mice without APTO-253 treatment (p < 0:01 in
blood and p < 0:05 in skin, Figure 2(c)).

Th17 cells are a newly identified, distinct subset of T
helper cells that generate IL-17 [10]. Reports have demon-
strated the key role of MDSCs in the differentiation of
Th17 cells [14, 15, 19–21]. Thus, we were able to observe
populations of Th17 cells in blood and skin wounds and
found that APTO-253 treatment suppressed the expansion
of Th17 cells in both sites (p < 0:01 in blood and p < 0:05
in skin, Figure 2(d)). APTO-253 consistently reduced the
expression of IL-17A and IFN-γ in blood and wounds, indi-
cating that the inflammatory status was improved
(Figure 2(e)). These findings suggest that KLF4 regulation

of MDSCs might downregulate Th17 cell differentiation
and inflammation in the context of diabetic wound healing.

It was reported that KLF4 could promote Th17 cell
differentiation and IL-17 expression by directly binding to
the il-17a promoter [22, 23], an effect opposite to what we
observed. We postulate that KLF4-regulated Th17 cell differ-
entiation in an MDSC-dependent manner is much stronger
than the direct effect of KLF4 on T cells. Since cytokines
IL-1β, IL-6, and TGF-β play important roles in MDSC-
driven Th17 differentiation [14], we assessed these factors
using ELISA. The concentrations of IL-1β, IL-6, and TGF-
β in blood and wounds were all significantly elevated in
response to pressure ulcers while the activation of KLF4 sig-
nificantly suppressed the expression of these cytokines
(Figure 2(e)).

3.3. MDSCs Regulate Th17 Cell Differentiation in an ob/ob
Pressure Ulcer Model. The in vivo data suggested that MDSC
regulation of Th17 cell differentiation depended on the cyto-
kine milieu within the inflamed sites. To further determine
the way that MDSCs modulated Th17 differentiation, we
cultured sorted WT naïve CD4+ T cells with spleen-
derived MDSCs from different groups in vitro. At 48 h after
coculture, the supernatant was collected and analyzed using
ELISA. Similar to the results in vivo, MDSCs from the ob/ob
PU group efficiently enhanced not only IL-17A and IFN-γ
expression from T cells but also endogenous expression of
IL-1β, IL-6, and TGF-β secreted by MDSCs themselves. This
was reversed when the mice underwent APTO-253 treat-
ment (Figure 3(a)). The qRT-PCR analysis also demon-
strated that APTO-253 intervention significantly raised
KLF4 expression in MDSCs from ob/ob mice (p < 0:001,
Figure 3(b)). At 120 h after coculture, T cells were collected
for flow cytometric analysis. A substantial increase in the
percentage of Th17 cells was found in CD4+ cells cultured
with MDSCs from the ob/ob+PU group, and a reduced pop-
ulation of Th17 cells was observed upon upregulation of
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Figure 2: Kruppel-like factor 4 (KLF4) activation by APTO-253 accelerated pressure ulcer (PU) in ob/ob mice accompanied by increased
CD11b+Gr-1+ myeloid-derived suppressor cells (MDSCs) and decreased Th17 cells.
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KLF4 as well (Figure 3(c)). These observations were in line
with the changes in cytokine expression shown in
Figure 3(a).

3.4. MDSC-Regulated Th17 Cell Differentiation Is Mediated
by KLF4 in ob/ob Mice.We next investigated whether MDSC
regulation of Th17 differentiation relied on KLF4 expression
in MDSCs. MDSCs were sorted from ob/ob mice and cul-
tured with naïve WT CD4+ cells, and, in the experimental
group, MDSCs were treated with APTO-253 for 72 h before
coculture. After 48 h of coculture, we examined the superna-
tant and MDSCs using ELISA and qRT-PCR, respectively.
As expected, the expression of IL-17A and IFN-γ and the
main cytokines required for Th17 differentiation (IL-1β,
IL-6, and TGF-β) were all inhibited in the experimental
group (Figure 4(a)) with a concomitant increase in KLF4
expression (p < 0:05, Figure 4(b)). Flow cytometry was then
performed to detect the percentage of Th17 cells at 120 h
after coculture. The results revealed that MDSCs from ob/ob
mice efficiently enhanced the differentiation of Th17 cells
(p < 0:001), but this was significantly reduced when KLF4
expression was upregulated by APTO-253 (p < 0:05,
Figure 4(c)), indicating that KLF4 expression in MDSCs is
the key to Th17 differentiation.

4. Discussion

Our previous research showed that KLF4 mediates cutane-
ous wound healing via MDSCs [7], but no current studies
delineate the effects of KLF4 on diabetic wound repair. In
this report, using an ob/ob mouse pressure ulcer model, we
demonstrated that KLF4-regulated MDSCs promoted dia-
betic wound healing by suppressing Th17 differentiation
and subsequent IL-17A expression. Emerging evidence indi-
cates that agents targeting inflammatory cytokines/receptors
can significantly ameliorate the pathogenesis and progres-
sion of autoimmune diseases [24, 25]. Indeed, IL-17 inhibi-
tors such as secukinumab and ixekizumab have been tested
and shown safe for use in both ankylosing spondylitis and
psoriasis [26, 27]. However, extensive clinical trials of such
inhibitors in wound healing have not been conducted.
Meanwhile, the current study reveals that APTO-253, a
commercialized KLF4 activator, is also able to accelerate
the healing of pressure ulcers, making KLF4 upregulation a
promising alternative candidate for wound healing
applications.

Basal levels of KLF4 in ob/ob mice are lower than WT
mice, and, even with the stimulus of a pressure ulcer, KLF4
expression in ob/ob mice is still reduced in comparison
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Figure 3: CD11b+Gr-1+ myeloid-derived suppressor cells (MDSCs) regulate the differentiation of Th17 cells.
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(Figures 1(b) and 2(b)). However, wound closure was res-
cued by activation of KLF4 in ob/ob mice (Figure 2(a)),
indicative of KLF4 playing a pivotal role in diabetic wound
healing. Nonhealing wounds associated with diabetes are
characterized by a prolonged inflammatory stage, and we
found that IL-17A expression was significantly elevated in
the ob/ob PU model (Figures 1(b) and 1(d)) but suppressed
due to upregulation of KLF4 (Figure 2(d)). Although KLF4
was reported to be capable of directly binding to the pro-
moter of Il-17a and positively regulating its expression [22,
23], we postulate that, in diabetic wound healing, KLF4 neg-
atively regulates IL-17A in an Il-17a-independent fashion.

MDSC/Th17 cellular interaction varies by microenviron-
ment and is mainly mediated by cytokines rather than direct
cellular contact [21]. In wound healing, MDSCs are a major
source of IL-6, IL-1β, and TGF-β, the indispensable cyto-
kines for Th17 differentiation [14, 21]. Our ELISA results
thus demonstrated that increased basal levels of these cyto-
kines, together with IL-17A and IFN-γ, most likely orient
ob/ob mice to increased T cell polarization and inflamma-
tion. Interestingly, APTO-253 rapidly reduced inflammatory
cytokine levels and concomitantly decreased expansion of
Th17 cells (Figures 2(d) and 2(e)), all of which contributed
to the observed improvements in wound healing

(Figure 2(a)). However, increased recruitment of MDSCs
into the blood and wounds of ob/ob mice after APTO-253
raises concerns that the inflammatory suppression attributed
to KLF4 may have been mostly due to the immunosuppres-
sive nature of MDSCs independent of Th17 population
effects. To determine the relative importance of MDSC-
regulated Th17 differentiation, we then performed cocultur-
ing of MDSCs and naïve T cells in vitro. MDSCs extracted
from ob/ob PU mice with APTO-253 treatment displayed
a substantial increase of KLF4 expression, and a concomi-
tant reduction of Th17 population was also observed in
CD4+ T cells compared to cocultured vehicle controls
(Figures 3(b) and 3(c)). Cytokine changes in the supernatant
were similar to those data in vivo, supporting the opinion
that KLF4 regulates Th17 differentiation in an MDSC-
dependent manner (Figure 3(a)).

The keystone effect of KLF4 in MDSC-Th17 interactions
in diabetic wound healing was further confirmed by cultur-
ing CD4+ T cells with ob/ob MDSCs pretreated with
APTO-253. The elevated KLF4 expression was clearly asso-
ciated with the attenuated efficiency of Th17 differentiation,
and the ELISA data showed that cytokines IL-1β, IL-6, and
IFN-γ were also reduced (Figure 4). Notably, there were sig-
nificant changes in TGF-β and IL-17A. Yi et al. [14]
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Figure 4: Kruppel-like factor 4 (KLF4) regulates the differentiation of Th17 cells by CD11b+Gr-1+ myeloid-derived suppressor cells
(MDSCs).
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reported that IL-1β is a major mediator of MDSC-facilitated
Th17 differentiation while IL-6 and TGF-β mediate the effi-
ciency. Therefore, any IL-1β deficiencies may be more likely
to compromise Th17 differentiation. As for IL-17A,
although its decrease upon APTO-253 treatment was not
statistically significant, the levels in the pretreated group
were close to blank control, indicating that upregulation of
KLF4 still attenuated IL-17A expression by suppressing
Th17 differentiation.

Collectively, the current study not only reveals the neces-
sity of KLF4 in MDSC-regulated Th17 differentiation in the
context of nonhealing diabetic wounds but also points to the
need for KLF4-based interventions, such as KLF4 activation
by APTO-253 to treat diabetic PU patients. Further investi-
gations will determine the molecular mechanisms by which
KLF4 in MDSCs mediates T cell differentiation using spe-
cific transgene mice while detailed pharmacological kinetics
of APTO-253 will be detailed in diabetic wound healing.
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The present study was designed to detect possible biomarkers associated with diabetic foot ulcer (DFU) incidence in an effort to
develop novel treatments for this condition. The GSE7014 and GSE29221 gene expression datasets were downloaded from the
Gene Expression Omnibus (GEO) database, after which differentially expressed genes (DEGs) were identified between DFU
and healthy samples. These DEGs were then arranged into a protein-protein interaction (PPI) network, and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway and Gene Ontology (GO) term enrichment analyses were performed to
explore the functional roles of these genes. In total, 1192 DEGs were identified in the GSE7014 dataset (900 upregulated, 292
downregulated), while 1177 were identified in the GSE29221 dataset (257 upregulated, 919 downregulated). GO analyses
revealed these DEGs to be significantly enriched in biological processes including sarcomere organization, muscle filament
sliding, and the regulation of cardiac conduction, molecular functions including structural constituent of muscle, protein
binding, and calcium ion binding, and cellular components including Z disc, myosin filament, and M band. These DEGs were
also enriched in the adrenergic signaling in cardiomyoctes, dilated cardiomyopathy, and tight junction KEGG pathways.
Together, the findings of these bioinformatics analyses thus identified key hub genes associated with DFU development.

1. Introduction

Diabetic foot ulcers (DFUs) are among the most common
complications affecting the lower extremities in diabetes
mellitus patients [1]. These ulcers and complications thereof
can cause high rates of morbidity and mortality among
affected patients owing to associated angiopathy, oxidative
microenvironmental damage, and repeated bacterial infec-
tions [2]. While substantial progress has been made in the
treatment of DFUs in recent years, a large proportion none-
theless develops into chronic wounds through processes that
are ultimately irreversible [3]. It is thus essential that the
molecular mechanisms governing DFU development be

clarified in order to aid in the prevention and treatment of
these debilitating wounds [4].

Identifying genetic markers associated with DFU has
the potential to guide the design of novel treatments while
simultaneously elucidating the etiological basis for this
condition [5]. Microarrays are commonly used to conduct
large-scale bioinformatics studies aimed at simultaneously
clarifying the relationship between multiple different genes
and a given disease [6, 7]. One recent integrated bioinformat-
ics analysis highlighted a role for the MAPK signaling path-
way in DFU development [8]. Microarrays have also
identified estrogen receptor 1, matrix metalloproteinase-2,
and bone morphogenetic protein-4 as DFU-specific proteins
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[9–11]. In previous reports, differentially expressed genes
(DEGs) associated with DFU progression have been attrib-
uted to a range of molecular functions, biological processes,
and cellular structures. [12, 13]

In the present report, DFU-related DEGs were identified
by analyzing previously published datasets containing DFU
and normal tissue samples. We then conducted functional
enrichment and protein-protein interaction (PPI) network
analyses aimed at elucidating the mechanisms whereby these

genes interact and cooperate to drive DFU development.
Together, these results have the potential to clarify novel
DFU-related biomarkers and to offer new insight regarding
the molecular basis for this debilitating condition.

2. Materials and Methods

2.1. Dataset Selection. Microarray gene expression data of
interest were downloaded from the Gene Expression Omnibus
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Figure 1: Detection of differentially expressed genes (DEGs) in the GSE7014 and GSE29221 datasets. (a) An expression heat map of the top
80 DEGs in the GSE7014 dataset, as determined based upon P values. (b) A volcano plot corresponding to the GSE7014 dataset. (c) A
Meandiff plot for the GSE7014 dataset. (d) An expression heat map of the top 80 DEGs in the GSE29221 dataset, as determined based
upon P values. (e) A volcano plot corresponding to the GSE29221 dataset. (f) A Meandiff plot for the GSE29221 dataset.
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(GEO, http://www.ncbi.nlm.nih.gov/geo) database, which
compiles a range of different high-throughput sequencing
and microarray-based datasets. We searched this database
for studies comparing DM2 and normal tissue samples and
then downloaded the resultant files for analysis.

2.2. DEG Identification. Genes that were differentially
expressed in DFU samples were identified using the default
settings of the GEO2R tool (https://www.ncbi.nlm.nih.gov/
geo/geo2r/), with DEGs being those genes with a P < 0:05
and a ∣logFC ∣ >1. GEO2R was additionally used to construct

GSE7014

843 57 200

GSE29221

(a)

GSE7014

274 18 901

GSE29221

(b)

Figure 2: Identification of shared DEGs. (a) DEGs upregulated in both the GSE7014 and GSE29221 datasets. (b) DEGs downregulated in
both the GSE7014 and GSE29221 datasets.

Table 1: Functional and pathway enrichment analyses for module genes. The top 3 terms were selected based upon p value rankings when
>3 terms were enriched for a given category.

A, biological processes
Term Name Count P value Genes

GO:0045214
Sarcomere
organization

7 1.3E-9 FHOD3, MYH3, ACTN2, CASQ2, CAPN3, LDB3, CASQ1

GO:0030049 Muscle filament sliding 4 4.4E-4 MYH3, ACTN2, MYL3, DMD

GO:1903779
Regulation of cardiac

conduction
4 1.4E-3 PLN, CASQ2, ATP2B2, CASQ1

B, molecular functions

Term Name Count P value Genes

GO:0008307
Structural constituent

of muscle
9 4.8E-12

MYOM1, PDLIM3, ACTN2, MYOT, MYL3, CAPN3,
NEXN, DMD, MYOM2

GO:0005515 Protein binding 50 5.9E-4

FHOD3, MYOM1, BTG1, LGALSL, LDB3, SAT1, N4BP2L2, HK2,
MYOM2, MED14, JPH2, XPO4, RASSF5, CAPN3, KIF1B, CTSC,

ACTN2, IGFBP3, MYH1, PPP1R3C, MYOT, PRR16, CASQ2, TKT, FKBP3,
CAMK2B, USP54, MGST1, THBS1, GTF2E2, PDLIM3, UGP2, PLN,

CMYA5, KCNN2, DMD, PPARGC1A, S100A11, MPZL2, LGI1, MYH7B,
DTNA, FAM46C, AGL, DDIT4L, ATP2B2, PPP2R3A, EFNA1, PKIA, CUTC

GO:0005509 Calcium ion binding 10 2.2E-3
ACTN2, MYL3, CASQ2, CAPN3, ATP2B2, PPP2R3A, CASQ1,

THBS1, PLCD4, S100A11

C, cellular component

Term Name Count P value Genes

GO:0030018 Z disc 11 2.5E-11
FHOD3, JPH2, PDLIM3, ACTN2, MYOT, CASQ2, CAPN3,

NEXN, LDB3, KCNN2, DMD

GO:0032982 Myosin filament 4 2.9E-5 MYH1, MYH7B, MYH3, MYOM2

GO:0031430 M band 4 9.1E-5 MYOM1, CMYA5, MYOM2, MYOM3

D, KEGG pathway

Term Name Count P value Genes

hsa04261
Adrenergic signaling in

cardiomyocytes
5 4.5E-3 CAMK2B, PLN, MYL3, ATP2B2, PPP2R3A

Hsa05414
Dilated

cardiomyopathy
4 8.0E-3 PLN, SGCD, MYL3, DMD

hsa04530 Tight junction 4 8.8E-3 MYH1, MYH7B, MYH3, ACTN2

KEGG: Kyoto Encyclopedia of Genes and Genomes.
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volcano and Meandiff plots. Additionally, log2-transformed
mRNA expression data were arranged into heatmaps using
the “pheatmap” R package, while DEGs that were shared
among datasets were determined using the Venn online tool
(http://bioinformatics.psb.ugent.be/webtools/Venn/).

2.3. Functional Enrichment Analyses. The biological func-
tions of identified DEGs of interest were assessed using the

Database for Annotation, Visualization, and Integrated Dis-
covery version (DAVID) Bioinformatics Resources (v6.8).
Briefly, shared DEGs were imported into DAVID, and GO
and KEGG enrichment analyses were then conducted. For
GO analyses, enriched biological processes (BPs), molecular
functions (MFs), and cellular components (CCs) were
assessed. The “GOplot” R package was used to visualize the
results of these enrichment analyses.
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Figure 3: GO term enrichment analysis results. (a) Z-score results for the top 6 GO terms, including the top 2 BPs, CCs, and MFs. (b)
Enrichment results for DEGs and the top 6 GO terms. Z-scores were defined as follows: ðupregulated genes – downregulated genesÞ/total
genes.
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Figure 4: KEGG pathway enrichment results. (a) Relationships between DEGs and the top 5 enriched KEGG pathways. (b) Cluster plots
corresponding to DEGs and the top 5 enriched KEGG pathways.

4 Journal of Diabetes Research

http://bioinformatics.psb.ugent.be/webtools/Venn/


2.4. Protein-Protein Interaction (PPI) Network Analyses. To
understand interactions among DEGs, PPI networks were
constructed by importing up- and downregulated DEGs into
the Search Tool for the Retrieval of Interacting Genes
(STRING), with those interactions with a combined score
>0.5 being used for network construction. Cytoscape (v
3.7.2) was used to visualize the network, while the cyto-
Hubba plugin was used to rank genes within this network
based upon their degree centrality values. Hub genes were
considered to be those with the top 10 highest degree values.

3. Results and Discussion

3.1. DEG Identification. The GSE7014 and GSE29221 gene
expression datasets were downloaded from the GEO data-
base obtained from the GEO database. The GSE7014 dataset
included 20 DM2 biopsy samples and 6 biopsy samples from
normal individuals, whereas the GSE29221 dataset included
12 DM2 biopsies and 12 biopsies from normal individuals.
In total, 1192 DEGs were identified in the GSE7014 dataset
(900 upregulated, 292 downregulated), while 1177 were

identified in the GSE29221 dataset (257 upregulated, 919
downregulated). The top 80 DEGs with the highest P values
are presented in Figure 1. In total, 57 upregulated DEGs and
18 downregulated DEGs were shared between these two
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Figure 5: A DEG PPI network constructed using the STRING database.

Table 2: Degree of top 10 genes in top module.

Gene ID Gene name Degree

MYL3 Myosin Light Chain 3 31 Up

ACTN2 Actinin Alpha 2 30 Up

DMD Dystrophin 26 Up

PDLIM3 PDZ And LIM Domain 3 24 Up

LDB3 LIM Domain Binding 3 24 Up

MYH1 Myosin Heavy Chain 1 22 Up

MYOM2 Myomesin 2 22 Up

MYOT Myotilin 21 Up

CASQ2 Calsequestrin 2 21 Up

CAPN3 Calpain 3 21 Up

Up.
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datasets, as identified through Venn diagram analyses
(Figure 2).

3.2. Pathway Enrichment Analyses. GO analyses revealed
these DEGs to be enriched in biological processes including
sarcomere organization, muscle filament sliding, and the
regulation of cardiac conduction, molecular functions
including a structural constituent of muscle, protein binding,
and calcium ion binding, and cellular components including
Z disc, myosin filament, and M band. These DEGs were also
enriched in KEGG pathways including the adrenergic signal-
ing in cardiomyocytes, dilated cardiomyopathy, and tight
junction pathways (Table 1 and Figure 3). Enrichment
results pertaining to these analyses are compiled in Figure 4.

3.3. PPI Network Construction and Hub Gene Identification.
The STRING database was next used to construct a DEG
PPI network (Figure 5), and the top 10 hub genes therein
with the highest degree values were determined using Cytos-
cape v. 3.7.2. These hub genes were MYL3, ACTN2, DMD,
PDLIM3, LDB3, MYH1, MYOM2, MYOT, CASQ2, and
CAPN3 (Table 2 and Figure 6).

4. Discussion

Aberrant gene expression is closely linked to a range of path-
ological conditions, including DFU. Key driver genes linked
to the onset and progression of this condition, however,
remain to be fully clarified. In this study, we identified 900
upregulated and 292 downregulated DFU-related DEGs in
the GSE7014 dataset, as well as 257 upregulated and 919
downregulated DFU-related DEGs in the GSE29221 dataset.
These genes were associated with the adrenergic signaling in
cardiomyocytes, dilated cardiomyopathy, and tight junction
pathways. We were further able to identify 10 hub genes
associated with DFU, including MYL3, ACTN2, DMD,
PDLIM3, LDB3, MYH1, MYOM2, MYOT, CASQ2, and
CAPN3.

DFU and other chronic wounds are associated with
well-characterized morphological changes, but the underly-
ing cellular and molecular biomarkers that drive these
tissue changes remain poorly understood [14]. Changes in
mRNA expression are valuable biomarkers that are well
known to play a role in the development of diabetes-related
diseases [15, 16]. For example, one prior study identified
Prenylcysteine oxidase 1 (PCYOX1), beta-ala-his dipeptidase
(CNDP1), and extracellular matrix protein 1 (ECM1) as
valuable diagnostic biomarkers associated with the incidence
of gestational diabetes [17]. Saik et al. further found the JAK-
STAT, MAPK, and protein kinase B signaling pathway to be
closely linked to diabetes complications and hypoxia
responses [18]. The GO and KEGG analyses conducted in
this study suggested the top DEGs to be enriched in sarco-
mere organization, muscle filament sliding, and the regula-
tion of cardiac conduction, potentially playing a role in
regulating angiogenesis. These genes were also enriched in
molecular functions including a structural constituent of
muscle, protein binding, and calcium ion binding, and in
the adrenergic signaling in cardiomyocytes, dilated cardio-
myopathy, and tight junction pathways, suggesting a poten-
tial role for the activation of inflammatory responses in DFU.

DFU-related hub genes identified in this study included
MYL3, ACTN2, DMD, PDLIM3, LDB3, MYH1, MYOM2,
MYOT, CASQ2, and CAPN3, all of which were involved
in the top 5 KEGG pathways with the smallest P values.
Degree centrality corresponds to the relationship between a
given node and all other nodes in the network, while close-
ness centrality denotes the degree of closeness between a
node and all other nodes in the network, and betweenness
centrality measures the frequency with which a given node
serves as the shortest bridge between two other nodes.

As most of the genes identified in this study have not
previously been reported to be related to DFUs, there is a
clear need to verify the functional importance and mecha-
nistic roles of these genes in this pathological context. In
addition, in vitro studies of human skin fibroblasts and

(a) (b)

Figure 6: Hub gene identification. (a) A DEG PPI network constructed using Cytoscape, with upregulated and downregulated genes being
shown in red and green, respectively. (b) The top 10 genes with the highest degree values were identified using CytoHubba. These genes were
ranked in descending degree order from red to orange to yellow.
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human umbilical vein endothelial cells are warranted to
explore the molecular mechanisms whereby these genes
shape DFU development. The development of mice of other
animal models in which these genes are conditionally
knocked out may further aid in efforts to elucidate their
functions as regulators of these debilitating chronic wounds.

5. Conclusions

In summary, the results of these bioinformatics analyses
highlight novel mechanisms and important hub genes which
may contribute to DFU development. However, further
research is essential to better clarify the regulatory roles of
these genes in order to firmly establish their value as clinical
biomarkers and/or therapeutic targets.
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