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Scorpion peptides have good therapeutic effect on chronic ulcer of diabetic foot, but the related pharmacological mechanism has
remained unclear. The different proteins and bacteria present in ulcer exudates from chronic diabetic foot patients, treated with
scorpion antimicrobial peptide at different stages, were analyzed using isobaric tags for quantification-labeled proteomics and
bacteriological methods. According to the mass spectrometry data, a total of 1865 proteins were identified qualitatively, and
the number of the different proteins was 130 (mid/early), 401 (late/early), and 310 (mid, late/early). In addition, functional
annotation, cluster analysis of effects and the analysis of signal pathway, transcription regulation, and protein-protein
interaction network were carried out. The results showed that the biochemical changes of wound microenvironment during the
treatment involved activated biological functions such as protein synthesis, cell proliferation, differentiation, migration,
movement, and survival. Inhibited biological functions such as cell death, inflammatory response, immune diseases, and
bacterial growth were also involved. Bacteriological analysis showed that Burkholderia cepacia was the main bacteria in the
early and middle stage of ulcer exudate and Staphylococcus epidermidis in the late stage. This study provides basic data for
further elucidation of the molecular mechanism of diabetic foot.

1. Introduction

Diabetic foot is an ulcer and/or deep tissue destruction and
infection which caused by neuropathy of lower extremity
and various degrees of peripheral vascular lesions [1]. It is
one of the most serious chronic complications of diabetes
mellitus, which seriously threatens living quality and is an
important cause of death and disability in diabetic patients
[2]. Although the specific pathogenesis is still unclear, it is
related to many factors such as neuropathy, peripheral vas-
cular disease, artery insufficiency, trauma and infection, his-
tory of ulceration or amputation, foot pressure, peripheral
edema, and plantar callus formation [3–7].

Wound healing is a complex cascade process involving
repair, regeneration, and remodeling of damaged tissue,

related to many growth factors and their receptors, extracel-
lular matrix molecules as well as different proteases and their
inhibitors. Many studies have identified the important roles
of these molecules in the response [8–10]. Diabetic foot ulcer
wound healing is associated with protein glycosylation, in
which glycated proteins play an important regulatory role
[11]. Previous studies have found that Kanglexin signifi-
cantly alleviated the production of advanced glycosylation
end products, which in turn activated FGFR1/ERK signaling,
thereby promoting angiogenesis and accelerating diabetic
wound healing [12]. lnc-URIDS knockdown promoted the
migration of dermal fibroblasts under advanced glycation
end products treatment in vitro and accelerated diabetic
wound healing in vivo [13]. In addition, it has also been
found that the transcription factor FOXM1 has the function
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of activating and promoting immune cell survival, and the
inhibition of FOXM1 in diabetic mouse models leads to
delayed wound healing and reduced recruitment of neutro-
phils and macrophages in diabetic wounds [14]. Although
wound healing has attracted widespread attention, its mech-
anism needs to be further studied [15].

As a liquid biopsy, extravasate reflects the metabolism of
wounds and can effectively identify various factors involved
in the restoration of injured skin or those associated with
unrestored skin injury [15–17]. In recent years, quantitative
proteomics have gradually become one of the hotspots in
proteomics research [18–20], of which wound extravasate
can elucidate the complex pathological mechanism of
chronic ulcer. A large amount of information can identify
and quantify the proteome changes related to disease pro-
gression or its status [21, 22]. Proteomics, based on mass
spectrometry, protein separation, and purification technol-
ogy, have been applied to the study of chronic ulcer in a
small scale [23–25]. Its studies related to wound repair have
reported that protein expression in badly healed chronic
wounds differs from that in normally healed wounds [23].
Krisp et al. used a multidimensional protein identification
technology to investigate and compare the differences in
the protein composition of exudates of chronic diabetic foot
with wounds in burn patients in 2013. Spectral counting
revealed that 188 proteins differentially expressed in chronic
wounds, most of which are associated with biological pro-
cesses, including inflammation, angiogenesis, and cell
death [26].

Scorpion venom is a complex mixture containing many
bioactive substances with potential medicinal value. Scor-
pion antibacterial peptide in the venom of Mesobuthus mar-
tensii can specifically inhibit Gram-positive bacteria, and it
can also inhibit the growth of methicillin-resistant Staphylo-
coccus aureus and other methicillin-resistant bacteria [27].
In this study, we chemically synthesized this scorpion anti-
microbial peptide in vitro and developed it into gel prepara-
tion. Three patients with diabetic foot treated with this
scorpion antibacterial peptide gel were observed. The exu-
dates from chronic foot wounds were collected at different
stages of treatment (early, middle, and late). Bacteriological
and isobaric tags for relative and absolute quantitation
(iTRAQ)-labeled quantitative proteomics analyses were per-
formed on these exudates.

2. Materials and Methods

2.1. Collection of Samples. Diabetic foot patients came from
the department of plastic surgery and endocrinology. The
collection and experiment of patients’ samples were
approved by the Ethics Committee of the Hospital, and the
patients signed the informed consent. Inclusion criteria for
diabetic foot patients were [1] diabetes mellitus; [2] the aver-
age age of the three patients (numbered 1, 2, and 3) was
about 60; [3] had type 2 diabetes mellitus for as long as 5-
10 years; [4] the foot ulcer and nonunion had been present
for 10-40 days; (5) the ulcer areas were about 40 cm2,
10 cm2, and 6 cm2 (Figure 1); [6] the amount of wound exu-
date was between 100μL and 2mL. Exclusion criteria for

diabetic foot patients was [1] active cellulitis; [2] osteomyeli-
tis; [3] gangrene; [4] vascular insufficiency (defined as an
ankle-brachial index ðABIÞ < 0:7 and for those with an ABI
> 1:3; [5] revascularization to the ipsilateral lower extremity
in the last 6 weeks; [6] any experimental drugs taken or
applied topically to the wound for 4 weeks preceding the
study.

2.2. Preparation of Scorpion Antibacterial Peptide Gel. The
peptide used in this study is antimicrobial from the venom
of Mesobuthus martensii. Scorpion antibacterial peptide
was chemically synthesized in vitro and made into gel prep-
aration. The relevant information is as follows:

2.2.1. Sequence Information. Phe-Ile-Gly-Ala-Ile-Ala-Arg-
Leu-Leu-Ser-Lys-Ile-Phe-NH2, xCH3COOH.

Molecular formula: C71H118N18O14×C2H4O2.
Molecular weight: 1447.83× 60.02.

2.2.2. Preparation Information. Polypeptide purity > 99%;
the concentration of active ingredient was 0.05% (ABP-W1
mass/total mass).

2.3. Processing of Samples. According to the ulcer condition
of foot wound and the progress of treatment, patients were
sampled in three stages: early, middle, and late. The treat-
ment schedule was after the first debridement for each
patient at admission, and as the starting point, debridement
medication was given to the patient every 5-6 days, lasting
about 15 days, and a total of 3-4 treatments were carried
out. The wound was washed with water and the residual liq-
uid was dried with sterile gauze. The exudate was drained; a
PVA sponge was used to cover the wound, and the outer
layer was covered with sterile gauze. After 30min, the
sponge was taken out and wetted with 2-3ml enzyme inhib-
itor (1 pill enzyme inhibitor dissolved in 25ml saline). The
sponge was transferred into a 50ml centrifugal tube and
centrifuged (10 min × 4000 g, 4°C) to collect the exudates.
The leachate was transferred into a new 1.5ml EP tube and
centrifuged again (10 min × 14,000 g, 4°C) to get the super-
natant. The supernatant was filtered (0.45μm membrane),
and the filtrate was collected. BCA protein was quantified
and packed separately. The exudate samples of three patients
in the same sampling period (early, middle, and late) were
merged. The final four groups of samples were A group
(serum), B group (early exudate), C group (middle exudate),
and D group (late exudate). The samples of each group were
frozen at -80°C until use.

2.4. SDS-PAGE Separation of Exudate Samples. Separation
gel (15%, 15ml) contained 7.5ml gel storage solution (30%
Acr-Bis), 3.95ml separation gel buffer (0.4% SDS, 1.5M
Tris-HCl and pH8.8), 0.15ml 10% AP, 0.006ml TEMED,
and 3.4ml ddH2O. The stacking gel (4.8%, 5ml) contained
0.8ml gel storage solution (30% Acr-Bis) concentrated gel,
1.25ml stacking gel buffer (0.5M Tris-HCl, 0.4% SDS,
pH6.8) 0.027ml 10% AP, 0.006ml TEMED, and 2.95ml
ddH2O [28]. The solutions were allowed to polymerize
completely before running. The freeze-dried protein sample
(30μg) was diluted with sample buffer and denatured for
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10min. Next, it was centrifuged at 10,000 g at indoor tem-
perature for 10min. The supernatant was collected and sub-
jected to electrophoresis. The separating and stacking gels
were run at constant currents of 25mA and 45mA, respec-
tively. After electrophoresis, the gels were stained using Coo-
massie blue and destained with solution containing 10%
acetic acid, 30% methanol, and 60% water [29].

2.5. Bacterial Count and Species Identification. The cotton
swab dipped in the exudates of chronic ulcer wound of dia-
betic foot patients was fully stirred in 5ml LB medium to
release bacteria into the liquid medium. The bacterial
medium was diluted properly (0, 10, 50, and 100 times). A
volume of 100μl was taken from each group onto an
uncoated LB plate and overnight incubation was carried
out at 37°C. Next, the colonies were counted, and the spots
were picked up in 500ml of LB liquid medium. After the
reculture for 6 to 8 h, 30% glycerol was added to preserve
the strains, which were stored at -20°C and part of which
were sent to China Center for Type Culture Collection for
identification of strains (16S rDNA sequencing).

2.6. Removal of High-Abundance Proteins. Four groups (A,
B, C, and D group) of freeze-dried samples (50mg each)
were dissolved in 500ml PBS. ProteoMiner kit was used
for separation according to manufacturer’s instructions.
SDS-PAGE was used to analyze the protein and detect the
depletion effect of the kit on serum high-abundance proteins
in the exudates.

2.7. iTRAQ Labeling. The protein concentrations were quan-
tified using a BCA Protein Assay Kit. Protein samples
(200μg) were reduced and alkylated, and then purified by

trichloroacetic acid (TCA)/acetone precipitation method
[29]. The samples were labeled 8-plex iTRAQ according to
the manufacturer’s instructions as follows: the A group,
labeled with iTRAQ reagent 113 and 117; the B group,
labeled with iTRAQ reagent 114 and 118; the C group,
labeled with iTRAQ reagent 115 and 118; the D group,
labeled with iTRAQ reagent 116 and 121. The four labeled
groups of polypeptide samples were merged and lyophilized
in a vacuum freezer for high-pH RPLC separation [30, 31].

2.8. Reversed Phase Reversed Phase Liquid Chromatography
Approach at High pH for Protein Separation. The polypep-
tide mixture was dissolved in buffer A (20mM ammonium
formate aqueous solution, adjusted with ammonium
hydroxide to pH10) and then separated by ultrahigh perfor-
mance liquid chromatography (with an X Bridge C18
reversed-phase column). Linear gradient was used for sepa-
ration; buffer B (20mM ammonium formate dissolved in
90% acetonitrile and adjusted by ammonium hydroxide to
pH10) increased from 5% to 35% within 40min, and then
the column was rebalanced for 15min under the initial con-
ditions. The flow rate of the column was kept at 200μL/min
at room temperature. A total of 15 elution peaks were col-
lected, and all the components were lyophilized for reserve
[32, 33].

2.9. Low pH NanoRPLC-MS/MS Analysis. Each elution peak
component was suspended in 30μl solution C (0.1% Formic
acid aqueous solution) and then analyzed by nanoLC-ESI-
Q-Exactive MS/MS. The experimental equipment was a Q-
Exactive mass spectrometer connected to Nano ultrahigh
performance liquid chromatography (nanoRPLC) and
equipped with electrospray ionization (ESI) [34]. A 5μL

Early stage Middle stage Late stage

(a)

(b)

(c)

Figure 1: Changes of ulcer wounds in diabetic foot patients during different treatment periods. (a) is the ulcer wound changes in the lesion
site of patients with No. 1 diabetic foot after antimicrobial peptide treatment in the early, middle, and late stage; (b) is the ulcer wound
changes in the lesion site of patients with No. 2 diabetic foot after antimicrobial peptide treatment in the early, middle, and late stage; (c)
is the ulcer wound changes in the lesion site of patients with No. 3 diabetic foot after antimicrobial peptide treatment in the early,
middle, and late stages. The initial ulcer areas of the three patients were about 40 cm2, 10 cm2, and 6 cm2, respectively, and the amount
of wound exudate was between 100μL and 2mL.
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polypeptide sample was loaded onto a C18 precolumn
(Acclaim PepMap C18, 100 μm × 2 cm) for desalting for
3min (flow rate 10μL/min), and it was then separated on
an analytical C18 column (Acclaim PepMap C18, 75μm×
15 cm). The linear gradient was used for elution. The solu-
tion D (acetonitrile containing 0.1% formic acid) was
increased from 2% to 40% within 100min, and then the col-
umn was rebalanced for 15min under initial conditions at a
flow rate of 300nL/min and column temperature of 40°C.
The elution sample was injected into the mass spectrometer
by electrospray ionization (ESI) at a voltage of 1.9 kV [35].

2.10. Database Search. Proteowizard (version 3.0.9490) was
used to extract, deconvolute, and deisotope the Tandem
Mass Spectrometry data files. The extracted MS/MS spectra
were searched with Mascot (Matrix Science, London, UK;
version 2.5.1) [36]. The first searched database was the con-
taminated protein database provided by MaxPlanc Institute
(July 2012 version, 247 sequences) to check if the samples
were contaminated. Next, the Uniprot-Swissprot human
proteome database (February 2016 version, a total of 20199
sequences) was selected for analysis. To search the Mascot
database, the parameters were set as follows: Digestion
enzyme type, Trypsin; The number of maximal missed
cleavages, 2; MS1 fault-tolerant, 7 PPM; MS2 fault-tolerant,
0.02Da and cysteine reductive alkylation C+57.03Da.
Lysine and peptide N-terminal ITRAQ8-PLEX modified K/
n − term + 304:2Da residues were selected as fixed modifica-
tion and methionine oxidation M+16Da, and tyrosine
ITRAQ8-PLEX modified Y+304.2Da as differential
modification.

2.11. Qualitative Quality Control of Protein. We used Scaf-
fold (version Scaffold_4.5.1, Proteome Software Inc., Port-
land, OR) to control and integrate the MS/MS matched
peptide segments and protein identification results. The
standard for quality control of peptide segments was that
the false positive rate was less than 1% based on Scafold
Local FDR algorithm, which was acceptable for identifica-
tion of peptide segments. The standard of protein identifica-
tion was that each protein matched at least two specific
peptide segments, and the false positive rate was less than
1%. Protein information which contained the same peptide
segments and cannot be distinguished by MS/MS analysis
alone was assembled by Occam’s razor rule.

2.12. Protein Quantitative Quality Control. Scaffold Q+ (ver-
sion Scaffold_4.5.1, Proteome Software Inc., Portland, OR)
software was used to analyze the quantitative data of peptide
segments and proteins. The iTRAQ quantitative intensity of
multiple peptide segments of the same protein was normal-
ized and used for the corresponding protein. The intensity of
the two reference channels was normalized and the average
value was taken as the basis for comparing all groups. We
chose 1.3 times of different quantitative value as difference
threshold. Using ANOVA test, P < 0:05 was significantly sta-
tistical. In this study, the total number of quantitative spec-
trograms was 52 660, accounting for 90% of identified
spectrograms (58194).

2.13. Bioinformatics Data Analysis. Ingenuity Pathway Anal-
ysis (Spring 2016, Qiagen Inc., CA) and Genecards Gene
Analytics (2016 LifeMap Sciences Inc., CA) were used to
analyze the function, pathway, interaction annotation, and
enrichment of differentially expressed proteins.

3. Results

3.1. Changes in Diabetic Foot Ulcer Wounds at Different
Treatment Periods of Antibacterial Active Peptides. We
focused on the clinical treatment of three patients with dia-
betic foot and sampled them at different stages of treatment.
After treatment, the physiological condition of ulcer wound
was significantly improved; the inflammation reaction of the
wound was alleviated, and the suppuration and redness sub-
sided. At the same time, the granulation tissue grew inside
the wound; the edge skin contracted inward; the wound area
was reduced, and the infection was alleviated. After about
20-30 days of treatment, all the three patients had successful
skin transplantation.

3.2. Bacteriological Identification of Diabetic Foot Ulcer
Wounds. We collected samples of nondisinfected exudates
for bacteriological analysis. The colony forming unit (CFU)
was counted to reflect the change in the number of living
bacteria in the exudates. As shown in Figure 2(a), after incu-
bation for about 20 h at 37°C, a milky white colony (about
0.5mm in diameter) was formed on the LB plate. The CFU
in the exudates of the three patients differed across the dif-
ferent treatment periods. The number of CFU in patients
No. 1 was between 104-7CFU/ml, and the changes in early,
middle, and late stages initially decreased and then increased
(Figure 2(b)); in patients No. 2, the number of CFU was
between 104-5CFU/ml, and the trend of change first
decreased and then slightly increased (Figure 2(c)); in
patients No. 3, the number of CFU was between 103-
8CFU/ml. The trend gradually increased with a larger range
in the early and middle stages and a smaller range in the
middle and late stages (Figure 2(d)). Subsequently, we
selected colonies from different periods and sent them to
China Center for Type Culture Collection for identification
(Supplementary Table S1–3). 16S rDNA sequencing results
showed that Burkholderia cepacia was the main bacteria in
the early and middle exudate samples with number
AXBO01000009 and 99.3% similarity, whereas
Staphylococcus epidermidis was the main bacteria in the
late exudate samples with number L37605 and 99.6%
similarity.

3.3. SDS-PAGE Separation of Exudate from Diabetic Foot
Ulcer. In order to visualize the changes in exudate proteins
at different treatment periods, SDS-PAGE electrophoresis
was performed on all the samples. As shown in Figure 3,
there were some band differences between exudate protein
and serum protein of the three patients at different treat-
ment periods. The most obvious band was below 15kDa.
The protein content of this molecular weight range in serum
was low, whereas deep bands appeared in exudate samples.
The width and the color depth of the bands were different
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Figure 2: Bacteriological analysis of ulcer wound exudate in diabetic foot patients. (a) The growth morphology of colonies in exudate
samples on LB plates, with smooth edges and milky color colonies (about 0.5mm in diameter). (b) The number of colony-forming units
in the exudate of patient No. 1 ranged from 104-7 CFU/mL, and the changes in the early, middle, and late stages were first decreased and
then increased. (c) The number of colony-forming units in the exudate of patient No. 2 ranged from 104-5 CFU/mL, and the change
trend also decreased first and then increased slightly. (d) The number of colony-forming units in the exudate of patient No. 3 was
between 103-8 CFU/mL, with a large range of change and a gradual increase, with a large range in the early and middle stages and a
small range in the middle and late stages.
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Figure 3: SDS-PAGE separation of serum and exudate protein at different treatment stages.
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in different patients at the same period and at different
periods for the same patient, indicating that there was a high
abundance of differential proteins at this location. In addi-
tion, at 20 kDa, 50 kDa, or even higher molecular weight
(more than 200 kDa), there were also varying degrees of
differences.

3.4. Loss of High-Abundance Protein in Exudate of Diabetic
Foot Ulcer. Exudates contained many serum high-
abundance proteins, such as apolipoprotein APO family,
complement protein CO family, fibronectin FIB family,
and albumin. Therefore, in order to improve the identifica-
tion of low-abundance proteins by mass spectrometry, we
first carried out a reduction of serum high-abundance pro-
tein before quantitative proteomic analysis to reduce the
content of these proteins (not all removed). After treatment,
the high abundant proteins in the four groups of samples
were effectively removed, and the low abundant proteins
were effectively concentrated (with clear bands and deeper
concentration). Concentrated eluent proteins were used for
subsequent isotope labeling, chromatographic separation,
mass spectrometry identification, and analysis.

3.5. Quantitative Proteomic Analysis of Exudate from
Diabetic Foot Ulcer

3.5.1. Statistics of Mass Spectrometry Identification Results.
Four groups of iTRAQ labeled samples (A (normal serum),
B (early exudate), C (middle exudate), and D (late exudate))
were detected by mass spectrometry. Mascot, Scaffold, and
IPA software were used to analyze the mass spectrometry
data. According to the results of mass spectrometry of all
the sample groups, 444494 MS/MS spectra were obtained.
Qualitative identification criteria used each identified pro-
tein to obtain at least less than 1% of the false positive rate
(FDR), two specific matched peptide fragments, less than
1% of the false positive rate of protein. According to the
standard, we identified a total of 58194 spectra correspond-
ing to 1865 proteins (Supplementary Table 4), accounting
for about 13% of the total spectrum (58194/444494), which
belonged to the normal level in the serum proteome.

In the quantitative identification, the isotope labeling
efficiency of the samples was more than 99%, and the consis-
tency of labeling signals among the samples was good. The
average coefficient of variation of protein quantification
was 20%. The total number of quantitative spectrograms
was 52660, accounting for 90% of qualitative identification
spectrograms (58194). Quantitative data were analyzed
using the criteria of 1.3-fold change and nonparametric test
P < 0:05 to screen differentially expressed proteins. Four
groups were compared and analyzed: BCD group/A group,
C group/B group, D group/B group, and CD group/B group.
The number of differential proteins was shown in Table 1.
According to the screening criteria of 1.3-fold change, 29
proteins were downregulated and 101 proteins were upregu-
lated in C group compared with B group; 82 proteins were
downregulated, and 319 proteins were upregulated in D
group compared with B group; 56 proteins were downregu-
lated, and 254 proteins were upregulated in CD group com-

pared with B group; and 1153 differential proteins were
identified in BCD group compared with A group
(P < 0:03067) (Supplementary Table 5).

The differential proteins in the different groups were
mainly upregulated. Specific to the corresponding molecule,
the upregulation of S100-A7 (immune response and angio-
genesis), S100-A2 (endothelial cell migration related),
calmodulin-like protein 3, protocadherin-18 (cell move-
ment, migration, etc.), 14-3-3 protein Sigma (cell migration,
cytokeratinization, etc.), tropomyosin alpha-4 chain (migra-
tion of skeleton and muscle cells), and 60S ribosomal protein
L19 (protein synthesis) were clearer. The downregulation of
collectin-10 (glycometabolic metabolites), complement C5,
complement component C6, Mmannose-binding protein C
(complement activation), grancalcin (inflammatory
response), beta-Ala-His dipeptidase (carnosine hydrolysis
and cell death), tumor necrosis factor-inducible gene 6 pro-
tein (cell death), and serum amyloid A-1 protein (immune
response) was more evident.

3.6. Statistics and Analysis of Differential Proteins

3.6.1. Function Annotation. We used Ingenuity Pathway
Analysis (IPA) software to annotate the function, signal
pathway, and interaction analysis of differential proteins.
Firstly, the annotations were made on 130 differential pro-
teins in intermediate exudate (C group) compared with early
exudate (B group) and 401 differential proteins in late exu-
date (D group) compared with early exudate (B group) in
order to investigate their biological functions, toxicological
functions, and regulatory functions. A total of 500 classifica-
tions (subcategories) in C/B group and 500 classifications
(subcategories) in D/B group were annotated, but their reli-
ability and the degree of activation/inhibition varied (Sup-
plementary Table 6).

As shown in Table 1, biological functions were identified
with high probability ðjZ valuej > 2 or ≈ 2Þ from the differen-
tial proteins of C group (intermediate exudate) and B group
(early exudate). The main activated physiological effects
were cell movement (involving proteins such as GBP1,
ACP1, PPIA, and TYMP) and migration (ACP1, PPIA,
IGHG1, S100A7, etc.), cell differentiation (PPIA, IGHG1,
GLO1, LTF, etc.), body injury and regeneration system
(HIST1H1C, PRRC1, C9, TYMP, etc.), tissue survival
(KRT14, MIF, HP, APOA1, etc.), protein synthesis
(RPL27A, KRT17, MAPK3, RPS9, etc.), cell invasion (MIF,
GBP1, KRT17, IGHG1, etc.), and skin formation (KRT14,
TGM3, KRT16, CALML5, etc.). Inhibited functions included
gangrene-induced cell death (HIST1H1C, C9, ACP1, PPIA,
etc.), leukocyte recruitment and inflammatory response
(APOA1, MBL2, LTF, APOH, LBP, C5, etc.), nerve cells
(MIF, P4HB, TF, C9, etc.), tissue cell death (RPL27A,
RPS19, ENO1, MIF, etc.), and bacterial growth (APOA1,
LTF, TF, GSN, etc.). In D group (late exudate) compared
with B group (early exudate), most of the physiological
effects of activation were similar to those of C/B group, such
as protein synthesis, cell proliferation, differentiation, migra-
tion, movement, survival, invasion, and tissue survival. The
inhibited physiological effects were similar to those of C/B
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group, such as cell death (including natural apoptosis, gan-
grene, body injury, loss of regulation of connective tissue,
bone, muscle disorders, etc.), inflammatory diseases, inflam-
matory reactions, immune disease, etc.

In summary, these biological functions, which were
clearly activated or inhibited, reflected the changes of micro-
environment in the healing process of diabetic foot ulcer
wounds (mid/early and late/early). In other words, the
enhancement of protein synthesis, cell proliferation, differ-
entiation, migration, and movement facilitates cell growth
and survival as muscles, skin, blood vessels, and other tissues
continued to form and survive. At the same time, cell and
tissue death, inflammatory reaction, inflammatory disease-
related molecules, and bacterial growth were reduced in
the injured area. The comprehensive effects of all the biolog-
ical processes mentioned above were conducive to the repair
and healing of the injured area.

3.6.2. Statistics of Functional Annotations. The function clas-
sifications of Supplementary Table 6 were analyzed by
histogram, and the maximum value of -log (P value) of
each class was displayed. Each class contained multiple
subclasses, and the extreme value was taken (Figure 4).
From Figure 4, it was shown that in the classification of
differential proteins in C group (middle exudate) and B
group (early exudate), the most involved functions were
skin diseases and health ð−log ðP valueÞ ≈ 20Þ, followed by
inflammatory reactions, inflammatory diseases, and
immune diseases (−log ðP valueÞ between 12 and 14), and
other functions involved in free radical scavenging, cell
movement, nervous system diseases, developmental
disorders, body damage and abnormalities, genetic
abnormalities, cell death and survival, cell morphology,
formation and function of hair and skin, organ and tissue
development, blood system development and function,
immune cell recruitment, regenerative system diseases, etc.
In the classification of differential proteins in D group (late
exudate) and B group (early exudate), the number and
reliability related to cell death and survival as well as skin
diseases and health were the highest, followed by those
related to posttranscriptional modification of RNA,
infectious diseases, protein synthesis, and immune diseases.
Inflammatory diseases, inflammatory reactions, body
injury, gene expression, cell growth and differentiation, cell
migration, connective tissue, skeletal tissue, muscle tissue
disorders, developmental disorders, blood system
development and function, immune cell recruitment,
neurological diseases, and other related differential protein
classification were also highly reliable. In summary, the
middle and late-stage differential proteins were more

involved in the functions of skin diseases and health,
inflammatory reaction, immune diseases, and
inflammatory diseases. Comparisons of other functions
suggested that the reliability was approximately the same.
Except in the late stage (D/B group), cell death and
survival, cell growth and differentiation, gene expression,
posttranscriptional modification of RNA, protein synthesis,
body injury, and infectious diseases were higher than those
in the middle stage (C/B group), which can be attributed
to a higher number of differential proteins identified.

In summary, it was evident that the causes of chronic
ulcer wound and nonunion in diabetic foot may be con-
nected to abnormal cell death, abnormal development and
regeneration of nerve, blood vessel, blood system, connective
tissue, muscle tissue, excessive inflammation, inflammatory
disease, and immune system disease. Bacterial and viral
infections were also associated with chronic ulcer wound in
diabetic foot. Therapeutic processes were the recovery and
regeneration (the growth and regeneration of nerves, blood
vessels, muscles, connective tissue, blood system, etc.) and
the decline (cell death, immune diseases, inflammatory dis-
eases, viruses and bacterial infections) of physiological or
pathological processes.

Further, we analyzed the class and the descendants of
annotations of differential proteins and their subclasses by
Heatmap of clustering analysis (Figure 5). It was shown that
in the effect clustering of differential proteins in C group
(middle exudate) compared with B group (early exudate),
cell development and movement, cell growth and differenti-
ation, protein synthesis and regeneration system, antimicro-
bial infection, tissue development, and skin and hair
development were almost completely activated (red), reflect-
ing the active metabolism and tissue repair environment in
the wound site (Figure 5(a)). The development and function
of the blood system, the recruitment of immune cells, cell
movement, inflammatory reaction, signal transduction, and
interaction between cells were activated and partly inhibited,
which was mainly due to the difference in the specific func-
tions of subclasses under each large class, but the general
mechanism was the construction of microenvironment to
promote the repair of damaged tissues and abnormality. In
addition, the inhibition (blue) of cell death, organism injury
and abnormalities, inflammatory diseases, nervous system
diseases, regeneration system abnormalities, connective tis-
sue, and muscle tissue abnormalities was also consistent with
the findings in C/B group. As shown in Figure 5(b), the
inhibitory effect (blue) of Heatmap of clustering analysis
on differential proteins was more extensive in D group (late
exudates) than that in B group (early exudates). It involved
cell death and survival, organism injury and abnormalities,

Table 1: Quantitative differential protein statistics of chronic ulcer exudates from diabetic foot.

Fold change
Group comparative analysis

BCD group/A group C group/B group D group/B group CD group/B group

1.3 times downregulation
1153 (P < 0:03067) 29 82 56

1.3 times upregulation 101 319 254

A (normal serum); B (early exudate); C (middle exudate); D (late exudate).
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inflammation, cancer and tumor, and tissue and organ
development. Activation effects included infectious diseases,
cell movement, cytoskeleton assembly, protein synthesis, etc.

It was showed that the functions associated with the coacti-
vation of different proteins in the middle and late stages
included cell invasion, cell survival, cell movement,

–Log (P-value)

Dermatological diseases
and conditions

Inflammatory response

Inflammatory disease

Immunological disease

Free radical scavenging

Cellular movement

Neurological disease

Developmental disorder

Organismal injury
and abnormalities
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Cell morophology

Embryonic development
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development and function
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Connective tissue
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Skeletal and muscular
disorders

Hematological system
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Immune cell trafficking
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Post-translational
modification

Cell-to-cell signaling
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Carbohydrate
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Humoral immune
response
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Cardiovascular system
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Figure 4: Classification statistics of differential proteins about exudates in different periods. The dark blue column gram showed the
classification of differential proteins in C group (medium exudate) compared with B group (early exudate). The light blue column gram
showed the classification of differential proteins in D group (late effusion) than that of the B group (early effusion).
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migration, differentiation, protein synthesis, etc. in
Figure 5(c). The functions associated with coinhibition
included cell death, apoptosis, gangrene, inflammatory reac-
tion, and the specific activation of anti-infective functions in
the late stage.

In the wound healing process of diabetic foot ulcer, tis-
sue regeneration and recovery were more extensive in the
midterm. In the late stage, cell and tissue death, cell division,
and tissue regeneration as well as infection and inflamma-
tion were suppressed. At the same time, there were common

activation and inhibition effects, and some of the biological
effects were different in the middle and late stages. More-
over, significant differences also existed among some of the
biological functions in the middle and late stages.

3.6.3. Classical Pathway Analysis. We performed classical
signal pathway analysis of differential proteins (Supplemen-
tary Table 7) to investigate the regulation of activation and
inhibition of the pathways involved, thus confirming the
relevant pathway of evident disorders. It can be seen from

(a)

(b)

Invasion of cells
Viral infection
Survival of organism
Cell movement
Synthesis of protein
Migration of cells
Infection of hepatoma cell lines
Proliferation of cells
Replication of RNA virus
Cell death of cancer cells
Necrosis
Cell death of osteosarcoma cells
Cell death of tumor cells
Cell death
Differentiation of cells
Apoptosis
Cancer
Rheumatic disease
Cell death of tumor cell lines
Inflammation of joint
Apoptosis of tmor cell lines
Proliferation of endothelial cells

Formation of filaments
Infection by hepatitis C virus
Binding of leukocytes

Development of epithelial tissue
Mammary tumor
Morbidity or mortality
Organismal death
Infection of cells
Infection by RNA virus
HIV infection
Infection by HIV-1
Cell survival
Cell viability of tumor cell lines
Cell viability
Infection of embryonic cell lines
Infection of epithelial cell lines
Infection of kidney cell lines
Cell death of brain
Cell death of cental nervous system cells
Cell death of brain cells

Cell death of cerebral cortex cells

Urogenital cancer
Cell proloferation of tumor cell lines

–5.336 4.280
Activation Z-score

C/
B

D
/B

(c)

Figure 5: Heatmap of clustering analysis of differential proteins in exudates at different stages. (a) The clustering analysis of differential
protein effect in C group (middle exudate) compared with that in B group (early exudate). (b) The clustering analysis of differential
protein effect in D group (late exudate) compared with that in B group (early exudate). (c) Analysis of trends in effects of differential
proteins in CD/B group.
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the table that EIF2 signaling, cardiac hypertrophy signaling,
phospholipase C signaling, and dendritic cell maturation
were more obvious activation pathways of differential
proteins in C group than in B group. Significant disorder
pathways ð−log ðP valueÞ were larger, but no consistent
activation or inhibition information were acute phase
response signaling, completion system, glycolysis I, LXR/
RXR activation, regulation of eIF4 and p70S6K Signaling,
FXR/RXR Activation, gluconeogenesis I, adenine and
adenosine salvage I, systemic lupus erythematosus signaling
and mTOR signaling, etc. EIF2 signaling was the only
pathway that was more significantly activated in D group
(late exudate) than in B group (early exudate). There were
many other pathway disorders ð−log ðP valueÞ = 2 − 9Þ with
no apparent consistent activation or inhibition information,
such as regulation of eIF4 and p70S6K signaling, LXR/RXR
activation, acute phase response signaling, completion
system, mTOR signaling, FXR/RXR activation, glycogen
Degradation II, etc.

We also investigated the biological functions involved in
some signaling pathways. EIF2 signaling, as well as regula-
tion of eIF4 and p70S6K signaling, was eukaryotic signaling
pathways mainly involved in protein synthesis, cell prolifer-
ation and growth; mTOR signaling was also related to cell
growth and proliferation. LXR/RXR and FXR/RXR activa-
tion participated in lipid metabolism and acute phase
response signaling involved inflammation and participated
in nonspecific defense against microorganisms, mostly in
damaged tissue and wound sites. Complement system was
associated with innate and acquired immunity; systemic
lupus erythematosus signaling was associated with autoim-
mune diseases and cardiac hypertrophy signaling was associ-
ated with cardiovascular diseases. Dendritic cell maturation
was an important initiation factor of cellular immune
response and glycolysis I and gluconeogenesis I involved gly-
colysis and glucose metabolism.

In order to visualize the signal pathways involved, the
histogram statistics of Supplementary Table 7 (Figure 6)
were carried out. The pathways shown in Figures 6(a) and
6(b) were graphical transformations of Supplementary
Table 7, and the results were consistent with those shown
in tables. Most of the signal pathways involved in C/B
group and D/B group were common, but the number of
identified differential proteins was different, which
identified for late stage was higher, and hence, more signal
pathways were involved in the late stage. Figure 6(c)
showed the trend analysis of the signaling pathways of the
two groups. The Z value (response activation or inhibition
of the signaling pathways) of pathway analysis was low; P
value (which reflected the signaling pathways disorder or
not) was used as the judgment standard. The deeper the
purple color, the more significant the effect of disorder of
the pathway. As shown in Figure 6(c), EIF2 signaling,
acute phase response signaling, complement system, LXR/
RXR activation, FXR/RXR activation, regulation of eIF4,
p70S6K signaling, and mTOR signaling were the signal
pathways with obvious disorders in the middle and late
stages. The functions involved were basically consistent
with the previous intergroup trend analysis. Most of the

pathways were related to protein synthesis, cell
proliferation and growth, and metabolic processes as well
as inflammation and immune system.

3.6.4. Upstream Transcriptional Regulation Analysis. To
understand the transcriptional regulation of differential pro-
teins, we analyzed the upstream regulatory factors of differ-
ential proteins (Supplementary Table 8). Three regulators,
IgG, RICTOR, and MAPK1, were more inhibited in C
group (middle exudate) than in B group (early exudate)
(Table 1). Eleven regulators, ROCK2, MYC, MYCN, EGFR,
HIF1A, IFNG, ERK1/2, IL5, ARNT2, TP73, and ESR1 were
more activated in C group (middle exudate) than in B
group (early exudate). Ten regulators of differential
proteins, including RICTOR, IgG, CD3, FAAH, FMR1,
MAPK1, ACOX1, and AMPK, showed more inhibited
activities in D group (late exudate) than in B group (early
exudate). In addition, 45 regulators, including MYCN,
MYC, TGFB1, ROCK2, KITLG, PPARA, HRAS, EGFR,
IFNG, HIF1A, NFE2L2, and FN1, showed more activated
activity in D group than in B group.

Furthermore, each subnetwork of possible biological
functions of some transcriptional regulators can be clustered
to find a common regulator-function network. As shown in
Figure 7(a), the three regulators, ROCK2, MYCN, and
MAPK1, had interlaced downstream biological functions,
however, they can ultimately affect the differentiation,
migration, protein synthesis, and death of cells. In
Figure 7(b), three regulators, RICTOR, NFE2L2, and
EP300 influenced cell survival and infection through interac-
tive downstream regulatory proteins.

3.6.5. Interaction Network. We analyzed the possible interac-
tion networks in differential proteins (Supplementary
Table 9). As shown in the table, the main functions of the
three interaction networks with higher reliability in C group
(middle exudate) than those in B group (early exudate) were
skin diseases, immune diseases, inflammatory diseases,
carbohydrate metabolism, posttranslational modification,
protein folding, developmental disorders, and others. In D
group (late exudate), the main function of interaction
network was similar to that in C/B group, but the reliability
was slightly higher than that in C/B group, which was
related to higher number of differentially identified proteins.
Figure 8(a) showed the first interaction network in C/B
group. The differential proteins under this network were
mainly related to the functions of skin diseases, immune
diseases, and inflammatory diseases. The key proteins that
interacted with other proteins were HNRNPA1, KRT14,
SFN, and so on. Figure 8(b) showed the third interaction
network in D/B group. The differential proteins involved
were related to posttranscriptional modification of RNA,
infectious diseases, and protein synthesis. The core proteins
were HNRNPH1, NDRG1, Hsp90, FUS, JnK, etc.

4. Discussion

There were two main treatments for the patients of diabetic
foot, which were oral administration of drugs and surgical
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treatment. Oral administration or injection of drugs reduced
blood sugar, prevented infection, and improved blood circu-
lation. For surgical treatment, the ulcer wound was cleaned
up, sterilized, and smeared with scorpion peptide antibacte-
rial gel. Negative pressure suction device was installed to
drain the exudate, which promoted blood circulation and

oxygen supply to the wound. After a period of treatment,
when the wound infection has reduced, the blood circulation
was good, and the granulation tissue began to grow; autolo-
gous skin flap transplantation was carried out to completely
repair the wound. The three patients of diabetic foot enrolled
in this study had different ulcer formation time (10-40 days),
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Figure 6: Statistics of signal pathways involved in differential proteins in exudates at different stages. (a) The signaling pathway analysis of
differential proteins in C group (middle exudate) compared with that in B group (early exudate). (b) The signaling pathway analysis of
differential proteins in D group (late exudate) compared with that in B group (early exudate). (c) Trend analysis of intergroup signaling
pathways.
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wound location, and size. After a certain period of clinical
treatment, the wound was greatly repaired, and ultimately
after autologous skin flap transplantation, the wounds of
the three patients were basically healed. During the whole
process, wound exudates at different stages reflected the
changes in wound microenvironment and the biological
and pathological processes involved. Conventional proteo-
mics can only qualitatively identify the protein composition
of a sample, but the disease process is often a dynamic
change. In this case, quantitative analysis of protein compo-
nents is particularly necessary. In addition to conventional
drug therapy, surgical debridement and negative pressure
suction, scorpion peptide antibacterial gel in the treatment
process, may have a potential effect against excessive inflam-
mation and purulent secretion, and they may promote gran-
ulation tissue growth and accelerate the healing of wounds
in addition to killing pathogens (antibacterial peptide effect).
However, this is only based on clinical observation and med-

ication experience. The specific mechanism of antibacterial
peptide in this process needs to be elucidated.

Bacteriological analysis of exudates showed that the
number of pathogenic bacteria in wound site decreased;
then, normal flora was observed in the late stage. We can
conclude that scorpion antimicrobial peptide played an
important role. Burkholderia cepacia (also known as Pseudo-
monas cepacia), is a human conditional pathogen in hospi-
tals, which can cause sepsis, pneumonia, abscess, and
wound infection, especially in elderly patients, patients with
low immunity and being treated for trauma [37]. Staphylo-
coccus epidermidis, a Gram-positive bacterium, is a normal
flora on the surface of human skin [38]. The main bacterial
floras of wound exudates vary at different periods. The num-
ber of CFU of Burkholderia cepacia decreased from early to
middle stage, which may be as a result of a variety of treat-
ments including the scorpion antimicrobial peptide. In the
late stage, the main flora was Staphylococcus epidermidis, a

(a)

(b)

Figure 7: The interaction network and downstream function of upstream regulators. (a) Regulators derived from differential proteins in C/B
group. (b) Regulators derived from differential proteins in D/B group.
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normal parasitic bacterium on skin surface, and the number
of Burkholderia cepacia CFU naturally increased.

The SDS-PAGE separation of exudate proteins showed
that there were differences in protein bands between the
samples at different stages, and the components of exudate
and serum were also different. Quantitative mass spectrom-
etry data of exudate samples showed that the number of dif-
ferential proteins in early, middle, and late stages was within
the normal range, but there were 1153 differential proteins
compared with the serum control group in the case of

1865 proteins identified. However, 600-800 differential pro-
teins were usually identified in normal human serum, indi-
cating a considerable difference. Therefore, in the follow-
up data analysis process, we did not take the serum group
into account, but only analyzed the differential proteins of
the wound exudates at different periods, which was enough
to reflect the dynamic process of the disease.

Quantitative mass spectrometry with iTRAQ labeling
can not only qualitatively analyze sample proteins but also
analyze differential proteins between samples [39]. Through

(a)

(b)

Figure 8: Interaction network of differential proteins. (a) The first interaction network in C/B group. (b) The third interaction network in D/
B group.
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in-depth analysis of the functional types, predictive activi-
ties, signaling pathways, transcriptional regulation, and
protein-protein interaction networks involved in these dif-
ferential proteins, we could clearly observe the biological
effects as well as physiological and pathological changes of
ulcer wounds at different stages. This information provided
valuable reference to facilitate the understanding of the
occurrence and treatment of diabetic foot. In terms of quan-
titative results, filter criteria were set as 1.3 times difference
threshold and P < 0:05; 130 differential proteins were identi-
fied from the middle-term exudates; 401 differential proteins
were identified from the late exudates. There were 310 differ-
ential proteins identified which emerged concurrently in the
middle and late stages. Specific differential proteins, such as
S100 calcium binding proteins A2, A8, A7, and A6, were
highly expressed in ulcer wounds, which was consistent with
previous reports [26]. However, there was no significant dif-
ference in matrix metalloproteinases, which were usually
highly expressed in chronic ulcer wounds [40], and they
can degrade collagen and gel, hindering wound healing. In
this study, the reasons for the large differences in enzymes
may be related to individual differences, different sensitivity
of detection methods or decreased concentration of enzymes
during wound healing [41], which was not within the stan-
dard of significant quality control. However, we detected
more differential molecules, covering a wider range of func-
tions and physiological effects.

The annotations of these differential proteins showed
that the main activated effects in the middle and late stages
included protein synthesis, cell proliferation, differentiation,
migration, movement, invasion, and tissue survival. Cell
death, inflammatory diseases, inflammatory reactions, and
immune diseases were all inhibited. However, both activa-
tion and inhibition in the late stage involved more protein
molecules and more specific classifications with higher reli-
ability. This indicated that in the late stage, the wound
exhibited a stronger and faster self-repairing effect. Overall,
these biological functions, which were either activated or
inhibited, reflected the microenvironment changes associ-
ated with the healing process of diabetic foot ulcer wounds.
Skin diseases and health, inflammatory response, and
immune diseases were more involved both in the middle
and late stages. Heatmap and clustering analysis of differen-
tial proteins in exudates at different stages showed that in the
wound healing process of diabetic foot ulcer, the midterm
involved tissue regeneration and recovery, and the late stage
involved the inhibition of cell and tissue death, slowing
down cell division and tissue regeneration as well as the sup-
pression of infection and inflammation. There were com-
mon activation and inhibition effects as well as significant
biological effects in the middle and late stages. Finally, we
conducted transcriptional regulation analysis and protein
interaction network analysis, revealing the complex regula-
tory mechanism and interaction among differential proteins.

In this study, through quantitative proteomic analysis,
we confirmed that the causes of chronic ulcer wound and
nonunion in diabetic foot may be related to abnormal cell
death, abnormal development and regeneration of nerve,
blood vessel, blood system, connective tissue, muscle tissue,

excessive inflammatory reaction, inflammatory disease,
immune system disease, and bacterial and viral infections.
Therapeutic processes involved the recovery (the develop-
ment and regeneration of nerves, blood vessels, muscles,
connective tissue, blood system, etc.) and the decline (cell
death, immune diseases, inflammatory diseases, inflamma-
tory reactions, and viral and bacterial infections) of these
physiological or pathological processes. Although the spe-
cific targets and mechanisms of scorpion antimicrobial pep-
tide in the treatment process still need to be verified by more
in-depth and more specific experiments. The result of the
proteomics analysis provided a differential protein molecu-
lar map of diabetic foot ulcer wounds, which provided some
basic data and references to further elucidate the molecular
mechanism of the development and treatment of the disease
and identify diagnostic markers of healing in chronic
wound.
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