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Abstract
Dr DG Armstrong, PhD
Southern Arizona Limb Salvage Alliance The diabetic foot ulcer (DFU) is the leading cause of lower extremity amputation
(SALSA) worldwide and is directly associated with comorbidity, disability and mortality. Oxida-
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tive stress mechanisms have been implicated in the pathogenesis of these wounds.
Intra-lesional infiltration of epidermal growth factor has emerged as a potential ther-
apeutic alternative to allow for physiological benefit while avoiding the proteolytic
environment at the centre of the wound. The aim of this study was to characterise
the response of patients with DFUs to epidermal growth factor treatment in terms of

;uzczgr;zzl redox status markers. Experimental groups included patients with DFUs before and
USA 3-4 weeks after starting treatment with epidermal growth factor; compensated and
E-mail: Armstrong@usa.net non-compensated diabetic patients without ulcers; and age-matched non-diabetic sub-
jects. Evaluations comprised serum levels of oxidative stress and antioxidant reserve
doi: 10.1111/iwj.12592 markers. Patients with DFUs exhibited the most disheveled biochemical profile, with
elevated oxidative stress and low antioxidant reserves, with respect to non-ulcerated
diabetic patients and to non-diabetic subjects. Epidermal growth factor intra-lesional
administration was associated with a significant recovery of oxidative stress and antiox-
idant reserve markers. Altogether, our results indicate that epidermal growth factor
intra-ulcer therapy contributes to restore systemic redox balance in patients with DFUs.
Introduction

Key Messages
Diabetes is currently defined as a group of metabolic dis-

eases characterised by hyperglycaemia, a relative or absolute
lack of insulin action, pathway-selective insulin resistance and
the onset of multi-organ complications (1). Hyperglycaemia
and its biochemical consequences progressively undermine
organ systems to orchestrate irreversible complications, from
which parenchymal and peripheral structures do not escape.
Lower extremity ulcerations and amputation are among the
most feared diabetes complications (2). Diabetic foot ulcers

e diabetic foot ulcer (DFU) patients are unique in class
patients, exhibiting an exaggerated and uncontrolled
reactive oxygen species systemic spillover

e antioxidant reserve defenses appear depressed in DFU
patients

e the aetiopathogenic role of free radicals in ulcer debut
remains elusive
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e epidermal growth factor (EGF) infiltration reduces free
radicals pool and its deleterious effects and increases the
antioxidant reserves’ defenses

e the mechanisms whereby infiltrated EGF restores the
acute healing phenotype may include an improvement of
the ulcer biochemical environment

(DFU) remain the most common cause of non-traumatic
amputation, resulting in significant disability, morbidity and
mortality (3,4). In this regard, Armstrong and coworkers have
documented that diabetes-related ulcers and amputations are
associated with high 5-year mortality rates, even surpassing
some aggressive cancers (5). Recent data indicate that by 2025,
more than 125 million people will develop foot ulcers, and
20 million will undergo an amputation (6—8).

Healing impairment in this population results from
amalgamated systemic and local factors that ensure an inter-
active molecular networking in which there is prolonged
systemic/local inflammation, exaggerated proteolytic envi-
ronment, toxicity of circulating and accumulated advanced
glycation end-products (AGEs) and an enhanced oxidative
milieu, which appears instrumental for wound stagnation
(2). Mounting evidence suggested that diabetic wounds are
characterised by the prevalence of an oxidative/nitroxidative,
inflammatory and degradative phenotype. In this scenario,
fibroblasts, keratinocytes and endothelial precursor cells’
migration, homing, proliferation and extracellular matrix
(ECM) synthetic properties are impaired (9).

This functional impairment also appears related to a sub-
stantial dysregulation in the availability and activity of growth
factors (10). Cumulative evidence converges to suggest that the
epidermal growth factor (EGF)/EGFR system becomes dete-
riorated by diabetes (11), comprising a reduction in circulat-
ing, salivary and in-tissue EGF/EGFR tyrosine kinase activity
downregulation (12).

EGF is perhaps the most broadly studied growth factor in
relation to wound healing. It is endowed with the sufficient bio-
logical competence for potentially altering wounds’ chronicity
(13). Locally prolonged bioavailability and timely receptors
stimulation are requisites for a significant EGF-mediated
impact in wound closure (14). As an alternative to circumvent
the hostile environment of DFU and to ensure an adequate
EGF availability to its receptor in responsive cells, our group
has conducted the intra-lesional infiltrations of EGF for
more than a decade (15). Most recent data (more than 3800
patients) confirm the treatment success in granulation and
re-epithelialisation, 70% amputation relative reduction risk
and about 5% relapse rates per year for Wagner’s grades 3—5
wounds (16,17).

Experimental studies suggest that EGF is able to enhance
cell survival and tissue replenishment before otherwise lethal
scenarios by controlling oxidative stress (18—20). Whether this
concept is valid in clinical conditions has remained elusive for
decades. This work validates data from classic experiments
as we demonstrate here that the healing effect of EGF local
infiltrations conducted on neuropathic diabetic wounds appears
to be associated with a significant improvement of the redox
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balance as to the control of adjacent systemic pro-inflammatory
markers.

Methods

Ethics

The study protocol conformed to the ethical guidelines of
the 1975 Declaration of Helsinki. In addition, this protocol
was reviewed and approved by the ethic committees at the
National Institute of Angiology and Vascular Surgery and the
National Center for Integral Diabetes Care, Havana, Cuba. All
the patients and the non-diabetic volunteers signed an informed
consent form to be involved in the study.

Study population

Thirteen diabetic patients (type 1 or 2) affected by chronic
neuropathic lower extremity ulcers, classified as moderate to
severe in nature based on the Wound, Ischemia, Foot Infec-
tion (WIFI) threatened limb classification and also by Wag-
ner’s scale (21-23), and admitted at the angiopathy ward of
the National Institute of Angiology and Vascular Surgery in
Havana, Cuba were included in this study. All the patients
were part of the national programme for integral diabetes care
that involved, as instrumental pharmacological intervention,
the local infiltration of recombinant human EGF. Under the
in-hospital regime the patients received the systemic medical
interventions required to eliminate infection, ensure metabolic
control and the concurrent limb off-loading. Wounds were
locally cleansed with saline, sharp debrided when required and
dressed with saline-moistened gauze (24). Wounds were clini-
cally examined on alternate days and before EGF administra-
tion to confirm a clean substrate for infiltrations (25).

Control population

As reference for the group complicated with lower extrem-
ity wounds, concurrent diabetic groups were introduced in
the study, including metabolically compensated (n=12)
and non-compensated (n=12) subjects. These patients were
recruited from the National Center for Integral Diabetes Care
in Havana, Cuba according to their medical records. The
compensation criteria were based on at least two consecu-
tive HbAlc determinations exhibiting values of 7% or lower
(26). All these patients underwent a clinical examination and
appeared asymptomatic of complications. Patients with a pre-
vious history of diabetic foot pathology without active tissue
loss were not included (27). We also recruited 13 age-matched,
non-diabetic volunteers, healthy male individuals, who repre-
sented the reference control for all the diabetic subjects. In all
these patients, fasting blood glucose and HbAlc values were
confirmatory.

Recombinant human EGF

Recombinant human EGF was obtained from the Centre
for Genetic Engineering and Biotechnology (Havana, Cuba)
(28). It was formulated with buffer salts as an injectable,
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Table 1 Demographic characteristics of studied patients

A. G. Ojalvo et al.

Variables DFU DM comp DM non-comp No DM
n 13 12 12 13
Gender F 5 9 8 0
M 8 3 4 13
Age (years) Mean + SD 51.8+9-8 61-3+10-7 61-5+14.2 56-9+9-7
Min—max 36-66 40-77 30-85 44-73
DM type 1 4 0 1 —
2 9 12 1 —
DM evolution time (years) Mean + SD 13-7+10-4 12.3+92 16-8+11-7 —
Min—max 4-37 2-31 5-40 —
Wound evolution time (days) Mean + SD 66 +76 — — —
Min—max 7-270 — — —
HbA1c (%) Mean + SD 10:4+1-0 6-:0+1-0 8:2+0-9 5.7+0-6
Min—max 8:3-11-6 4.0-7-0 7-2-10-3 4.9-7-0

DFU, diabetic foot ulcer; DM comp, compensated non-ulcerated diabetic patients; DM, non-comp: non-compensated non-ulcerated diabetic patients;
No DM, non-diabetic subjects; HbA1c, glycated hemoglobin; SD, standard deviation; Min, minimum; Max, maximum.

was lyophilized and is presently available in this composition
(Heberprot-P, HeberBiotec S.A., Havana, Cuba). Patients
received 75pg of EGF at each intra-lesional infiltration
session, three times per week, on alternate days. The medi-
cation, its administration requisites and procedure have been
extensively described (29,30).

Sample collection

After 12—14hours of overnight fasting, between 8:00 and
9:30am and before taking any medication, 10 ml of blood
was collected from each subject. Haematological, haemochem-
ical and glycated haemoglobin (HbA1c) were indicated before
inclusion. Blood glucose measurements were frequently indi-
cated for patients’ metabolic control.

For the study population (patients with DFU), ‘time zero’
(TO) harvesting corresponds to the blood serum sample
obtained just prior to the initial EGF infiltration, when the
wound bed had been fully preconditioned (31), and the
metabolic status of the patient had been improved. A subse-
quent blood sample, obtained 3—4 weeks later when 9-12
EGF infiltration sessions had been completed, was considered
‘time one’ (T1), which allowed for paired samples of the same
individual. Previous studies justify this time point as it repre-
sents the maximal outgrowth of the fibroangiogenic response
under the influence of EGF in situ infiltration (32). All serum
samples were aliquoted and stored at —20 °C until assayed.

Biochemical determinations

All the biochemical parameters were determined by spec-
trophotometric methods using commercial kits. Oxidative
stress markers included total oxidative capacity [PerOx
(TOS/TOC) Kit, Immundiagnostik, Bensheim, Germany];
advanced oxidation protein products (AOPP) (AOPP Kit,
Immundiagnostik); total organoperoxides (TOP) (Bioxytech
H,0,-560 Kit, Oxis International Inc., Beverly Hills, Califor-
nia, USA); and malondialdehyde (MDA) [Lipid Peroxidation
(MDA) Assay Kit, Abcam, Cambridge, UK]. Antioxidant
reserve markers included: total antioxidative capacity [ImAnOx
(TAS/TAC) Kit, Immundiagnostik]; status of sulthydryl (SH)
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groups (Human Glutathione Colorimetric Cuvette Detection
Kit, Innovative Research, Novi, Michigan, USA); and super-
oxide dismutase (SOD) (SOD Activity Assay Kit, Abcam).
Components of the advanced glycation end products (AGE)
pathway were assessed using the following commercial kits:
Human AGE ELISA Kit (Cusabio, Wuhan, China); RAGE
Human ELISA Kit (Abcam); and Human Pentosidine (PTD)
ELISA Kit (BlueGene, Shanghai, China). Matrix metallopro-
tease 9 (MMP-9) and tissue inhibitor of MMP 1 (TIMP-1)
were also evaluated using ELISA kits from Alpco (Salem, New
Hampshire, USA). In all cases, manufacturer’s instructions
were followed.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
6.01 software. Normal distribution was analysed using
D’ Agostino—Pearson and Shapiro—Wilk normality tests. Vari-
ance homogeneity was evaluated using the Brown—Forsythe
and Bartlett’s tests. If data were in compliance with normal
distribution and variance homogeneity, comparisons among
groups were carried out using one-way ANOVA followed
by Holm-Sidak’s multiple comparisons test. Otherwise, the
Kruskal—Wallis test followed by Dunn’s multiple comparison
test were performed.

Comparisons between time points (71 versus 70) were done
by means of repeated measures analyses. If data were consistent
with normal distribution, the Student’s paired 7-test was per-
formed. Otherwise, the Wilcoxon test was conducted. Values
of P <0-05 indicated statistically significant differences.

Results

Demographics

Patients with DFU were studied with respect to non-ulcerated
diabetic patients, clinically classified as compensated (DM
Comp) and non-compensated (DM Non-comp), as well as
versus age-matched non-diabetic subjects (No DM). Type
2 diabetes was the predominant condition (Table 1). No
significant differences were found among groups regarding

© 2016 Medicalhelplines.com Inc and John Wiley & Sons Ltd



A. G. Ojalvo et al.

Diabetic wound healing by infiltrated EGF is associated with systemic oxidative stress reduction

A TOC B AOPP
2500 4 60 -
a
—_— 504
2 20004 a
]
§
> g%
‘G 15004 b °
- §
8 2 30/ " b
@ o
£ 10004 b ol b
o <
2 T = 20
o
&
o 500
- 10 4
0 T r I 0 r T T -
L &£ & & S & & &
O oF L O & WP
o & o o
Q “ﬁ‘ < *6
Q Q
C MDA D TOP
Figure 1 Oxidative stress marker levels 184 100+
in serum samples from patients with
diabetic foot ulcer (DFU); non-ulcerated
diabetic patients, classified as compensated 804
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age (P=0-1248) and diabetes evolution time (P =0-6407).
Significant differences were detected for HbA lc between com-
pensated and non-compensated diabetic patients (P =0-0114).
Interestingly, HbAlc levels were similar between ulcerated
and non-compensated diabetic patients (P =0-4472), whereas
no difference were detected between compensated diabetics
and age-matched healthy subjects (P > 0-9999).

Molecular characterisation of patients with DFU

Redox status markers were analysed in serum samples from all
the four groups. Oxidative stress markers included total oxida-
tive capacity, AOPP, MDA and TOP (Figure 1). Patients with
DFU showed significantly increased levels of total oxidative

© 2016 Medicalhelplines.com Inc and John Wiley & Sons Ltd

capacity (Figure 1A) and AOPP (Figure 1B) with respect to
the rest of the experimental groups (P <0-0001). Similarly,
MDA levels were significantly higher in ulcerated patients than
in non-compensated diabetics (P =0-0208) and non-diabetic
subjects (P =0-0003) (Figure 1C). MDA levels were found
to be significantly higher in compensated diabetic than in
non-diabetic subjects (P =0-0334). Regarding TOP concen-
tration (Figure 1D), no statistical differences were detected
among the groups (P=0-4483). However, DFU-affected
patients exhibited a three-fold increase in relation to the rest of
the study groups.

Consistent with oxidative stress markers, antioxidant
reserve parameters showed the opposite behaviour; ulcer-
ated patients exhibited significant reductions on total
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Figure 2 Antioxidant reserve marker levels in serum samples from patients with diabetic foot ulcer (DFU); non-ulcerated diabetic patients, classified
as compensated (DM Comp) and non-compensated (DM Non-comp); and non-diabetic subjects (No DM). (A) Total antioxidative capacity (TAC). (B)
Sulfhydryl (SH) groups. (C) Superoxide dismutase (SOD). If data are in compliance with normal distribution, they are expressed as mean + SD.
Otherwise, they are represented as the median, 25th and 75th percentiles. Statistical analyses were performed using an ordinary one-way ANOVA
followed by Holm-Sidak’s multiple comparisons test (data with normal distribution) or the Kruskal-Wallis test followed by Dunn’s multiple comparison
test (data without normal distribution). Different letters represent statistically significant differences.
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Figure 3 AGE pathway molecule levels in serum samples from patients with diabetic foot ulcer (DFU); non-ulcerated diabetic patients, classified as
compensated (DM Comp) and non-compensated (DM Non-comp); and non-diabetic subjects (No DM). (A) Advanced glycation end products (AGE).
(B) AGE receptor (RAGE). (C) Pentosidine (PTD). If data are in compliance with normal distribution, they are expressed as mean + SD. Otherwise,
they are represented as the median, 25th and 75th percentiles. Statistical analyses were performed using an ordinary one-way ANOVA followed by
Holm-Sidak's multiple comparisons test (data with normal distribution) or the Kruskal-Wallis test followed by Dunn’s multiple comparison test (data
without normal distribution). Different letters represent statistically significant differences.

antioxidative capacity and SH groups levels with respect Concerning the AGE-RAGE pathway, no statistical dif-
to the other groups (P <0-0001) (Figure 2A,B). SOD activity ferences were found among experimental groups for AGE
appeared to be significantly minor in DFU patients than in (P=0-0650) and RAGE (P =0-4771) (Figure 3A,B). However,
non-diabetic subjects (P =0-0304), but no significant differ- pentosidine levels were significantly higher for DFU patients
ences were found in relation to non-ulcerated diabetic patients as compared to non-ulcerated compensated (P =0-0079) and
(Figure 2C). non-compensated (P =0-0479) patients (Figure 3C).
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Figure 4 Serum levels of proteins related to extracellular matrix stability in patients with diabetic foot ulcer (DFU); non-ulcerated diabetic patients,
classified as compensated (DM Comp) and non-compensated (DM Non-comp); and non-diabetic subjects (No DM). (A) Matrix metalloprotease 9
(MMP-9). (B) Tissue inhibitor of MMP 1 (TIMP-1). (C) Ratio MMP-9/TIMP-1. If data are in compliance with normal distribution, they are expressed as
mean + SD. Otherwise, they are represented as the median, 25th and 75th percentiles. Statistical analyses were performed using an ordinary one-way
ANOVA followed by Holm-Sidak’s multiple comparisons test (data with normal distribution), or the Kruskal-Wallis test followed by Dunn’s multiple
comparison test (data without normal distribution). Different letters represent statistically significant differences.

Figure 5 Clinical response of patients with diabetic foot ulcer (DFU) to the treatment with epidermal growth factor (EGF) in terms of wound granulation,
contraction and epithelialisation. Representative images. (A) Before treatment (T0). (B) After 9—12 EGF intra-lesional infiltrations (T1), representing 3—-4

weeks.

As persistently high levels of MMPs contribute to wound
chronicity, serum levels of MMP-9 and TIMP-1 as well as the
corresponding MMP-9/TIMP-1 ratio were assessed. Patients
with DFU exhibited significantly elevated levels of both
MMP-9 (P =0-0066) and TIMP-1 (P < 0-0001) with respect to
the rest of the experimental groups (Figure 4A,B). Regarding
the MMP-9/TIMP-1 ratio, although no statistical differences
were detected among the groups (P =0-3233), ulcerated
patients showed a 1-5-2-4-fold increase in comparison to the
other groups (Figure 4C).

Response of patients with DFU to the treatment
with EGF

Intra-lesional infiltration with EGF has emerged as an effective
alternative for the treatment of DFU. In order to study molecular

© 2016 Medicalhelplines.com Inc and John Wiley & Sons Ltd

aspects of this therapy, serum samples from patients with DFU,
before (T0) and after receiving 9—12 doses of EGF (T1), were
analysed. Although the main goal of this study was not to exam-
ine the clinical efficacy of the infiltrated EGF, we deemed it
appropriate to mention that the treatment triggered a sustained
and progressive accumulation of granulation tissue, wound bor-
ders contraction and re-epithelialisation (Figure 5). Further-
more, we have confirmed that the intervention appeared to be
safe, well-tolerated and not associated with local infections.
Oxidative stress markers are illustrated in Figure 6. The
four parameters examined showed a significant reduction after
EGF treatment with respect to the baseline (total oxidative
capacity: P=0-0391; AOPP: P=0-0195; MDA: P=0-0481;
TOP: P=0-0341). Median/mean values dropped by 24, 38, 22
and 59% for total oxidative capacity in AOPP, MDA and TOP,
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Figure 6 Oxidative stress marker levels in serum samples from patients with diabetic foot ulcer (DFU) before (T0) and after epidermal growth factor
(EGF) treatment (T1). (A) Total oxidative capacity (TOC). (B) Advanced oxidation protein products (AOPP). (C) Malonyldialdehyde (MDA). (D) Total
organoperoxides (TOP). If data are in compliance with normal distribution, they are expressed as mean + SD. Otherwise, they are represented as the
median, 25th and 75th percentiles. Statistical analyses were performed using the Student’s paired t-test (data with normal distribution) or the Wilcoxon

test (data without normal distribution). * P < 0-05.

respectively. For each evaluated marker, at least 50% of patients
showed favourable responses to redox balance.

Coherent to these outcomes, total antioxidative capacity and
SH groups exhibited significant increases after EGF therapy
(P=0-0259 and P=0-0007, respectively) (Figure 7A,B).
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Mean antioxidant capacity increased by 19% in relation
to the baseline, and 60% of the patients had a favourable
response for redox balance. Concerning SH groups, 100%
of patients presented positive responses, with a mean value
rise of 57% (Figure 7B). SOD activity did not appear to
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Figure 7 Antioxidant reserve marker levels in serum samples from patients with diabetic foot ulcer (DFU) before (T0) and after epidermal growth
factor (EGF) treatment (T1). (A) Total antioxidative capacity (TAC). (B) Sulfhydryl (SH) groups. (C) Superoxide dismutase (SOD). Data are expressed as
mean + SD. Statistical analyses were performed using the Student's paired t-test. * P <0-05; ***P < 0-001.
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Figure 8 AGE pathway molecule levels in serum samples from patients with diabetic foot ulcer (DFU) before (TO) and after epidermal growth factor
(EGF) treatment (T1). (A) Advanced glycation end products (AGE). (B) AGE receptor (RAGE). (C) Pentosidine (PTD). If data are in compliance with normal
distribution, they are expressed as mean + SD. Otherwise, they are represented as the median, 25th and 75th percentiles. Statistical analyses were
performed using the Student’s paired t-test (data with normal distribution) or the Wilcoxon test (data without normal distribution). *P < 0-05.

be significantly modified after treatment with respect to the
baseline (P =0-2586) (Figure 7C).

AGE and RAGE levels showed no statistical differences
between TO and T1 (P =0-0549 and P=0-2101, respectively)
(Figure 8A,B). However, AGE levels tended to be reduced after
the therapy. In this case, the mean value decreased by 22%
(Figure 8A), which may be biologically relevant. In contrast,
PTD levels were significantly lower after EGF treatment than
at the baseline (P =0-0391), with a median value reduction of
42% (Figure 8C).

MMP-9 levels showed no statistical differences between TO
and T1 groups (P=0-1071) (Figure 9A). Nevertheless, the
mean MMP-9 concentration for group T1 was 37% lower than

© 2016 Medicalhelplines.com Inc and John Wiley & Sons Ltd

the mean value for group TO. On the other hand, TIMP-1 levels
were significantly lower (P=0-0156) for patients receiving
EGF therapy than for those who had received no treatment yet
(Figure 9B), with a mean value decrease of 31%. Regarding the
MMP-9/TIMP-1 ratio (Figure 9C), no significant differences
were detected between the groups (P =0-1141). However, it is
noteworthy that the median ratio for group T1 was 42% lower
than the median value for group TO.

Discussion

Oxidative stress, defined as an imbalance between oxidative
and antioxidative molecules, in favour of the oxidative ones,
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Figure 9 Serum levels of proteins related to extracellular matrix stability in patients with diabetic foot ulcer (DFU) before (TO) and after epidermal
growth factor (EGF) treatment (T1). (A) Matrix metalloprotease 9 (MMP-9). (B) Tissue inhibitor of MMP 1 (TIMP-1). (C) Ratio MMP-9/TIMP-1. If data are
in compliance with normal distribution, they are expressed as mean + SD. Otherwise, they are represented as the median, 25th and 75th percentiles.
Statistical analyses were performed using the Student’s paired t-test or the Wilcoxon test. * P < 0-05.

leads to cellular damages (33). Superoxide overproduction
by the mitochondrial electron transport chain (34) activates
classic metabolic events, evidenced during the course of
DM, such as increases on polyol pathway (35), hexosamine
pathway (36) and AGE formation (37) and PKC (36) and
NFxB (38) activation. In this context, hyperglycaemia is the
cornerstone, providing an intracellular environment suitable
for increased reactive oxygen species (ROS) production.
Mitochondrial-derived ROS have been causally related to
insulin resistance, the development of type 2 diabetes and to
the onset of its multiorgan complications (39).

One of the most feared complications of diabetes is lower
extremity amputation, which is associated with incredibly high
figures of early mortality (5). Free radicals overproduction is the
starting point for a cascade of events that eventually leads to
diabetic complications including lower extremity ulcerations.
Globally speaking, chronic wounds, irrespective of their aeti-
ology, are a rich source of pro-oxidant metabolites with a neg-
ative local and systemic impact (40). ROS, therefore, requires
being in fine balance for an effective antimicrobial effect with-
out harming the wound milieu (41).

To the best of our knowledge, this work is the third to
address the oxidative stress profile in DFU-affected patients as
a diabetic complication. In correspondence to previous findings
(42,43), this study shows that the ulcerated subjects behave as
a unique pathological group as they exhibit an exacerbation
of the oxidative stress arm along with a concomitant deteri-
oration of the antioxidant reserve as compared to the rest of
the studied groups. Whether oxidative stress is an active cause
of ulceration or an adjacent downstream ingredient of a broad
glucotoxic process remains an open question (44). Irrespective
of this controversial matter, several studies indicate that oxida-
tive stress lies behind fibroblast and keratinocyte anomalies in
migration, secretion, proliferation and polarisation (2,45) and
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that the pharmacological manipulation of this biochemical sec-
tor improves wound healing (6).

Some data of the current study deserve further examination.
Perhaps the most surprising finding obtained is that oxidative
stress markers (except MDA) appeared similar between the
non-diabetic volunteers and the non-ulcerated diabetic subjects.
Likewise, the antioxidant reserve markers were similar between
all the non-ulcerated diabetics and the non-diabetic group. In
other words, the diabetes-associated oxidative stress figures
appeared somewhat eclipsed by those of the diabetes-free
group. It is likely that the age averaged by the non-diabetic
group (57 years) may act as a determinant factor for mitochon-
drial functional impairment. Mounting evidence documents the
role of aging in mitochondrial dysfunction and the ensued
ROS spillover in aged tissues (46). Oxidative stress in general
and mitochondrial ROS formation in particular have significant
impact on the quality of aging, the so called healthspan (47).

As glycated haemoglobin is an advanced glycation
end-product, and increased HbAlc level reflects more gen-
eration of AGEs (48), it was also unexpected to detect
that although HbAlc levels appeared significantly different
between non-diabetics volunteers and compensated diabetics
versus decompensated ones, the values of circulating AGEs
and soluble RAGE were similar among the study groups.
This incongruence incites speculation that the hyperglycaemic
legacy effect may be as individual as the patient and that these
non-enzymatic irreversible reactions between reducing sugars
and amines may be influenced by an individual’s biological
and non-biological factors, resulting in a privative glycation
imprinting. Consequently, AGEs may represent the patient’s
whole biography of exposure to dyslipidaemia, oxidative stress
and inflammation, in addition to hyperglycaemia, as a primary
trigger (49). The observation that no significant differences
were found between compensated and non-compensated
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groups for most of the redox-analysed parameters is also
exciting and confirms the existence of a level of damage that
is independent from the glycemic control. As stated, this
likely represents the so called ‘vicious cycle of metabolic
memory’ (50). Here, we also show that pentosidine appeared
unique-in-class among the constellation of AGEs as its lev-
els were far higher in ulcerated patients than non-ulcerated
diabetic patients. Previous reports described that diabetic
patients with chronic complications present higher pentosidine
concentrations than diabetic patients without complications
(51). Hence, the pentosidine level has been invoked as a bona
fide predictor for DM complications, such as retinopathy and
nephropathy (52). Pentosidine is not only a glycation but an
oxidation product, that is a glycoxidation product (53), which
is consistent with the predominance of the oxidative arm and
the low antioxidant reserves detected in the ulcerated group.
This observation reinforces the pathogenic role of oxidative
stress in diabetic complications.

MMPs and TIMPs are two groups of molecular antagonistic
forces largely involved in wound-healing physiology, requiring
a fine temporary and spatial balance (54,55). Because of their
impact on diabetic wounds, and as part of the characterisation
of the DFU systemic effect, MMP-9 and TIMP-1 levels were
quantified in serum samples from patients with DFU and com-
pared to non-ulcerated diabetic patients and non-diabetic sub-
jects. As mentioned before, MMP-9 levels were significantly
higher for ulcerated patients in relation to the other groups,
indicating that DFU influences the increase on MMP-9 sys-
temic levels. Interestingly, TIMP-1 levels exhibited a similar
behaviour. In DFU patients, TIMP-1 levels could rise as a physi-
ological compensatory response to elevated MMP-9 circulating
levels. Although no statistical differences were detected among
groups for the MMP-9/TIMP-1 ratio, ulcerated patients showed
a higher median ratio than the other groups, thus reinforcing
the anticipated notion that the MMP-9/TIMP-1 ratio may be a
useful healing predictor (56).

The effect of EGF intra-lesional administration on the tar-
geted neuropathic DFU was analysed after 9-12 infiltra-
tions. Oxidative stress parameters were significantly reduced
after therapy, while antioxidant reserves were significantly
increased. Furthermore, for each evaluated marker, at least
50% of patients showed favourable responses to redox bal-
ance. It is noteworthy that the molecular effect of EGF on
redox markers was associated to a positive clinical response
in terms of granulation, contraction and re-epithelialisation.
Therefore, in addition to benefits on granulation promotion and
wound closure, previously reported by Fernandez-Montequin
and coworkers (57-59), EGF contributes to restore circulat-
ing levels of several redox status markers, up to values close to
those of non-ulcerated diabetic patients and non-diabetic sub-
jects. Despite the limitations of this work (i.e. reduced number
of patients studied), it has the merit to show, for the first time,
that the healing properties behind the EGF-based infiltration
therapy are, at least partially, mediated by an antioxidant com-
pensatory mechanism. Consequently, we believe that infiltrated
EGF is able to counteract the redox imbalance, thus attenuat-
ing the premature senescence, apoptosis and proliferative arrest
of local fibroblasts depicted for diabetic ulcers (60) and other
chronic wounds (15,61).
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EGF is a well-reputed cytoprotective growth factor, and
this activity is driven by the agonistic stimulation of the
phosphatidylinositol 3-kinase (PI3K)—Akr axis by the EGF
receptor phosphorylation (62). A variety of in vitro and in
vivo experimental models have documented the ability of
EGF to enhance cells, tissues and animals’ survival following
otherwise lethal insults, including cytotoxic oxidants (63,64)
and episodes of parenchymal organ ischaemia/reperfusion
(65). Globally speaking, the exogenous administration of EGF
proved to reduce the formation of MDA, prevented cell/tissues
demise and ignited antioxidant reserve pathways (13). Of rel-
evance to the present study is the experimental demonstration
that EGF daily topical administrations significantly reduced
thiobarbituric acid reactive substances (TBARS) after 5 days
of treatment. This was followed by a significant increase of
GSH on day 14 (66). All these data suggest that tissue replen-
ishment via EGF is rather mediated by an antioxidative effect.
Moreover, this seems to be the first demonstration in a clinical
setting. In this scenario, germane is the hypothesis that EGF
significantly diminished pentosidine and total AGEs serum
levels in the ulcerated patients. This effect could contribute
to attenuate the myriad of AGE pathway-related damages,
including wound inflammation and fibroblasts apoptosis and
arrest (67). The EGF intra-ulcer infiltration also tended to cor-
rect the MMP-9/TIMP-1 balance (for the later significantly),
suggesting the recovery of the equilibrium between degradative
molecules and their inhibitors, which may entail the restoration
of the crosstalk between extracellular matrix pro-degradative
and pro-synthetic forces.

DM is a multifactorial toxic entity in which glucotoxicity
is associated with, but not limited to, increased ROS levels
and the disruption of the balance between pro-degradative
an pro-synthetic forces, such as to the AGE/RAGE nox-
ious impact, thus leading to cellular proliferative and survival
reserves demise. On the basis of the present results, we can con-
clude that DFUs might be loosely considered a pro-oxidative
organ superimposed on a metabolically disturbed host. It
appears that peri-wound-infiltrated EGF has a systemic trans-
lation, potentially shifting a faded diabetic redox status toward
a more ‘physiological’ profile, thus fueling wound cell survival
and proliferation. This results in more appropriate wound
granulation, contraction and re-epithelialisation. Thus, the
echoes of the peri-wound-deposited EGF act as something of a
‘replacement therapy’ for the diabetic subjects’ systemic bio-
chemistry. We look forward to further works that can support
or refute these findings.
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