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Abstract—This study investigated the effect of low-intensity
cathodal direct current on the release of plasma vascular endo-
thelial growth factor (VEGF) and nitric oxide (NO) in diabetic
foot ulceration. Twenty type 2 diabetic patients with foot ulcer-
ation and thirteen age-matched healthy subjects were enrolled.
Patients were randomly assigned to electrical stimulation (ES)
(n = 10) or sham ES (placebo, n = 10) groups. The ES group
received cathodal direct current (1.48 +/— 0.98 mA) for 1 h/d,
3 d/wk for 4 wk (12 sessions). Blood samples were collected
for VEGF and NO measurement in the first and last treatment
sessions before and after intervention. Wound surface area and
skin temperature were measured at the 1st, 6th, and 12th ses-
sions. VEGF significantly increased in the ES group compared
with the placebo group after the 1st (106.61 +/— 79.50 and
40.88 +/— 26.20, respectively) and 12th sessions (109.28 +/—
67.30 and 34.79 +/— 13.20, respectively). NO level also
increased significantly in the ES group compared with the pla-
cebo group after the 12th session (44.21 +/— 14.00 and 35.25 +/—
11.00, respectively). The increase of skin temperature was sig-
nificantly higher in the ES group than the placebo group.
Application of low-intensity ES increases the expression of
VEGF and NO, which may lead to improved blood flow and
tissue temperature and, consequently, wound healing in dia-
betic foot ulceration.

Key words: diabetes, diabetic foot ulceration, direct current,
electrical stimulation, foot ulcer, NO, skin temperature, vascu-
lar endothelial growth factor, VEGF, wound healing.

INTRODUCTION

Diabetic foot ulceration (DFU) is one of the most
significant complications of diabetes [1]; it is caused by
vascular disorders, neuropathy, and infection [2]. These
ulcers have a significant effect on the health status of dia-
betic patients. The rate of lower-limb amputation is 15
times higher in diabetic patients than nondiabetics, and
more than 50 percent of diabetic patients with an amputa-
tion need subsequent amputation of the contralateral limb
within 5 yr of the loss of the first leg [3]. Diabetic
wounds are chronic open sores that are hard to heal
because of poor blood circulation at the wound sites [4—5].

One of the most important reasons for delayed heal-
ing in DFU is lack of adequate blood supply due to

Abbreviations: % WSA = percentage decrease in wound sur-
face area, ANOVA = analysis of variance, DFU = diabetic foot
ulceration, ELISA = enzyme-linked immunosorbent assay, ES =
electrical stimulation, NO = nitric oxide, SD = standard devia-
tion, TENS = transcutaneous electrical nerve stimulation,
VEGF = vascular endothelial growth factor, WSA = wound
surface area.
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impaired angiogenesis [5—6]. Angiogenesis, an important
part of the wound healing process, occurs during the pro-
liferative phase of wound healing. It improves the blood
flow in the wound site by new vessel formation and vas-
cular hyperpermeability [7]. Several growth factors,
including basic fibroblastic growth factor, platelet-
derived growth factor and nerve growth factor, and vas-
cular endothelial growth factor (VEGF), have been impli-
cated as effective mediators of angiogenesis. VEGF, as a
direct angiogenic factor, has a main role in angiogenesis
[8—11]. Evidence exists that expression of growth factors
such as VEGF reduce the occurrence of DFU [12-13].

Experimental studies demonstrate that electrical
stimulation (ES) upregulates VEGF expression at the
wound site [14—15]. In a clinical study, Bevilacqua et al.
examined the effect of frequency modulated ES and
transcutaneous electrical nerve stimulation (TENS) on
the release of VEGF in diabetic and nondiabetic subjects
[16]. They reported that acute plasma VEGF enhance-
ment occurred during frequency-modulated ES in both
the diabetic and nondiabetic subjects.

Nitric oxide (NO) is another mediator that plays an
important role in the wound healing process [17]. NO
synthesis occurs during wound healing and regulates
important parts of wound healing, such as chemotaxis,
angiogenesis, cellular proliferation, and epithelialization
[18-19]. Moreover, NO, as a vasodilator, has an impor-
tant role in the increase of blood flow to ischemic tissue
[20-23]. Available evidence demonstrate that NO level
reduces in the wound environment in diabetic animals
[24-25]. However, no clinical study was found in the lit-
erature that investigated the effect of ES on VEGF and
NO expression in DFU.

ES has been shown to promote chronic wound clo-
sure and healing rate [26-27]. Although the mechanism
of this useful effect of ES on wound healing is not com-
pletely clear, it has been shown that fibroblasts, keratino-
cytes, macrophages, and endothelial cells release VEGF
into the wound environment [8], and these cells migrate
toward negative polarity (cathode) in an electrical field
[26,28]. Asadi et al. reported that applying sensory ES
through the cathode to the wound site has a greater effect
on the expression of VEGF in incisional wounds [14].

Therefore, we conducted this study to investigate the
effect of applying cathodal direct current ES at sensory
threshold intensity on the release of plasma VEGF and NO
in type 2 diabetic patients with foot ulceration. We hypothe-

sized that the application of this current would promote
skin temperature and the healing process in DFU.

METHODS

Study Design and Patients

Twenty type 2 diabetic patients with foot ulceration
and thirteen age-matched healthy subjects were recruited
to participate in this study. All subjects were living at
home and were allowed normal activities of daily living
during the 4 wk study period. The inclusion criteria for
patients with DFU were as follows: Wagner classification
DFU 2, age 40—60 yr, mild to moderate diabetic neuropa-
thy, ankle-brachial index >0.7, and wound surface area
(WSA) >1.5 cm?. Subjects were excluded from the study
if they had a fracture in a lower limb, severe infection,
malignancy, kidney failure, skin diseases, osteomyelitis,
pregnancy, any drug administration or therapeutic device
that could enhance wound healing (within the last 30 d),
or medical condition for which ES is contraindicated.

Electrical Stimulation Protocol

Patients were randomly assigned to a group that
received either ES (ES group, n = 10) or sham ES (pla-
cebo group, N = 10) with a random number prepared by
an independent person. Patients and the person collecting
and determining the blood samples were blinded to
grouping. In the ES group, direct current ES was applied
at sensory threshold intensity (1.48 + 0.98 mA) for 1 h/d,
3 d/wk for 4 wk (12 sessions). To decrease the risk of
electrochemical burns that can be caused by sensory
nerve impairment in diabetic patients and, consequently,
can increase the reported intensity for sensory threshold
by patients, we used a sensory threshold ratio from the
forearm to the leg and the thigh to the leg. Before the
main study, a pilot study was performed to determine
these ratios in five age-matched healthy subjects. These
ratios were used to adjust the correct sensory threshold
intensity in the ES group. An active carbon rubberized
electrode (3 x 4 cm) was placed just outside the ulcer sur-
face area. A dispersive electrode (4 x 6 cm) was placed
approximately 20 cm proximal to the active electrode and
far from the wound on the proximal region of the leg.
The polarity of the active electrode was negative (cath-
ode) during the treatment period. This setting was
selected according to previous experimental studies [14].
In the placebo group, the treatment procedure was the
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same as that described for the ES group, but the current
intensity was zero. All patients (ES and placebo) received
similar conventional therapy that included debridement,
cleaning of the wound with saline, dressing, and systemic
antibiotic therapy. The BTL-5000 series (BTL Industries,
Ltd; Staffordshire, United Kingdom) was used as the ES
device in this study.

To compare the basal level of VEGF and NO in dia-
betic patient participants with normal values, blood sam-
ples were taken from 13 nondiabetic age-matched
healthy subjects.

Blood Sample Preparation and Determination of
Vascular Endothelial Growth Factor and Nitric
Oxide Levels

In the ES and placebo groups, on the first and last
(12th) treatment session, before and after intervention,
and in the healthy subjects (only once), blood samples
were taken for NO and VEGF measurement.

Blood samples were centrifuged at 1,200 rpm for 15 min
at 4°C. Plasma was collected and stored at —80°C until
use. VEGF concentration was measured using an
enzyme-linked immunosorbent assay (ELISA) kit
(Human VEGF ELISA, Cusabio Biotech Inc; Wuhan,
China) with a sensitivity of 0.8 pg/mL. NO concentration
was determined using an NO assay kit (Colorimetric
Assay, Abnova; Walnut, California) with a sensitivity of
2.5 uM.

Measurement of Skin Temperature

Skin temperature was measured on the dorsal and
plantar surfaces of the foot, distal to the wound and at
three points on each surface. Moreover, skin temperature
was measured on the distal, middle, and proximal parts of
the leg. A digital multimeter (Digital HiTester, model
3801, Hioki EE Corp; Nagano, Japan) was used to mea-
sure the skin temperature before and after the application
of ES at the 1st, 6th, and 12th sessions. The mean tem-
perature of all six points on the dorsal and plantar sur-
faces and the mean temperature of the three parts of the
leg were used in the statistical analysis.

Measurement of Wound Surface Area

WSA (length x width) was measured at the 1st, 6th,
and 12th treatment days by the use of a metric ruler and
a digital camera. The percentage decrease in WSA
(% WSA) for the 6th and 12th treatment sessions was

calculated for each patient by %y WSA = [(initial WSA—
WSA on each day)/initial WSA] x 100.

Statistical Analysis

The Kolmogorov-Smirnov test demonstrated that the
VEGEF, NO values, skin temperature, and WSA were nor-
mally distributed in the groups (p > 0.05). Therefore,
repeated-measures analyses of variance (ANOVAs),
paired t-tests (to compare data in each group), and inde-
pendent t-tests (to compare data in two groups) were used
for data analysis. To compare the basal level of VEGF
and NO in diabetic patient participants with the normal
values in healthy subjects, ANOVA and the Tukey test
were used. Statistical analysis was performed using SPSS
software, version 16.0 (IBM Corporation; Armonk, New
York). We considered statistical significance as p < 0.05.

RESULTS

Detailed demographic characteristics of the patients
are presented in Table 1. The subjects’ baseline charac-
teristics did not significantly differ between the two
groups (p > 0.05).

Plasma Vascular Endothelial Growth Factor
Protein Level

The basal level of VEGF in the two diabetic groups
(ES and placebo) was higher than that in the healthy sub-
ject group, and this increase was significant between the
ES and healthy group (Figure 1). The plasma level of
VEGEF protein in both diabetic groups on the 1st and the
12th treatment days is shown in Table 2. At the 1st day
before intervention, there was no significant difference
between the ES and placebo groups (p = 0.3), but after
intervention, VEGF concentration was significantly
increased in the ES group compared with the placebo
group (p = 0.03). At the 12th day before intervention,
there was no significant difference between ES and pla-
cebo groups (p = 0.3), but after intervention, VEGF con-
centration in the ES group was significantly higher than
in the placebo group (p = 0.005). The difference percent-
age of VEGF was significantly increased after ES appli-
cation for 12 sessions compared with the placebo group
(p=0.04). There was no significant difference for plasma
VEGF level before and after 4 wk in each group. In con-
trast to the ES group, the plasma VEGF level of the pla-
cebo group showed a significant decrease in the 1st and
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Table 1.

Baseline characteristics of diabetic patient in two diabetic groups (electrical stimulation [ES] and placebo) and healthy group. (Data shown as

mean + standard deviation unless otherwise indicated.)

Characteristic Group
ES (n=10) Placebo (n = 10) Healthy (n = 13)

Age (yr) 57+32 56.1+£29 54417
Sex (%)

Male 80 90 100

Female 20 10 0
Wound Duration (mo) 147+1.5 12+1 —
Wound Surface Area (cmz) 2.48 +£0.97 2.43+0.39 —
Wound Location (%)

Left 80 70 —

Right 20 30 —
Ankle-Brachial Index

Left 0.8+£0.2 09+0.1 1.1£0.1

Right 0.9+0.2 0.9+0.1 1.2+0.1

12th sessions and also before and after the 12 sessions (p =
0.01, 0.001, and 0.005, respectively).

Plasma Nitric Oxide Level

The basal level of NO in the two diabetic groups (ES
and placebo) was significantly lower than that in the
healthy subject group (Figure 2). The plasma level of
NO in both the diabetic groups at the 1st and 12th treat-
ment session is shown in Table 3. Comparison of the
basic mean of NO between the two groups before the 1st
treatment session showed no significant difference (p =
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Figure 1.

Basal level of vascular endothelial growth factor (VEGF) in two
diabetic groups (electrical stimulation [ES] and placebo) and
healthy group (normal).*Significant difference between ES and
placebo.

0.80). The mean value of NO in the ES group did not sig-
nificantly increase between the 1st and 12th sessions; in
contrast, NO significantly decreased in the placebo group
(before the 1st and after the 12th session, p = 0.002). The
NO level in the ES group was significantly higher than
that in the placebo group after the 12th session (p = 0.04).

Changes in Skin Temperature

Changes in foot skin temperature for the ES and pla-
cebo groups are shown in Figure 3. After application of
ES, a significant increase was seen in the foot skin tem-
perature at the 1st, 6th, and 12th sessions (5.4% =+ 0.6%,
8.7% = 1.2%, and 11.5% =+ 1.6%, respectively). These
increases in ES group were significant between different
sessions and also between the same sessions compared
with placebo group (p < 0.001 for all tests). The foot skin
temperature showed no significant difference for placebo
group. Changes in leg skin temperature for ES and pla-
cebo groups are shown in Figure 4. After application of
ES, a significant increase was seen in the leg skin tem-
perature at the 1st, 6th, and 12th sessions (9.37% =
2.40%, 6.69% =+ 4.48%, and 6.22% + 3.45%, respec-
tively). These increases were significant between same
sessions compared with placebo group (p < 0.001, p =
0.002, and p < 0.001, respectively).

Changes in Wound Surface Area

%L WSA for the ES and placebo groups is presented
in Figure 5. In the ES group, %y WSA on the 12th day
was significant compared with the 6th day (p = 0.05). In
the placebo group, no significant difference was observed
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Table 2.

Plasma level of vascular endothelial growth factor (pg/mL) in both diabetic groups at 1st and 12th treatment session. (Data shown as mean +

standard deviation.)

Group Day 1 Day 12

Before After Before After
ES 92.28 + 53.20 106.61 +79.50" 98.54 + 63.30 109.28 + 67.30
Placebo 70.58 + 33.10 40.88 + 26.20 73.77 +29.70 34.79 + 13.20

Significant difference compared with placebo group on 1st session.
TSigniﬂcant difference compared with placebo group on 12th session.
ES = electrical stimulation.

in % WSA between the 6th and 12th days. % WSA on
the 6th and 12th days in the ES group was greater than in
the placebo group, and this increase was near the signifi-
cant level on the 12th day (p = 0.07).

DISCUSSION

Despite the strong evidence supporting the useful
effects of ES for managing chronic wounds [29-32], the
mechanisms of these effects are not yet fully understood.
VEGF, as an important angiogenic factor, and NO, as a
vasodilator, play a potent role in the formation of new
vessels (angiogenesis) in the wound healing process [8—
11,17]. There is evidence that the expression of VEGF
and NO is reduced in patients with diabetes, and this
diminution is associated with delayed healing in the
wounds [12,24-25]. The results of the present study
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Figure 2.

Basal level of nitric oxide (NO) in two diabetic groups (electrical
stimulation [ES] and placebo) and healthy group (normal). *Sig-
nificant decrease compared with healthy.

showed that the plasma level of VEGF in patients with
DFU was higher than that in normal age-matched sub-
jects, but the NO level in these patients was lower than
that in the normal subjects. The obtained results showed
that after 1 h of ES application (1st and 12th sessions),
the plasma level of VEGF was increased significantly
compared with the placebo group.

Several investigations have reported that ES can
enhance angiogenesis by the upregulation of angiogenic
factors, such as VEGF and FGF-2 [14,16,33]. Morris et
al. reported that ES (square wave pulsed direct current,
11 mA amplitude, 40 ms interpulse interval, 5 or 110 ps
pulse duration) induced a significant increase in VEGF
level in ischemic wounds in the ears of rabbits [15].
Asadi et al. reported that applying cathodal direct current
at sensory intensity induces significant enhancement of
VEGF [14] and FGF-2 [33] levels in incisional wounds.
In a clinical study, Bevilacqua et al. investigated the
effect of frequency-modulated ES and TENS on the
release of VEGF in diabetic and nondiabetic subjects.
They observed a significant increase in plasma VEGF
concentration during frequency-modulated ES in both the
nondiabetic and diabetic subjects. These investigators
suggested that frequency-modulated ES may have stimu-
lated the endothelium of the vasa nervorum to release
VEGEF into circulation [16]. Another clinical study by
Sebastian et al. examined the effects of ES on wound
healing in cutaneous wounds caused by punch biopsy in
20 healthy volunteers. They reported that cutaneous
wounds receiving ES had higher VEGF expression, and
this demonstrated that angiogenesis further upregulated
following ES [34].

The mechanism by which ES stimulates the release
of VEGEF is still not well known. It has been suggested
that the ES by galvanotaxis effect (directional migration
of cells) induces the increase of attraction of releasing
cells of VEGF (endothelial cells, fibroblasts, macrophages,
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Table 3.
Plasma level of nitric oxide (uM) in both diabetic groups at 1st and 12th treatment session. (Data shown as mean + standard deviation.)
Day 1 Day 12
Grou
P Before After Before After
ES 41.70 £ 5.40 40.99 + 10.60 41.50 + 14.20 4421+ 14.00
Placebo 44.02 + 8.50 4430+ 7.90 39.17+8.20 3525+ 11.007

*Signiﬁcant difference compared with placebo group on 12th session.

TSigniﬁcant difference compared with baseline on 1st session in placebo group.

ES = electrical stimulation.

and keratinocytes) toward the wound site [14,35-36]. In
addition, ES may stimulate the endothelium of the vasa
nervorum to release VEGF into circulation [16]. Our
finding in the present study has shown that applying cath-
odal direct current at sensory threshold may upregulate
the expression of VEGF in patients with DFU, especially
instantaneous after application of ES. Because of the high
standard deviation (SD) of plasma VEGF, it may be bet-
ter to measure this protein directly via tissue sampling
from the wound. However, tissue sampling is an invasive
method and it will interfere with the healing process. The
cause of the decrease in VEGF on the 1st and 12th days
in the placebo group is not clear and should be clarified
in future studies.

We found that ES also increases the plasma level of
NO in patients with DFU; however, this increase was sig-
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Figure 3.
Percentage change in foot skin temperature on 1st, 6th, and

12th days for two experimental groups (electrical stimulation
[ES] and placebo). *Significant increase compared with 1st day
of ES group. TSignificant increase compared with placebo group.
iSignificant increase compared with 6th day of ES group.

nificant only after the 12th session of ES application
compared with placebo group. Little evidence exists for
the effect of ES on NO expression in diabetic patients.
Petrofsky et al. proposed that ES increases blood flow in
the wound site through an increase in the release of the
vasodilator NO [37]. In addition, Ferrer et al. in an experi-
mental study reported that ES induces vasodilation by
release of NO [38]. The mechanism by which ES
increases the NO plasma level is still not well under-
stood. With respect to NO released by the endothelium of
vessels into circulation [39], ES may be stimulating the
endothelial cells to release NO in blood circulation. In
addition, it is possible that ES induces ion flows that can
trigger a change of membrane potential and enhance the
release of NO [37]. One of the most important complica-
tions of patients with chronic wounds such as DFU is
delayed wound closure. The use of low-intensity ES can
be effective in promoting wound closure by mimicking
the internal bioelectric system within the wound site.

11 * Oes
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Skin leg temperature (%)
n

- T
T
-1 A First Dﬂ‘_l’ Sixth Day Twelfth Day
Treatment day
ER
Figure 4.

Percentage change in leg skin temperature on 1st, 6th, and12th
days in two experimental groups (electrical stimulation [ES] and
placebo). "Significant increase compared with placebo group.
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Figure 5.
Percentage decrease of wound surface area on 6th and 12th

days in two experimental groups (electrical stimulation [ES] and
placebo). *Significant difference compared with 6th session in
ES group.

There are some reports that ES promotes blood perfusion
and wound closure in diabetic patients [30—32]. The results
of the present study coincide with previous studies. Our
results indicated that 12 sessions of ES applied to dia-
betic ulcers reduced the WSA by more than 31 percent,
which was three times greater than that observed in the
placebo group (mean + SD decrease = 9.6% + 8.3%).
After ES application, this reduction in wound area is very
important because 14.17 = 1.50 mo had passed since the
creation of the wounds and repair was delayed. In this
study, we found that the difference between the ES and
placebo groups for %\ WSA on the 12th session was near
statistical significance (p = 0.07). Whereas our study was
conducted with a relatively small sample, the inclusion of
additional subjects with DFU would certainly have
improved the statistical power of our results and a statis-
tically significant difference might have been observed
between the ES and placebo groups for %4 WSA on the
12th session. In this study, WSA was measured because it
is a completely noninvasive, inexpensive, and accurate
method without any intervention in the wound space,
whereas measuring the volume of the wound is important
especially in larger wounds. The improvement of ulcer
healing and skin temperature seen in this study may be
owing to the increase of blood flow within wound site. It
appears that ES can increase wound circulation by

enhancement of VEGF and NO plasma concentration in
these patients. Petrofsky et al. found a large increase in
skin blood flow induced by the release of NO during ES
in humans [37]. Increase in skin temperature in the dorsal
and plantar surfaces of the feet and legs of diabetic
patients can indicate increased skin blood flow following
the application of ES. On the other hand, this increase
can lead to a greater increase in skin blood flow. Lawson
and Petrofsky confirmed that following treatment with
global heat and ES to the wound, skin blood flow
remained elevated for 24 h [40]. It is advisable in future
studies to assess the effect of heating the skin and simul-
taneously applying ES to increase VEGF and NO. In this
study, for some limitations, we were unable to measure
the skin blood flow directly. We recommend that future
studies measure blood flow and transcutaneous oxygen
pressure to clarify the effect of ES on the skin circulation
of DFUs. This study, however, only examined a small
number of subjects; additional studies must be conducted
with adequate sample size and different DFU grades to
determine the effect of ES on angiogenic factors, skin
blood flow, and promotion of healing and their correla-
tions in DFUs.

CONCLUSIONS

In summary, the results of the present study support
the use of ES in the treatment of DFUs. This study
showed that ES (with parameters used in this study) may
effectively increase the plasma level of VEGF and NO in
patients with DFU. Therefore, it seems the application of
cathodal direct current ES (at sensory threshold intensity)
can induce improvement in skin temperature and wound
healing in DFU, probably by stimulating the release of
VEGF and NO and increasing blood flow following the
expression of these angiogenic factors.
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