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Abstract

Background: Exogenous electrical stimulation of the skin may mimic its endogenous bioelectric currents. In this study, a combi-
nation of direct current (DC) and magnetic field (MF) was investigated in an excision wound model in rats.
Methods: A circular wound was created on the posterior of the neck, and an electrode was fixed in the wound center. Rats were
divided into sham, DC (600 µA), MF (~ 0.8 T), and magnet-direct current (MDC) groups. The study was conducted in 14 days with
20-min treatment daily.
Results: The DC and MDC groups had higher healing percentages (P < 0.01) with mean differences of -13.42 and -15.63, respectively.
Direct current on days 2, 5, and 6, and MDC on days 8, 9, 10, 11, 12, and 13 showed higher wound closing. In the DC-treated group,
angiogenesis was improved on day 7. In MDC-treated rats, angiogenesis and fibroplasia were improved on day 13. The MF and MDC
groups had lower granulation thicknesses on day 7. Granulation thickness increased on day 13 in the MF and MDC groups, while it
decreased in the DC group. Direct current treatment improved healing in the first half of the study period, whereas MDC enhanced
it in the second half, overtaking DC. From day 7, the magnet group’s healing started to overtake the control group slightly in the last
four days.
Conclusions: To accelerate wound healing, we suggest applying DC in the first days of wounding and MDC in the following days.
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1. Background

The skin has an endogenous electrical potential re-
garding to its outer surface and it is always electronegative
respecting the inner layers (1, 2). Several mechanisms inter-
vene in producing the skin potential, eg, epidermal mem-
branes, skin battery, sweat glands, and diffusion and dy-
namic pumping (2, 3). Nevertheless, following tissue dam-
age, a current of injury is generated that is assumed to initi-
ate biological repair, and consequently, the positive poten-
tial of the wound site diminishes with time as the wound
surface shrinkages (2, 3). The current of injury is an elec-
tric field with less than 1 mA intensity, extending to a peri-
wound radius of 2 - 3 mm, and the gradient gradually weak-
ens from 140 to 0 mV/mm (4).

Of all physical modalities, ample evidence have stated
using the electrical stimulation (ES) (5-8). Electrical stimu-

lation has been widely used as a physical agent in medicine
and rehabilitation, and this suggests that the wound en-
dogenous bioelectric current exerts an adjusting role in
the process of wound healing. Further, exogenous ES may
mimic the endogenous current (8-11). A direct current (DC)
of low intensity, which mimics the natural electrical field,
probably stimulates wound healing by returning the cur-
rent of injury in chronic circumstances (12). The current
of injury appears to decrease intensity over time (13), lead-
ing to a plateau in tissue healing. Therefore, the external
application of electrical current has been provided to pro-
mote the phases of repair and regeneration. Besides, ES in-
creases the proliferation and migration of angiogenic ele-
ments (14) into the wound sites (15-17) and enhances skin
perfusion (18, 19).

Anodal microamperage DC-ES may advance wound
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closing, speeding up the endogenous bioelectric happen-
ings of the wound and attracting the epithelial cells. The
endogenous electric conditions were strictly averaged by
external ES once the wound surface was covered with the
positive stimulation electrode, whereas the negative elec-
trode was placed to the tissue surrounding the wound (20).
Electrical stimulation using low-intensity currents is com-
patible with endogenous currents that act at the cellular
level, accelerating wound healing and improving the qual-
ity of scar tissue (15). Using different amplitudes and fre-
quencies, electrical stimulation promotes cellular modi-
fications and tissue responses in experimentally induced
wounds (21-23).

Another popular modality is magnet therapy, which
promotes wound healing probably by reducing pain,
speeding up healing time, and scar strength (24, 25). Stim-
ulation with MF can trigger the majority of the processes
participating in healing the bone and soft tissue. In several
animal models, the stimulating impacts of MF on the heal-
ing of fractures, wounds, and pressure ulcers have been
proven (5, 26). Static magnetic field (SMF) and pulsed elec-
tromagnetic field (PEMF), as non-invasive interventions,
may exert substantial curative influences (27-29). Various
animal experiments have established that SMF could pro-
mote the healing of several tissues, skin wounds, and nerve
injuries (30-32). In numerous musculoskeletal injuries and
post-surgical, post-traumatic, and long-lasting wounds,
MFs are documented as a modality, lowering edema and
a chief therapeutic element in speeding up pain relief,
which sequentially contributes to healing. Animal inves-
tigations (in vivo) and cellular and membrane research (in
vitro) propose that magnetic stimulation would enhance
the healing processes (33-35). An externally applied, low-
power SMF increased the rate of secondary wound healing.
Wounds in the magnet group healed significantly faster
(31). Studies have investigated the electromagnetic induc-
tion of controllable rotation in small-scale liquid flow and
rotational behavior of an electrically conductive liquid un-
der the application of external electric/magnetic fields. As
experimental procedures and outcomes apply to some-
what varied situations, especially the bulk fluid, they can
be employed to develop novel designs for manipulating
the fluid flow in many essential areas, including biology
(36).

2. Objectives

In the current experiment, we sought to investigate the
effects of an externally employed, low-power, static mag-
netic field combined with direct electrical stimulation to

possibly facilitate wound healing in an acute rat model.

3. Methods

3.1. Animals

Adult male Wistar rats (200 ± 20 g; 2 - 3 months old)
were obtained from the animal house of the Pasture Insti-
tute of Iran. The animal room was maintained under con-
trolled conditions (temperature 24 - 27°C and humidity 60
- 65% with a 12:12 h light: dark cycle). The Institutional Ani-
mal Ethics Committee of Tehran University of Medical Sci-
ences approved all the experimental procedures per the
National Institutes of Health for Care and Use of Labora-
tory Animals (NIH Publications No. 8023, revised 1978).

Thirty-two male rats were randomly divided into four
groups of eight: Sham-operated group receiving no actual
treatment, DC-treated group exposed to DC, MF-treated
group exposed to a magnetic field, and the MDC group ex-
posed to magnetic field and DC.

3.2. Excision of WoundModel

On day 0, rats were anesthetized with an intraperi-
toneal (i.p.) injection of ketamine 10% (50 mg/kg) and xy-
lazine 2% (10 mg/kg). Their back hairs were removed by
anti-allergic Veet hair removal cream (Reckitt Benckiser),
and the skin was disinfected with 70% alcohol and rinsed
with saline. A circular full-thickness excision wound (~ 300
mm2 area and 2 mm depth) was created on the posterior
surface of the rat neck (37), and a gold electrode was fixed
in the center of the wound (Figure 1A and B). The wounds
were covered with sterile gauze for the first 24 hours to
achieve hemostasis, while no topical administration was
done throughout the study. Accordingly, the rats were
anesthetized daily with minimal doses of ketamine and xy-
lazine.

3.3. Treatment Procedures

Two electrodes were employed for the transmission of
DC. The positive electrode (cathode) was externally applied
around the wound, and the negative gold electrode (an-
ode) was fixed permanently in the center of the wound
with suture strings (Figure 1A and B). Nevertheless, this set-
ting was reversed on days 4 - 13, and a radial current was
expected inside the wound area. The implanted bar elec-
trodes were made from gold with a tip surface of 0.25 cm2

contact area to prevent any tissue damage resulting from
oxidation. Notably, the authors designed the electrodes ex-
clusively for this study (Figure 1A).

This study was conducted in 14 days, and the animals
received 20-min treatment for 12 consecutive days. In DC
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Figure 1. The setups and systems employed in the study. The gold bar electrodes (A) were implanted in the center of the wounds (B). The MDC setup consists of a neodymium-
based permanent magnet and a manual electrical stimulator (C). The camera setup (D).

stimulation, a gold electrode was used as anode and a
sticky circular pad electrode as the cathode in the first
three days, and vice versa in the next 10 days. A med-
ical lubricant gel facilitated the current transmission in
the circular pad, which was on the contact area around
the wound. For electrical stimulation, a manual stim-
ulator (Physiotonus Microcurrent, Bioset, Rio Claro, Sao
Paulo, Brazil) was employed. The system was fixed to
microgalvanic-continuous mode with an intensity of 600
µA (2, 38, 39). To provide the magnetic field, we made a
neodymium-base permanent magnet setup to provide a
powerful virtually uniform magnetic field (~ 0.8 Tesla),

and the animals were put between its two poles (Figure 1C).
The sham-operated group received the same handling and
electrode placement, but no current or magnetic field was
applied.

3.4. Morphometric Study

Digital photographs were captured from the wound
daily using a digital camera (Canon PowerShot A2500)
fixed in a camera box setup (Figure 1D) to measure the
wound closing rate. Magnification of the photos was cal-
ibrated by a standard ruler fixed close to the wound site.
Each day, the wound area was measured by analyzing each
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photo with image processing software ImageJ (version 1.46
r).

3.5. Histopathological Study

The histological analysis included the measurements
of inflammation, angiogenesis, fibroplasia, and granula-
tion tissue thickness in tissue sections taken on experi-
ment days 7 and 13 (Figure 2). Animals were sacrificed by
an overdose of ether, four rats per group on day 7 and four
rats per group on day 13 post-wounding. Full-thickness
skin samples and their surrounding areas, including the
scab and approximately 5 mm margins of the surround-
ing tissue, were excised from the wound area and fixed in
buffered formaldehyde (10%). Representative sections (5
µm) from the mid-site of the wound were stained by hema-
toxylin and eosin (H & E). The slides were examined blindly
by a pathologist. Each slide was given a score ranging from
0 to 3 (absent: 0, mild: 1, moderate: 2, severe: 3) (Figure 2),
according to the method described (40).

3.6. Statistical Analysis

We used SPSS version 18 software for data analysis. A
two-way repeated-measures Analysis of Variance (ANOVA)
for one factor (time) was used to test differences in
wound diameters (41). One-way ANOVA was employed for
between-group differences during the study. For qualita-
tive pathological data, statistically significant changes in
the mean values were analyzed by the chi-square and Pear-
son correlation qualitative test. The data were represented
as mean ± SEM, and P < 0.05 indicated the significant dif-
ferences.

4. Results

4.1. Healing Percentages

The total number of points inside the wound borders
was counted, and the healing percentages are demon-
strated in Figure 3. Two-way repeated-measures ANOVA on
factor time showed that 13 days post-wounding, a decrease
in wound area over time happened in various degrees. The
within-subject effect was determined with Greenhouse-
Geisser for time and time * group, showing the changes
were significant (F = 68.33, P < 0.000 and F = 3.95, P < 0.001,
respectively). The between-subject effect showed that the
groups were statistically different (F = 6.59, P < 0.005). In
a multivariate test, the Tukey post hoc test demonstrated
that the DC group was significantly different from the con-
trol group and had a higher rate of wound closing (P < 0.01,
mean difference= -13.42). Similarly, the MDC group showed

a significant difference from the control group (P < 0.01,
mean difference = -15.63).

The DC exposure improved wound healing in the
first half of the study (day 7) compared to the control
group. One-way ANOVA revealed that significant changes
occurred on days two [(F (3, 30) = 6.25, P < 0.004], four [(F (3,
31) = 7.744, P < 0.003], five [(F (3, 32) = 9.948, P < 0.006], and
six [(F (3, 32) = 8.927, P < 0.003]. The combination of DC and
M (MDC) improved wound healing percentages in the sec-
ond half of the study (day 13). One-way ANOVA revealed that
significant changes occurred on days eight [(F (3, 15) = 6.941,
P < 0.007], nine [(F (3, 15) = 5.853, P < 0.009], 10 [(F (3, 15) =
5.665, P < 0.006], 11 [(F (3, 15) = 6.353, P < 0.012], 12 [(F (3, 15)
= 8.391, P < 0.005], and 13 [ (F (3, 15) = 9.974, P < 0.003] (Fig-
ure 3). Moreover, the MF treatment significantly improved
wound healing percentages in the last four days. One-way
ANOVA revealed that significant changes occurred on days
10 [(F (3, 15) = 5.665, P < 0.03], 11 [(F (3, 15) = 6.353, P < 0.007],
12 [(F (3, 15) = 8.391, P < 0.002], and 13 [(F (3, 15) = 9.974, P <
0.001] (Figure 3).

4.2. Microscopic Outcomes

Microscopic images are shown for days 7 and 13 in Fig-
ure 4.

Day 7: Microscopic study of the skin tissue: (A) mod-
erate inflammation, moderate angiogenesis, and mild fi-
broplasia in the control group, (B) moderate inflamma-
tion, marked angiogenesis, and mild fibroplasia in DC
group, (C) severe inflammation, moderate angiogenesis,
and minimal fibroplasia in MF group, (D) mild inflamma-
tion, moderate angiogenesis, and moderate fibroplasia in
MDC group.

Day 13: Microscopic study of the skin tissue: (E) mild
inflammation, moderate angiogenesis, mild fibroplasia in
the control group, (F) moderate inflammation, marked
angiogenesis, and mild to moderate fibroplasia in the
DC group, (G) mild inflammation, moderate angiogene-
sis, and fibroplasia in the MF group, (H) mild inflamma-
tion, moderate angiogenesis, and marked fibroplasia in
the MDC group (Figure 4).

The descriptive analysis of histopathology outcomes
demonstrated changes in the qualitative factors compared
to the control group (Figure 5). On day 7, MF-exposed rats
had higher inflammation [(Pearson chi-square = 8.000a,
df: 9), P = 0.000]. On the other hand, the angiogene-
sis was improved in DC-exposed rats [(Pearson chi-square
= 12.000a, df: 12), P = 0.000]. Fibroplasia was lower in
MF-exposed rats [(Pearson chi-square = 16.000a, df: 18),
P = 0.000]. On day 13, DC-exposed rats had higher in-
flammation [(Pearson chi-square = 15.000a, df: 15), P =
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Figure 2. H & E-stained sections showing (A) severe inflammation (score 3), no angiogenesis or fibroplasia (score 0), (B) moderate inflammation (score 2), mild angiogenesis
(score 1), and edema without obvious fibroplasia, (C) moderate inflammation, moderate angiogenesis, and mild fibroplasia, (D) Masson’s trichrome stain shows mild inflam-
mation, moderate angiogenesis, and mild fibroplasia, (E) Masson’s trichrome stain shows minimal inflammation, mild angiogenesis, and marked fibroplasia (400X). Black
arrows: inflammatory cells, Circles: new vessels (angiogenesis), Star area: collagen deposition (fibroplasia).

0.000]. On the other hand, angiogenesis and fibroplasia
were improved in MDC-exposed rats [(Pearson chi-square
= 15.000a, df: 15), P = 0.000 and (Pearson chi-square =
21.000a, df: 18), P = 0.000, respectively]. In addition, one-
way ANOVA revealed significant changes in the granula-
tion thickness on days 7 and 13 of the study. On day 7, both
MF and MDC groups had lower granulation thicknesses
than the control group [F (3, 16) = 2.000, P = 0.000]. On
day 13, the granulation thickness was increased in both MF
and MDC groups [F (3, 16) = 17.000, P = 0.047 and F (3, 16)
= 17.000, P = 0.000, respectively]. Conversely, the granu-
lation thickness was reduced in the DC group [F (3, 16) =
17.000, P = 0.007] (Figure 5).

5. Discussion

The current experiment investigated the effects of a
permanent MF, DC, and their combination (MDC) on cuta-
neous wound healing in an acute rat model. Exposure to
MDC increased the rate of healing. Notably, DC accelerated
wound healing in the first week post-wounding; however,
MDC and MF therapies were more effective in the second

week. According to the pathological evaluations, the effect
of MDC was significant in the second half of the study.

In line with our study, the effects of sensory (DC, 600
µA) and motor (pulse duration 300 µs., 100 Hz, 2.5 - 3.0
mA) intensities of cathodal ES current were investigated in
the full-thickness wound in rats. An active electrode (1 × 3
cm) was located on the incision wound area and a passive
electrode (2 × 4 cm) on the reverse side. The experimental
groups received ES every other day for one hour (38). The
microcurrent stimulation (10µA) promoted tissue restora-
tion and positively influenced the freshly shaped tissue
area, numbers of fibroblasts and newly shaped vessels, and
the epithelial thickness in rats (42).

Frequency-modulated ES enhanced the plasma levels
of the vascular endothelial growth factor (VEGF) in both
diabetic and non-diabetic subjects (43). Likewise, cathodal
DC (CDC) raised the VEGF and nitric oxide (NO) plasma con-
centrations in diabetic foot ulcers (DFUs) (44). Recently,
low-intensity CDC was employed three days per week in
the wound liquid from ischemic DFUs in a randomized,
placebo-controlled trial. The active electrode was the neg-
ative DC pole (cathode). Besides, ES with CDC was applied
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Figure 3. Effects of DC, M, and MDC treatments on healing percentages of wounded rats showing the wound surface areas on a 14-day course of the study compared to the
control group (sham-operated). *P

on the wound area using the active electrode placed adja-
cent to the proximal ulcer edge. The passive electrode was
placed 20 cm proximal to the cathode electrode. It was rec-
ommended that ES in ischemic DFUs would be a promising
approach in promoting angiogenesis (45).

Moreover, the effects of anodal and cathodal-pulsed ES,
a unidirectional pulse current of 300 - 600µA, 80 pps, and
0.3 ms pulse for one hour/day, on wound healing in guinea
pigs demonstrated that cathodal and anodal stimulations
enhanced wound closure rates. Irrespective of its polarity
schedule, ES assisted in wound healing; nevertheless, an-
odal stimulation for the first three days and cathodal stim-
ulation for the remaining days would enhance tissue re-
pair (46). Anodal microamperage DC ES was suitable for
improving acute skin wounds in guinea pigs. There was
a positive correlation between wound closing in the skin
and return of the injury potential to the normal level (2).

Like our investigation, previous studies varied the type
of treatment polarity throughout the wound healing pro-
cess (22, 47-49). The negative polarity had antibacterial ef-
fects (50, 51), and the positive polarity augmented the mi-
gration and proliferation of epithelial cells (5, 12, 52). Re-
garding the antibacterial property of negative polarity and

the epithelialization impact of positive polarity, the nega-
tive polarity was employed for the first three days and the
positive polarity for the remaining days (22, 47).

Regarding magnet therapy, an externally applied, low-
power SMF increased the rate of secondary healing while
a 23 gauss magnet (2 × 2 cm) was located over the wound
on the posterior of the rat body (31). Their research is vir-
tually consistent with our outcome. In another investiga-
tion, the influence of MF with a moderate-intensity gradi-
ent was investigated on diabetic wounds in rats. The find-
ings showed that SMF exposure (180 mT) speeded wound
closure (53). Likewise, the therapeutic effects of SMF (230
mT intensity) on cutaneous wound healing in diabetic rats
were shown (54). In addition to accelerated wound heal-
ing, MF modalities raised local blood flow in the treated
area, improving the ischemic tissue (55, 56). The effect
of an MF (magnetohydrodynamic blood flow) with vary-
ing intensities in a cohort study of patients with coro-
nary artery disease showed that externally applied MF may
improve the hemodynamic perturbations in human coro-
nary arteries (57).

In diabetic rats, a combination of EC and MF, tremen-
dously low frequency pulsed electromagnetic fields (ELF

6 Arch Neurosci. 2022; 9(1):e118387.
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Figure 4. H & E-stained slides showing the skin microscopic changes. On day 7 of sampling: The skin tissue with (A) moderate inflammation, moderate angiogenesis, and
mild fibroplasia in the control group, (B) moderate inflammation, marked angiogenesis, and mild fibroplasia in the DC-treated group, (C) severe inflammation, moderate
angiogenesis, and minimal fibroplasia in the magnet group, (D) mild inflammation, moderate angiogenesis, and moderate fibroplasia in the MDC group. On day 13 of sam-
pling: The skin tissue with (E) mild inflammation, moderate angiogenesis, and mild fibroplasia in the control group, (F) moderate inflammation, marked angiogenesis, and
mild to moderate fibroplasia in the DC-treated group, (G) mild inflammation, moderate angiogenesis, and fibroplasia in the magnet group, H) mild inflammation, moderate
angiogenesis, and marked fibroplasia in the MDC group (100×).
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Figure 5. Microscopic scoring to measure the qualitative factors including inflammation, angiogenesis, fibroplasia, and quantitative factor granulation. *** (P < 0.001) sig-
nificantly different from day 7 of the control group. # (P < 0.05), ## (P < 0.01) and ### (P < 0.001) significantly different from day 13 of the control group.

PEMFs) 20 Hz, 4 ms, 8 mT for one hour daily, enhanced skin
wound healing (58). This study was consistent with our ex-
periment, except that they used a low-frequency alternat-
ing current (AC)-electromagnet with lower amplitudes in
a chronic circumstance while we employed a permanent
magnet with higher amplitudes.

Overall, the magnetic and electric stimulations have
been connected to augmented collagen deposition,
boosted ion transport, amino acid uptake, fibroblast mi-
gration, ATP, and protein synthesis, leading to a marked

increase in protein and DNA synthesis rates after human
fibroblast stimulation in tissue culture (59-61).

5.1. Limitations and Suggestions

We preferred to examine the physical modalities in
chronic circumstances; however, we initiated a prelimi-
nary experiment to fulfill our systems and devices. More-
over, we were interested in employing an AC electromag-
net to be able to tune the frequency and amplitude of the
MF and also design a new geometry for the magnet. Fur-
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ther, it was favorable utilizing an AC to evaluate the ef-
fects of different frequencies. However, to have a more effi-
cient magnetic hydrodynamic effect in the wound area, we
needed to utilize a strong DC to provide a homogeneous
circular rotation (while an AC generates a sequence of the
clockwise and anti-clockwise rotations concerning the ap-
plied AC frequency). On the other hand, to perform a non-
destructive healing procedure, we were restricted to the
utilized current intensity. Furthermore, it was favorable
to design a non-invasive electrode, from platinum or gold,
with a thinner tip, without implanting it in the wound. Ad-
ditionally, it would be ideal measuring the current of in-
jury. Optimizing our treatment regimens, it would be pos-
sible to accelerate wound healing in cases where the body’s
natural healing mechanisms are not sufficient, for exam-
ple, in older individuals and chronic wounds such as dia-
betic ulcers and pressure sores.

5.2. Conclusions

The DC treatment improved wound healing in the first
half of the study and remained steady thereafter. In addi-
tion, MDC improved wound healing percentages in the sec-
ond half. In the second week of the study, the effect of MDC
overtook that of DC. Moreover, the magnet group started to
overtake slightly the control group from day seven. How-
ever, the differences were statistically significant in the last
four days. In this regard, DC may be employed to accelerate
wound healing in the first days of wounding, while MDC
may be started in the second week to acquire the optimum
effect. Of note, the treatments probably assist in wound
healing partly by inducing liquid flow in the wound area.
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