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Editorial
Cellular and Molecular Mechanisms of Oxidative Stress in
Wound Healing
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Wound healing is a complex biological process characterized
by cell activation and by the release of many growth factors
responsible to restore tissue integrity after injury [1]. This
process can be divided into three stages: inflammation,
proliferation, and remodeling [2]. At the beginning of the
process, the collagen exposed initiates the coagulation cas-
cade forming the platelet cap, and as the process progresses
occur, the release of many cytokines and growth factors pro-
motes cell and vascular proliferation [3] The next stage is the
proliferative phase, characterized by the synthesis of the
granulation tissue rich in vessels, cells, and type III collagen.
This tissue serves as a framework for type I collagen deposi-
tion responsible for the force and resistance to the tissue
characterizing the third stage known as remodeling [4].

In skin lesions, the synthesis of free radicals and reactive
oxidative species (ROS) by inflammatory cells contributes to
the defense against pathogens and mediates important intra-
cellular pathways for the resolution of the inflammatory
phase [5]. However, excessive amounts of free radicals and
ROS promote tissue oxidative stress, causing deleterious
effects on cell membranes, proteins, and nucleic acids [5].
Generally, the higher production of oxidative compounds
occurs in the wound healing process associated with diseases
such as metabolic (i.e., diabetes mellitus and vasculopathy)
and microbial diseases (i.e., bacterial, fungal, and parasitic
infections) [6]. So, we believed that understanding the rela-
tionship between the interaction of these different mecha-
nisms and the oxidative process is important to provide a
guideline for decision-makers in the choice of better treat-
ments and consequently accelerate skin wound closure.

Thinking in the relationship among different phases of
the wound healing process, different treatments, and redox
metabolism, this special issue gathered 9 studies using
in vivo and in vitro analyses to understand the cellular,
immunological, and morphological bases associated with
the recovery process of the injured tissue. Concerning new
therapies, some studies have shown that external agents such
as peptides obtained from animals, plant extract, and acidic
electrolyzed water and antibiotics were considered as a rich
source of active molecules with potential relevance and appli-
cability indirect or complementary strategies focused on tis-
sue repair. These results showed us that several compounds
with proliferation and migration cell potential, antimicrobial
properties, and inflammatory modulation have been used
with a success in regenerative medicine. However, there is
still a gap in knowledge about the main pathways involved
in the healing process, and interestingly, some papers pub-
lished in this edition analyzed the relationship between cell
pathway signaling and immunoregulatory genes and wound
healing trying to fill the gaps that still exist in this area.

In another study from this issue, the authors showed that
mouse tendon-derived cells were highly tolerant to hypoxic
environments. During hypoxia/reoxygenation (HR), the
authors observed a concentration-dependent increase in cell
viability. Under H/R conditions, the expression of vascular
endothelial growth factor-A (VEGF-A) and hypoxia-inducible
factor HIF-1αwas opposite, whereas type I and type III collagen
was downregulated. Considering that although oxidative stress
was induced after a period of ischemia, stress responses did
not affect cell morphology and growth.
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In this issue, in vitro studies have contributed to the
field of cellular and molecular mechanisms of oxidative
stress in wound healing. One study has shown that medi-
cine dressings made from genetically modified flax fibers
had a stronger impact on fibroblasts’ proliferative activity,
keratinocytes, and microvascular endothelium than tradi-
tional flax fiber in several cell lines, such as fibroblasts,
epidermal keratinocytes, endothelial, and carcinoma cells.
Free oxygen radical levels were reduced in both traditional
and genetically modified fibers, corroborating the classical
use of this plant as a dressing. Reduced reactive oxygen spe-
cies production is associated with the protection of DNA
damage and favors wound healing. However, especially in
difficult-to-heal wounds, other mechanisms such as those
which were higher in genetically modified flax fibers wound
will be critical to a successful treatment.

We sincerely hope that this special issue’s readers will
find these findings interesting, advancing knowledge on
molecular mechanisms associated with oxidative stress and
wound healing.
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The main objective of this study was to investigate the action of doxycycline hyclate (Dx) in the skin wound healing process inWistar
rats. We investigated the effect of Dx on inflammatory cell recruitment and production of inflammatory mediators via in vitro and
in vivo analysis. In addition, we analyzed neovascularization, extracellular matrix deposition, and antioxidant potential of Dx on
cutaneous repair in Wistar rats. Male animals (n = 15) were divided into three groups with five animals each (protocol: 72/2017),
and three skin wounds (12mm diameter) were created on the back of the animals. The groups were as follows: C, received distilled
water (control); Dx1, doxycycline hyclate (10mg/kg/day); and Dx2, doxycycline hyclate (30mg/kg/day). The applications were
carried out daily for up to 21 days, and tissues from different wounds were removed every 7 days. Our in vitro analysis
demonstrated that Dx led to macrophage proliferation and increased N-acetyl-β-D-glucosaminidase (NAG) production, besides
decreased cyclooxygenase-2 (COX-2), prostaglandin E2 (PGE2), and metalloproteinases (MMP), which indicates that macrophage
activation and COX-2 inhibition are possibly regulated by independent mechanisms. In vivo, our findings presented increased
cellularity, blood vessels, and the number of mast cells. However, downregulation was observed in the COX-2 and PGE2
expression, which was limited to epidermal cells. Our results also showed that the downregulation of this pathway benefits the
oxidative balance by reducing protein carbonyls, malondialdehyde, nitric oxide, and hydrogen peroxide (H2O2). In addition, there
was an increase in the antioxidant enzymes (catalase and superoxide dismutase) after Dx exposure, which demonstrates its
antioxidant potential. Finally, Dx increased the number of types I collagen and elastic fibers and reduced the levels of MMP, thus
accelerating the closure of skin wounds. Our findings indicated that both doses of Dx can modulate the skin repair process, but the
best effects were observed after exposure to the highest dose.

1. Introduction

The skin is a complex organ that serves as a barrier to protect
the body from the external environment [1]. However, differ-
ent aggressive agents, such as trauma and microorganisms,
can affect the structure and functions of this organ. In the
case of a lesion, there is an exposure of subcutaneous tissue,

which provides a humid and nutritious environment for
microbial proliferation and colonization [2]. An infected
cutaneous wound increases the risks of chronification,
reduces the quality of life, and causes a high mortality rate
of patients [3]. Skin wounds represent a serious health prob-
lem worldwide and are frequently associated with high costs
and inefficient treatments with limited efficiency [4]. The
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therapies available today are aimed at improving the healing
of wounds by promoting their rapid closure. However, the
control of infections is generally neglected [5]. As a result,
it is desirable to develop therapeutic interventions that con-
trol the infection and increase cutaneous repair.

The repairing of cutaneous wounds is a process that
involves a complex interaction between cells, extracellular
matrix, blood vessels, and tissue growth factors. Further-
more, the process is separated into the phases of inflamma-
tion, proliferation (granulation), and tissue remodeling [6].
During the inflammation phase, there is a migration of leuco-
cytes to the injured site, with the release of cell mediators.
During the proliferative phase, there is a multiplication of
keratinocytes, fibroblasts, and endothelial cells, resulting in
the formation of granulation tissue, which is also rich in ves-
sels and collagen type III [7]. The next phase is characterized
by tissue remodeling and maturation, in which collagen III is
replaced by collagen I, thus making the scar stronger and
more resistant to mechanical forces [8, 9].

The skin healing process is known as acute or chronic,
according to its duration and nature [7]. During a chronifica-
tion process, there is persistent activation of COX way and
neutrophils and macrophages release cytokines and chemo-
kines, which attract more cells to the location of the inflam-
mation and promote oxidative stress in the repairing tissue
[10, 11]. The excess of proinflammatory mediators increases
the peroxide of hydrogen (H2O2) and oxide nitric content,
which accelerate the peroxidation of lipids and proteins
[12]. The prooxidant mediators cause damage to the cutane-
ous tissue and delay the wound healing process. Therefore, a
controlled inflammation process is necessary to avoid persis-
tent tissue damage through the continued action of free rad-
icals and reactive oxygen species (ROS) [13]. Associated with
this, we can highlight that the skin healing environment is
usually prooxidant and generally presents decreased synthe-
sis and expression of the antioxidant enzymes, such as super-
oxide, glutathione, and catalase, which impair the healing
environment [14].

In general, a desirable repair process results from a bal-
anced process of synthesis and degradation of inflammatory
mediators and pro- and antioxidant compounds conse-
quently in the extracellular matrix components, especially
collagen [15]. Matrix metalloproteinases (MMP) play an
essential role in the turnover of the extracellular matrix
(ECM) remodeling, by degrading collagen and noncollagen-
ous elements, such as glycosaminoglycans, proteoglycans,
cytokines, growth factors, and their receptors [16]. However,
the overexpression of MMP may lead to uncontrolled degra-
dation of ECM and delayed the wound healing process [17–
19]. Thus, MMP modulatory drugs may cause an important
impact on cutaneous tissue repair, with a particular effect
on tissue inflammation and maturation. In this context,
doxycycline (Dx) has already been described as an inhibitor
of MMP activity [20], and its usage has already been proven
in the modulation of tissue levels of collagen in cutaneous
repair [21], which stimulates collagen deposition. In addi-
tion, Dx proved to be an important tool to inhibit the release
of proinflammatory cytokines, such as tumor necrosis factor-
alpha (TNF-α), IL-6, and IL-8 [22]. Thus, we believed that Dx

may affect the cutaneous healing process. Although Dx is
effective in treating various disorders [23–25], little is known
about the role of Dx in skin tissue repair. Therefore, this
study evaluated the effect of Dx on the viability of macro-
phages, monitored the inflammatory changes in vitro, and
used an experimental model to understand the effect of Dx
on inflammation, oxidative status, angiogenesis, and fibro-
genic responses during wound healing in rats.

2. Materials and Methods

2.1. In Vitro Assays

2.1.1. Cell Viability. Cell viability for RAW264.7 macro-
phages was evaluated by 3-[4,5-dimethylthiazol-2yl]-2,5-
diphenyl tetrazolium bromide (MTT) assay as previously
described [26, 27]. Cells were cultured in DMEM supple-
mented with 10% fetal bovine serum and 100U/mL of peni-
cillin/streptomycin in a humidified 5% CO2 37

°C incubator.
To evaluate the effect of Dx on cell viability, RAW264.7 mac-
rophages were seeded into 96-well plates at a density of 1 ×
105 cells/well in 200μL medium. After 24 h, the various con-
centrations of Dx (10, 30, 100, and 300μg/mL) were added to
media, and the incubation continued for the next 24 h at 37°C
and 5% CO2. The control (100% of growth) was carried out
with cells cultured in medium only. The MTT solution was
added to each well, and the cells were further incubated for
2 h, at 37°C. TheMTT formazan generated during incubation
was dissolved in DMSO, and the absorbance was measured at
570 nm. For each sample, the result was expressed as the per-
centage absorbance in relation to the control group.

2.1.2. Macrophage Challenge with LPS. RAW264.7 macro-
phages cultured under the same conditions were seeded in
24-well polystyrene plates, at 2:5 × 105 cells, and 1mL of cul-
ture medium per well. After 24h, the culture medium was
replaced, and the RAW264.7 cells were incubated for 24h with
a fresh medium containing 10% FBS, without or with
100ng/mL LPS (Sigma-Aldrich, St. Louis, Missouri, USA)
and different Dx concentrations (10, 30, 100, and 300μg/mL).
The control cells were treated with a fresh culture medium.
After 24h of incubation, the macrophages were harvested;
the cell number was quantified and adjusted by cell counting
in a Neubauer chamber. The cells were lysed with 100mM
NaCl/50mM Tris-HCl buffer and centrifuged (1000g for
15min at 4°C). The culture supernatant was collected to mea-
sure the prostaglandin production enzymatic analysis of
MMP, cyclooxygenase-2, and N-acetylglucosaminidase.

(1) Metalloprotease Activity. The enzymatic activity of matrix
metalloproteases in macrophage homogenate was measured
using a fluorometric enzymatic kit, according to the manu-
facturer’s instructions (ABCAM, Cambridge, MA, USA).
The MMP activity was measured at 490 nm/525 nm (excita-
tion/emission), as previously reported [28].

(2) Cyclooxygenase-2 Activity. An aliquot (100μL) of the
macrophage homogenate was applied to measure the
cyclooxygenase-2 (COX-2) activity, which was analyzed
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using a biochemical colorimetric kit, following the manufac-
turer’s instructions (Cayman Chemical, Ann Arbor, MI,
USA). The enzymatic assay was based on the peroxidase
component of cyclooxygenases, in which the peroxidase
activity was spectrophotometrically measured by monitoring
the production of oxidized N,N,N′,N′-tetramethyl-p-pheny-
lenediamine, at 590nm.

(3) Prostaglandin Production. The prostaglandin E2 (PGE2)
levels in the macrophage homogenate were quantified by
the specific enzyme-linked immunosorbent assay (ELISA)
kit, according to the manufacturer’s instructions (Cayman
Chemical, Ann Arbor, MI, USA). Briefly, 10μL homogenates
were added to 96-well microplates previously sensitized with
specific antibodies against PGE2. Prostaglandin levels were
determined by spectrophotometry at 412 nm [29].

(4) N-Acetylglucosaminidase Activity. The activation of the
RAW264.7 cells was measured based on the quantification
of N-acetyl-β-D-glucosaminidase (NAG) activity, which is
a lysosomal enzyme intensely produced by activated mono-
cytes/macrophages [30]. The N-acetyl-β-D-glucosaminidase
activity was measured in skin homogenate by using a com-
mercial biochemical colorimetric kit, according to the manu-
facturer’s instructions (Abcam, Cambridge, UK). This assay
uses a synthetic p-nitrophenol derivative (R-pNP) as a
NAG substrate and releases pNP, which is measured by spec-
trophotometry, at 400nm.

2.2. In Vivo Assays

2.2.1. Animals and Ethics. Fifteen healthy three-month-old
male Wistar rats (Rattus norvegicus) (339:16 ± 16:25 g) were
obtained from the Central House of the health and Biological
Sciences Center, Federal University of Viçosa. These animals

were randomly allocated in individual cages, which were
cleaned daily and maintained under controlled environmen-
tal conditions (temperature: 22 ± 2°C, humidity: 60–70%,
and light/dark cycle: 12/12 h). Commercial food and water
were provided ad libitum. All the experiments were approved
by the Animal Ethics Committee of the Federal University of
Viçosa (registration no. 72/2017).

2.2.2. The Procedure of Surgical Wounds. The rats were anes-
thetized with an intraperitoneal injection of sodium pento-
barbital (70mg/kg). After anesthesia, the dorsolateral
shaving of the animals was performed, and the area was
cleaned with 70% alcohol. Three circular skin wounds of
12mm diameter were created in the dorsolateral region of
each rat by secondary intention, with surgical excision of
the skin and subcutaneous cellular tissue using surgical scis-
sors. The area of the wound was marked with violet crystal
and measured with an analog caliper (Mitutoyo Sul Ameri-
cana Ltda®, São Paulo, Brazil) [31]. No analgesia was admin-
istered after the surgical procedure since the application of
drugs can alter cell migration and proliferation and compro-
mise the skin repairing process. Tissue samples were
obtained from different wounds at 7, 14, and 21 days, for his-
tological and biochemical analyses, as presented in Figure 1.

2.2.3. Experimental Design. The animals were randomized
into three groups, with five animals in each group: C (dis-
tilled water, control); Dx1 (doxycycline 10mg/kg/day), and
Dx2 (doxycycline 30mg/kg/day). The treatments were
administered by gavage for 21 days. After this period, the ani-
mals were euthanized by cardiac puncture and exsanguina-
tion, after an anesthetic procedure. The doses were
provided according to studies that used oral Dx for corneal
reepithelialization in the rabbit model [32], and Dx was given
by gavage to inhibit MMP-mediated vascular changes in
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Figure 1: Representation of the experimental model of wound healing by secondary intention and time-dependent evolution of wound
closure. The top image shows the distribution of the three excisional wounds in the back of the animal. The general appearance of wound
closure from the initial wound (day 0) is represented by photographs. W1 (day 7), W2 (day 14), and W3 (day 21); macroscopic aspect of
the wounds observed every 7 days. The wound areas were calculated on days 0, 7, 14, and 21 (mean ± SD), based on the digitized images.
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hypertension in rats [33]. They found that many animals
died after 100mg/kg daily, thus suggesting that the therapeu-
tic window for doxycycline may be rather narrow. Therefore,
we decided to study the effects associated with the 10 and
30mg/kg dose, because studies have not reported harmful
effects on animals.

2.2.4. Calculation of the Area and the Rate of Wound
Contraction. The area and rate of contraction of the third
wound were evaluated every 7 days, using images scanned
with 320 × 240 pixels (24 bits/pixel) obtained by an Asus Zen-
fone 2 ZE551ML smartphone (ASUS, Taipei, Taiwan). The
wound area was calculated by the formula A = π × ðrÞ2, where
r is the radius. The wound contraction index (WCI) was calcu-
lated by the ratio: initial wound area ðAoÞ − the area on a
given day ðAiÞ/initial wound area ðAoÞ × 100 [34, 35].

2.3. Histological and Stereological Analysis. The samples col-
lected from the wounds, with tissue from the center of the
lesion, were immersed in histological fixative for 24 h, dehy-
drated in ethanol, diaphanized in xylene, and immersed in
paraffin. Histological sections (4μm thick) were obtained
on a rotary microtome (Leica Multicut 2045, Reichert-Jung
Products, Germany). We used 1 of every 20 sections to avoid
repeating the analysis of the same histological area. The sec-
tions were stained with hematoxylin and eosin (HE) for the
analysis of the fibroblasts and blood vessels [31]. Further-
more, the samples were stained with Sirius red for the analy-
sis of collagen fiber types I and III [36]. Toluidine blue was
used to identify mast cells [37], and Verhoeff was used to dif-
ferentiate elastic fibers [14]. The slides were visualized and
captured in a BX601 light microscope (Olympus, São Paulo,
Brazil) coupled with a QColor-31 digital camera (Olympus,
São Paulo, Brazil). Five images were selected at random using
a 20x objective lens. For this analysis, a grid containing 256
points within a standard test area (AT) of 73 × 103 μm2 was
superimposed over each image. The stereological parameters
of volumetric density (Vv) were calculated by counting the
points that occurred over cells, blood vessels, types I and III
collagen, and elastic fibers, using the ratio: Vv = PP/PT,
where PP is the number of points occurring over the struc-
tures of interest and PT is the total number of points on the
test system [31, 38]. Collagen fibers were analyzed according
to the different properties of birefringence, as thick collagen
fibers (type I) appear in shades of bright colors ranging from
red to yellow, whereas thin reticular fibers (collagen type III)
appear bright green under polarization [31, 39]. The mast
cells were analyzed using a 40x objective lens. Ten micro-
scopical fields were randomly analyzed in each histological
section to obtain a total area (TA) of 1.96mm2. The number
of mast cells per unit of histological area was calculated
according to the relation QA = Σmast cells/TA [40].

2.4. COX-2 Immunohistochemistry. The histological sections
(4μm thick) were dewaxed with xylene and hydrated in dis-
tilled water. Antigen recovery was performed with citrate
buffer (pH6) in a pressure cooker for 4min. The sections
were incubated for 10min in 3% hydrogen peroxide to block
endogenous peroxidase, followed by 15min in 5% nonfat

milk prepared at pH7.6 TBST (1X Tris-buffered saline with
0.05% Tween 20). Then, the sections were incubated for
12 h, at 4°C, with a primary rabbit anti-COX-2 antibody
(ab15191, Abcam, Cambridge, UK), at 1 : 1000 dilution. The
slides were washed with TBST and incubated for 2 h at room
temperature, with a ready-to-use secondary goat anti-rabbit
IgG antibody conjugated with horseradish peroxidase (Dako
EnVision™+ Dual Link System-HRP, Agilent, Santa Clara,
CA, USA). The slides were washed with TBST, and the
COX-2 marking was revealed with 0.5% 3,3′-diaminobenzi-
dine for 5min. Finally, the slides were released in ethanol,
treated with xylene, and mounted with coverslips.

2.5. Biochemical Assays. Tissue fragments were collected
from each wound, immediately frozen in liquid nitrogen
(-196°C), and stored in a freezer at −80°C. The samples
(200mg) were homogenized in 2mL phosphate-buffered
saline (PBS) and centrifuged for 5 minutes at 10,000g, under
refrigeration, at 5°C [14]. The supernatant and tissue pellets
were separately collected and used in all biochemical analyses
described below.

2.5.1. Cyclooxygenase-2, N-Acetylglucosaminidase Activity,
and Prostaglandin Production. Cyclooxygenase-2, N-
acetylglucosaminidase activity, and prostaglandin E2 pro-
duction in the scar tissue were measured with the aid of the
same commercial kits used to quantify these parameters in
the in vitro model. All measures were performed from intact
skin (day 0) and scar tissue collected at days 7, 14, and 21 of
wound healing. The enzymatic activity and prostaglandin
levels were measured in tissue homogenate supernatant.

2.5.2. Hydrogen Peroxide and Nitric Oxide Production. The
hydrogen peroxide (H2O2) production was measured in
supernatants of tissue homogenates. 50μL of supernatants
were incubated with 50μL of α-Phenylenediamine dihy-
drochloride (OPD) and an equal volume of peroxidase type
II 15mmol/L. The conversion of absorbance into micromolar
concentrations of H2O2 was calculated based on a standard
curve, using a known concentration of H2O2. The results
were expressed as μmol/L [41].

Nitric oxide (NO) was indirectly quantified through the
detection of nitrite/nitrate (NO2

-/NO3
-) levels by the stan-

dard Griess reaction [42]. 50μL of supernatants were incu-
bated with an equal volume of Griess reagent (1%
sulfanilamide, 0,1% N-(1-Naftil) ethylenediamine, and 2.5%
H3PO4) and kept at room temperature for 10 minutes. The
conversion of absorbance into micromolar concentrations
of NO was obtained from a sodium nitrite standard curve
(0–125μM) and expressed as NO concentrations
(μmol × L−1).

2.5.3. Determination of Lipid and Protein Oxidation. Lipid
peroxidation (LPO) was estimated according to the total mal-
ondialdehyde levels (MDA) [43]. The MDA concentration
was determined by using the standard curve of known con-
centrations of 1, 1, 3, 3-tetramethoxypropane (TMPO). The
results were expressed as μmol × L−1 per mg of protein.
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Protein oxidation was estimated from protein carbonyl
content, which was measured using 2,4-dinitrophenylhydra-
zine (DNPH) [44], based on the carbonyl group reaction with
DNPH. The pellets resulting from the tissue homogenates
from previous extractions were used for quantification. The
results were expressed as nmol per mL of protein.

2.5.4. Superoxide Dismutase Activity. The activity of superox-
ide dismutase (SOD) was determined by the superoxide (O2

-)
and hydrogen peroxide reduction method, thereby decreas-
ing the autooxidation of pyrogallol [45]. SOD activity was
calculated as units per milligram of protein, with one unit
(U) of SOD defined as the amount that inhibited the rate of
pyrogallol autoxidation by 50%.

2.5.5. Catalase Activity. The catalase (CAT) activity was eval-
uated according to the method described by Aebi [46], by
measuring the rate of decomposition of hydrogen peroxide.
One unit of CAT activity was calculated using the number
of enzymes that decompose 1mmol H2O2 for 1min. The
results were expressed as units of catalase/milligram of
protein.

2.5.6. Glutathione S-Transferase Activity. The glutathione S-
transferase (GST) activity was measured using the method
of Habig et al. [47]. Glutathione S-transferase activity was
analyzed according to the formation of glutathione-
conjugated 2,4-dinitrochlorobenzene (CDNB). One unit of
GST activity was defined as the amount of enzyme that cata-
lyzed the formation of one μmol of product/min/mL. GST
activity was expressed as U per milligram of protein.

2.5.7. Evaluation of MMP-10 Cutaneous Activity. For the
evaluation of MMP-10 activity, 200mg samples of the skin
were homogenized in 1mL of 5mM Tris-HCl (pH7.4) buffer
containing 0.15M NaCl, 10mM CaCl2, and 0.02% NaN3.
After centrifugation at 10,000g for 30min, the supernatant
was collected for analysis of MMP activity. For such, an

ELISA commercial immunoenzymatic kit was used accord-
ing to the manufacturer’s instructions (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany).

2.6. Statistical Analysis. The statistical analysis was carried
out using the GraphPad Prism 7 software system (GraphPad
Software Inc., San Diego, Calif., USA). The results were
expressed as mean and standard deviation (mean ± SD).
The parametric data were compared using one-way ANOVA
variance analysis, followed by the Student-Newman-Keuls
post hoc test. The nonparametric data were compared using
the Kruskal–Wallis test. Statistical significance was estab-
lished at p ≤ 0:05.

3. Results

3.1. Impact of Dx on Macrophage Viability, Prostaglandin
Production, and COX-2, MMP, and NAG Activity. The effect
of Dx on macrophage viability is presented in Figure 2. No
cytotoxicity was observed after exposing the macrophages
to Dx. Furthermore, the highest cell proliferation was
observed after macrophage incubation with 100μg/mL
(182:03 ± 6:57) and 300μg/mL (253:05 ± 30:92) of Dx,
which indicates a clear dose-dependent effect (Figures 2(a)
and 2(b)).

In the in vitro analysis, Dx also reduced glycoprotein
cyclooxygenase-2 (COX-2) in the Dx100 group when com-
pared to CM, Dx10, and Dx30. The Dx300 group presented
reduced COX2, in relation to NC, CM, Dx10, Dx30, and
Dx100. The prostaglandin E2 levels were higher in CM and
Dx (10, 30, and 100), when compared to the NC group.
Dx100 presented a decrease in relation to CM, Dx10, and
Dx30. Dx300 presented a decrease when compared to NC,
CM, and Dx (10, 30, and 100). Metalloproteinases (MMP)
presented a decrease in the CM, Dx10, Dx30, and Dx100
groups when compared to the NC group. The Dx100 group
values were lower, compared to the CM, Dx10, and Dx30
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Figure 2: Effects of doxycycline hyclate (Dx) on cell viability. (a) RAW264.7 macrophages were treated with various doses of Dx (10, 30, 100,
and 300 μg/mL) for 24 h. (b) Representative photomicrographs showing cells in cultured medium (control group) and 300 μg/mL Dx added to
the medium (phase-contrast microscopy, bar = 200 μm). The results are presented as the percentage absorbance of the control group. The
data are expressed in the graphics as a mean and standard deviation. ∗Statistical difference compared to control cells (Student-Newman-
Keuls test, p < 0:05).
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groups. The Dx300 group presented lower values when com-
pared to NC, CM, and Dx (10, 30, and 100). The NAG values
were increased in all groups (CM, Dx10, Dx30, Dx100, and
Dx300) when compared to the NC group (Figure 3).

3.2. Wound Area and Contraction Index. The wound area
was smaller on days 7, 14, and 21 in the Dx1 group, com-
pared to the control animals, as well as on day 14, in the
Dx2 group, in relation to the control group. The rate of
wound contraction was higher in the Dx1 and Dx2 groups,
compared to the control group, on day 21 (Figure 4).

3.3. Histopathological Results. On day 7, the proportion of
total cells in the tissue was higher in the Dx2 group, com-
pared to other groups. On the same day, Dx1 showed a
higher proportion of cells, compared to the control group.
On day 14, Dx2 presented a higher proportion of cells in rela-
tion to the control group (Figure 5(a)). In relation to blood
vessels, Dx1 and Dx2 groups showed an increased proportion
of vessels when compared to the control group, on day 7.
However, on day 14, the proportion of vessels was reduced
in the Dx1 group, compared to the control animals. On day
21, Dx1 presented reduced blood vessels compared to the
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Figure 3: Effects of doxycycline hyclate (Dx) on cyclooxygenase-2 (COX-2), prostaglandin E2 production, and metalloproteinases (MMP)
and N-acetyl-β-D-glucosaminidase (NAG) activity in LPS-stimulated RAW264.7 macrophages treated with various doses of Dx for 24 h.
NC: not stimulated cells (not treated with LPS or Dx), CM: cells treated with culture medium containing LPS, and Dx: cells treated with
culture medium containing LPS and Dx at 10, 30, 100, and 300 μM. The data are expressed as mean and standard deviation. Statistical
difference (Student-Newman-Keuls test, p < 0:05), compared to ∗NC, &CM, Dx10, and Dx30, #NC, CM, and Dx (10, 30, and 100), and +
CM and Dx10.
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Figure 4: (a) Area (mm2) and (b) rate of wound contraction (%) in rats treated with doxycycline hyclate (Dx) after 7, 14, and 21 days of
treatment. Dx1: doxycycline hyclate (10mg/kg), Dx2: doxycycline hyclate (30mg/kg). The data are expressed as mean and standard
deviation. Statistical difference (Kruskal–Wallis test, p < 0:05) compared to the ∗control group.
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control and Dx2 groups (Figure 5(a)). The distribution of
cells and blood vessels in the scar tissue of the different
groups is shown in Figure 5(b).

The number of mast cells, on day 7, was higher in the Dx2
group, compared to the other groups. In addition, the Dx1
group presented a higher number of cells compared to the
control group (Figure 6(a)). The distribution of mast cells
in the scar tissue in the Dx2 group, on day 7, is shown in
Figure 6(b).

A higher proportion of type I collagen fibers were
observed in the groups treated with Dx1 and Dx2, on day
21, when compared to the control group. The type III colla-
gen fibers were reduced in Dx1 and Dx2, on day 21, in com-
parison to the control group (Figure 7(a)). The distribution
of type I and type III fibers in the scar tissue of the different
groups and the predominance of type I collagen fibers after
treatment with Dx are shown in Figure 7(b). On days 14
and 21, the number of elastic fibers was higher in the Dx2
group, compared to the other groups (Figure 7(c)). The rep-
resentative distribution of elastic fibers in the scar tissue in
the Dx2 group, on day 21, is shown in Figure 7(d).

3.4. Biochemical Results

3.4.1. Immunohistochemistry and COX-2, PGE2, and NAG
Activity. Figures 8(a) and 8(b) show the results of the COX-
2 analysis, which presented lower values in the Dx2 group

when compared to control and Dx1, on day 7. These results
were confirmed by the analysis of the photomicrographs,
showing decreased COX-2 expression in Dx2, mainly in epi-
thelial cells. In relation to PGE2, the Dx2 group showed lower
values compared to the other groups, on day 7 (Figure 8(c)).
The macrophage accumulation/activation was proven by
increased NAG values in the Dx1 and Dx2 groups when
compared to the control (Figure 8(d)).

3.4.2. Oxidative Stress Markers. On day 7, H2O2 levels were
higher in the Dx1 and Dx2 groups in relation to the control
group. On day 14, Dx2 showed lower H2O2 levels in relation
to the control and Dx1 groups. On day 21, Dx2 showed lower
levels of H2O2, when compared to the control group
(Figure 9(a)). Nitrite and nitrate levels were lower in the
Dx1 and Dx2 groups, compared to the control group, on
day 14 (Figure 9(b)). Concerning malondialdehyde, the levels
were lower in the Dx1 and Dx2 groups, on day 7, when com-
pared to the control (Figure 9(c)). On the other hand,
reduced carbonyl protein levels were identified in the group
Dx1, compared to the control group, on day 21 (Figure 9(d)).

3.4.3. Antioxidant Enzymes and Metalloproteinase-10. Super-
oxide dismutase activity was higher in the Dx1 group, on day
21, when compared to the Dx2 group (Figure 10(a)). Catalase
activity was higher on days 7 and 14, in the Dx1 and Dx2
groups when compared to the control. On day 21, CAT
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Figure 5: The proportion of cell nucleus and blood vessels (a) and representative photomicrographs showing cells and blood vessel
distribution (b) in the scar tissue of rats untreated and treated with doxycycline hyclate (Dx), on day 7 (H&E staining, bar = 100 μm). C:
control, Dx1 = 10mg/kgDx, and Dx2 = 30mg/kgDx. In the graphics, the data are represented as mean and standard deviation. The
statistical difference compared to the groups ∗C, &Dx1, and #Dx2 (Student-Newman-Keuls test, p < 0:05).
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activity was lower in Dx2, concerning the Dx1 group
(Figure 10(b)). The glutathione S-transferase values were
not significantly different over the trial period
(Figure 10(c)). On day 14, MMP-10 levels were lower in the
group Dx2 compared to Dx1. On day 21, both groups treated
with Dx presented lower levels of MMP-10 when compared
to the control group (Figure 10(d)).

4. Discussion

Doxycycline constitutes a large group of broad-spectrum
antibiotics derived from tetracycline [48]. Studies have sug-
gested that Dx presents therapeutic activities unrelated to
its antimicrobial activity [49, 50]. The present study used
an integrated cellular and tissue analysis to evaluate the effect
Dx when administrated orally in Wistar rats, to repair their
skin. Therefore, we observed that Dx was effective for com-
plete wound closure and increased the rate of wound con-
traction. This effect is possibly associated with Dx
antimicrobial and anti-inflammatory capacity [49, 51]. These
results showed that Dx has beneficial action for the treatment
of skin lesions. However, studies investigating the action of
this drug on cutaneous repair are still scarce and limited,

mainly when related to its antioxidant capacity. In a recent
systematic review, we found positive results of antibiotic
therapy for the treatment of cutaneous wounds. However,
there is limited evidence that Dx can exert beneficial effects
on the treatment of skin lesions in vivo [52]. In this review,
sulfonamides were the antibiotic most commonly used, and
doxycycline was tested in only one study [52]. As the main
mechanisms involved in the cutaneous repair after Dx expo-
sure remain unknown, studies using immunological, bio-
chemical, and oxidative markers are required.

Due to its potent bacteriostatic properties, Dx is an effec-
tive antibiotic to treat diseases, such as syphilis [23], peri-
odontal diseases [24], pneumonia [53], and cholera [54].
Although the effect of Dx on cutaneous repair is still poorly
explored, this drug increases collagen deposition [55], stimu-
lates tissue reepithelization [20] and favors the elimination of
reactive oxygen species, thereby preventing or reducing path-
ological tissue destruction [56]. In addition, Dx changes the
proliferation of inflammatory cells [57]. In this sense, we
observed that Dx increased macrophages proliferation
in vitro, exerting a potential dose-dependent immunoregula-
tory activity. This effect was aligned with increased macro-
phage activation, which was indicated by the upregulation
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of NAG activity induced by all doses of Dx. Conversely, Dx-
treated macrophages exhibited a dose-dependent decrease in
COX-2 and PGE2 levels, which indicates that macrophage
activation and COX-2 inhibition are regulated by Dx through
potentially independent mechanisms, which requires further
investigation. However, there is evidence that different drugs
with antimicrobial and anti-inflammatory properties such as
nimesulide, ibuprofen, and amoxicillin can differentially reg-
ulate macrophages activity (i.e., endocytosis and nitric oxide
production) and cytokine and prostaglandin secretion [58–
60], which corroborates relative independence of these meta-
bolic processes. Thus, this specific effect of Dx on COX-2 and
macrophage activity is potentially relevant in wound healing,
since it can modulate the intensity of the inflammatory
response without inhibiting cell activation in response to
antigenic stimulation, which exerts an essential protective
role against infections.

In addition, our results also revealed an increased overall
amount of scar tissue cells, highlighted by a high amount of
mast cells. This was mainly observed when we used higher
doses of Dx and in the early stages of the healing process.
Mast cells are important for the inflammation phase of the
repair process, as they promote the activation of macro-
phages and the formation of granulation tissue, cell migra-
tion, and maturation of collagen fibers [61]. Therefore, we
believe that Dx can stimulate the process of cell migration
and speed up the closure of the wound and consequently
decrease the risk of infection. On the other hand, we observed
that Dx stimulates an increase in the proportion of type I col-
lagen, associated with a low proportion of type III collagen,
after 21 days of treatment. These characteristics are very
important since a high proportion of type I collagen fibers
increases tissue resistance and force [62]. These collagen
fibers exhibit covalent bonds and are more common in intact
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Figure 7: The proportion of type I and III collagen fibers (a), representative photomicrographs showing collagen fiber distribution, on day 21
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standard deviation. The statistical difference compared to the groups ∗C and &Dx1 (Student-Newman-Keuls test, p < 0:05).
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skin [63]. In general, at the start of the wound healing pro-
cess, it is observed high deposition of type III collagen, but
as the process progresses, the type III collagen fibers are
replaced by type I collagen fibers [14], which makes the tissue
more resistant to traction. About elastic fibers, after treat-
ment with Dx, there was an increase in this fiber in the extra-
cellular matrix in the scar tissue, especially in the final phase
of tissue remodeling. Similarly, the role of Dx on elastic fibers
was analyzed by Chung et al. [64], in the Marfan syndrome,
in which Dx preserved the elastic fibers in the thoracic aorta,
probably by inhibiting the action of metalloproteinases.
Thus, our findings show the induction of the proliferative
capacity of cells and, consequently, the synthesis of the extra-
cellular matrix after the application of Dx.

Cellularity and neovascularization are essential to the
process of wound healing, especially in the inflammatory
phase [6]. A good vascularization can provide oxygen and
nutrients for the cells, which are important for the recovery
of injured tissue [65]. Besides, the formation of new vessels
is directly linked to the formation of a new matrix, called
granulation tissue, rich in vessels and cells. When the process
advances, the number of vessels and cells decreases, but the
number of fibers increases, which characterizes mature scar
tissue [66]. Therefore, new effective treatments should pro-
mote intense neoangiogenesis at the start of the repair pro-

cess and reduce the levels of vessels at the end of the
process. For Altoé et al. [52], the tetracycline class repre-
sented by doxycycline increases collagen organization and,
consequently, the rupture force of the wound. Corroborating
the current evidence, our findings indicate that Dx stimu-
lated the increase of new vessels at the start of the wound pro-
cess (day 7) and the number of cells, possibly due to the
intense migration and activation of the inflammatory cells
proven by the increased NAG, at the same time. On the other
hand, reduced vessels and cells were observed, while fibers
increased in more advanced phases of the wound repair.
These changes are very important for the evolution of wound
healing and provide resistance and force for the new tissue.

Interestingly, Dx was also effective in attenuating COX-2
activity and PGE2 only in the initial stage of wound healing
(day 7). As this inhibition occurred simultaneously to
increased cellularity and NAG activity in the scar tissue, the
main source of COX-2 activity and PGE2 seems to be unre-
lated to the increased recruitment of immune cells, including
macrophages. Corroborating this proposition, we identified
that animals treated with the higher dose of Dx presented a
reduced COX-2 expression in the scar tissue, which was lim-
ited to epidermal cells. Thus, our findings indicated that ker-
atinocytes are the primary targets of Dx-induced COX-2
downregulation, which represents an effect potentially
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Figure 8: Immunohistochemical detection of cyclooxygenase-2 (COX-2) in the epithelial cells (a), COX-2 activity (b), prostaglandin E2
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limited to the initial stages of wound healing. From COX-2
activity, intense PG levels are detected after skin injuries,
which are potent proinflammatory effectors that attract
immune cells, stimulate fibroblast, and endothelial cell prolif-
eration and metabolism in the wound area [11]. COX-2
played a central and regulatory role in the arachidonic acid
pathway, by regulating hemostasis and inflammation [67]
and directly impacting the development of the subsequent
phases of wound healing [68]. Thus, controlling the inflam-
mation from COX-2 downregulation may be a relevant strat-
egy by which Dx accelerates the onset of the proliferative and
remodeling phases, stimulating the resolution of the healing
process. Since PG release mediated by COX-2 activation trig-
gers prooxidant mechanisms, Dx potentially attenuates the
oxidative stress as well, which can prolong the inflammatory
phase due to secondary reactive molecular damage [49].

The production of intense free radicals is usually
observed in the initial stages of the healing process. In skin
lesions, phagocytic immune cells produce free radicals in a
process known as respiratory burst [69]. Free radicals, reac-
tive species of oxygen (ROS), and reactive species of nitro-
gen (RNS) promote cellular oxidative stress, damaging
membranes, proteins, and genetic material [70, 71]. In
respect to ROS, it is important to consider the presence of
peroxide hydrogen (H2O2), known as an important marker
of redox metabolism and more commonly found during the
inflammatory phase of the healing process [72]. In our

study, as expected, the levels of H2O2 increased on the 7th
day in the groups treated with Dx, corresponding to the
inflammatory phase, but decreased in the later phases, on
days 14 and 21, in the Dx2 group. In this case, the excess
of H2O2 probably occurred in the inflammatory phase,
due to cell migration, of neutrophils and macrophages,
which release mediators and reactive oxygen species during
phagocytosis [73]. Also, we believe that, in this phase, the
activation of nicotinamide adenine dinucleotide phosphate
(NADPH) takes place, which generates H2O2 and activates
cell proliferation and apoptosis. In our study, we believed
that an increased number of macrophages, proven by
in vitro and in vivo analysis of NAG, could justify the
increased level of H2O2 in the early repair process. On the
other hand, H2O2 and nitric oxide (NO) showed decreased
levels during day 14, which indicates that Dx was efficient
to inhibit lipid peroxidation and protein oxidation in the
later phase of the process. However, the excess of NO may
cause irreversible damage in the cells, impaired homeostasis,
and the activation of various signaling cascades, such as
mitogen-activated protein (MAP) or c-Jun N terminal
kinase (JNK), thus causing cell degeneration and death
[74]. In general, it is difficult to measure NO due to the
short half-life in tissues. NO, nitrite (NO2), and nitrate
(NO3) are the markers usually employed [75, 76]. As a
result of this, in our study, we measured the content of
nitrite and nitrate in the scar tissue of Wistar rats.
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Figure 9: Levels of oxidative stress markers in the tissue: (a) hydrogen peroxide (H2O2), (b) nitrite and nitrate (NO2
-/NO3

-), (c)
malondialdehyde (MDA), and (d) carbonyl proteins (CP) in the scar tissue of rats untreated and treated with doxycycline hyclate
(Dx). C: control, Dx1 = 10mg/kgDx, and Dx2 = 30mg/kgDx. Data are represented as mean and standard deviation. The statistical
difference compared to the group ∗C and &Dx1 (Student-Newman-Keuls test, p < 0:05).
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Markers of oxidative stress are important tools to evalu-
ate the redox balance of the healthy and damaged tissues
[77]. MDA is a compound of three carbons synthesized from
the peroxidation of polyunsaturated fatty acids, generally
formed during the oxidation of the cell membrane lipids
[78]. During cutaneous repair, MDA usually increases,
mainly in the inflammatory phase, which indicates damaged
tissue and slow wound closure [79]. In our study, we
observed reduced levels of MDA on day 7, after treatment
with Dx1 and Dx2, which indicates that doxycycline can help
to positively modulate the redox status of tissue in recovery.
Similar results were found by Nogueira et al. [80], after the
induction of convulsive lesions, following the application of
pilocarpine, a parasympathomimetic alkaloid extracted from
jaborandi leaves. These authors showed that Dx reduced lipid
peroxidation in the brain, thus protecting the tissue from the
action of free radicals. Another important marker of the
action of ROS and RNS in the tissue is the high content of
carbonylated protein, which indicates protein oxidation [66,
81]. In the present study, after treatment with Dx, only using
the lower dose, reduced levels of protein carbonylation were
observed, suggesting the antioxidant secondary action of this
drug. Serra et al. [82] evaluated the antioxidant action of
doxycycline and demonstrated that this drug, as well as other
tetracyclines, is similar to vitamin E, mainly due to the pres-
ence of a phenolic ring with multiple substitutions. This phe-
nolic ring reacts with the free radical and generates a
phenolic radical, which is relatively stable and not reactive

to cellular components [83]. In this sense, in addition to act-
ing as an antimicrobial, Dx also presents antioxidant second-
ary action, which protects the recovering tissue.

To maintain redox homeostasis in an injured tissue the
action of the antioxidant defense system is necessary, which
exhibits components, such as superoxide dismutase (SOD),
catalase (CAT), and glutathione S- transferase (GST) [84,
85]. SOD removes superoxide radical, which is highly dan-
gerous and destructive for the cells [86]. CAT enzyme accel-
erates the passage of electron and reduces the residence of
H2O2 inside the cells, consequently avoiding the harmful
effect of this compound on the tissues [87]. This means that,
for a drug to be considered effective to treat lesions caused by
free radicals, it is highly desirable that it stimulates the tran-
scription and translation of these antioxidant enzymes. Our
findings demonstrated that Dx increases SOD and CAT
activity in the tissue. Increased CAT was mainly found in
the inflammatory phase, which corroborates our findings in
relation to the levels of H2O2. We believed that increased
SOD and CAT reduced superoxide ion (O2

-) and H2O2, thus
protecting the tissue.

The imbalance between collagen synthesis and degrada-
tion is a common feature in cutaneous lesions, mainly in
infected wounds [88]. A common consequence of this imbal-
ance is the formation of hypertrophic scars and keloid, which
results in fibrosis and loss of tissue function [8]. MMPs are
enzymes found in acute or chronic skin wounds, which reg-
ulate the deposition of collagen and degrade the extracellular
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Figure 10: Levels of (a) superoxide dismutase (SOD), (b) catalase (CAT), (c) glutathione S-transferase (GST), and (d) metalloproteinase-10
(MMP-10) in the scar tissue of rats untreated and treated with doxycycline hyclate (Dx). C: control, Dx1 = 10mg/kgDx, and Dx2 = 30mg/
kgDx. The data are represented as mean and standard deviation. The statistical difference compared to the group ∗C, &Dx1, and Dx2
(Student-Newman-Keuls test, p < 0:05).
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matrix, which is essential for wound reepithelization [19].
The excess of these enzymes may cause disorganization in
the epithelium, cell-cell contact changes, and increased apo-
ptosis of fibroblasts and keratinocytes [89]. In our study, we
observed decreased levels of MMP in in vivo analysis, after
treatment with Dx1 and Dx2, which corroborates our find-
ings for decreased wound area and increased rate of wound
contraction in these groups. For the healing process to occur
smoothly and efficiently, a balance between the synthesis and
degradation of collagen is required. If there is a predomi-
nance of MMP in the tissue, an exacerbated degradation of
the extracellular matrix may occur, which compromises
wound closure [19]. Other studies demonstrate that the
administration of Dx speeds up the closure of cutaneous
wounds by inhibiting MMP-9 [82] and accelerates the recov-
ery of gastric wounds by inhibiting MMP-2 and H2O2 [90].
The balance in the synthesis of this enzyme is required for
efficient cutaneous repair and can facilitate cellular migration
and accelerate the recovery of the tissue.

5. Conclusions

Taken together, our findings indicate that both doses of Dx
can modulate the repair of skin wounds in rats. However,
in general, the best results in cellularity, mast cells, elastic
fibers, hydrogen peroxide levels, and metalloproteinase-10
were observed after exposure to the highest dose of doxycy-
cline hyclate (30mg/kg). In vitro, our findings showed that
Dx increased macrophage proliferation but decreased the
COX-2 and PGE-2 levels. This indicates that macrophage
activation and COX-2 inhibition are possibly regulated by
independent mechanisms. Our findings showed that,
in vitro, despite the increased in the number of cells in the
initial phase of wound healing, there was a reduction in the
expression of COX-2, which was limited to epidermal cells.
Therefore, our results indicated that keratinocytes are the
primary targets of Dx-induced COX-2 downregulation, and
this capacity of modulating the intensity of the inflammatory
response without inhibiting cell activation can play an
important role in the favorable evolution of the healing pro-
cess. In addition, since the COX-2 is involved in prooxidant
mechanisms, the regulation of this pathway by Dx also
favored the oxidative balance into the cell and protected the
molecules against the action of free radicals, showing an anti-
oxidant potential in cutaneous wound repair. This informa-
tion may be relevant for the selection of the treatment,
mainly in the acute phase of cutaneous wound healing.
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A random-pattern skin flap plays an important role in the field of wound repair; the mechanisms that influence the survival of
random-pattern skin flaps have been extensively studied but little attention has been paid to endogenous counterinjury
substances and mechanism. Previous reports reveal that the apelin-APJ axis is an endogenous counterinjury mechanism that has
considerable function in protecting against infection, inflammation, oxidative stress, necrosis, and apoptosis in various organs.
As an in vivo study, our study proved that the apelin/APJ axis protected the skin flap by alleviating vascular oxidative stress and
the apelin/APJ axis works as an antioxidant stress factor dependent on CaMKK/AMPK/GSK3β signaling. In addition, the
apelin/APJ-manipulated CaMKK/AMPK/GSK3β-dependent mechanism improves HUVECs’ resistance to oxygen and glucose
deprivation/reperfusion (OGD/R), reduces ROS production and accumulation, maintained the normal mitochondrial
membrane potential, and suppresses oxidative stress in vitro. Besides, activation of the apelin/APJ axis promotes vascular
migration and angiogenesis under relative hypoxia condition through CaMKK/AMPK/GSK3β signaling. In a word, we provide
new evidence that the apelin/APJ axis is an effective antioxidant and can significantly improve the vitality of random flaps, so it
has potential be a promising clinical treatment.

1. Introduction

Wound repair is a common clinical problem in surgery. A
skin flap has been proven to be one of the most common
and effective methods for wound repair in surgical practice.
Random-pattern skin flap replantation is increasingly being
selected to close large surficial tissue defects caused by vari-
ous reasons such as trauma, cancer excisions, and congenital
deformity corrective surgery [1–3]. Obviously, wound heal-

ing is a coordinated, complex process involving oxidative
stress, inflammation, cell proliferation, cell migration, and
angiogenesis [4]. During skin flap replantation, especially
with the purpose of treating large-area wounds, blood supply
interruption, oxidative stress, inflammation, and postopera-
tive infection make the distal flap vulnerable to necrosis
and to a great extent limit the clinical application of a ran-
dom skin flap [5–8]. Blood supply recovery is a consequence
of vascular stump’s initiation, growth, and recanalization
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from the pedicle to the distal area [3, 9]. During neovascular-
ization, the ischemia-reperfusion injury (IRI) process is inev-
itable and necessary, in which effective and reasonable
artificial intervention can greatly improve the survival of
the skin flap by diminishing the accumulation of acute
inflammatory cells [10] and suppressing oxidative stress
[11]. As it is a main factor resulting from necrosis of grafts
[12–14], IRI is frequently targeted by a series of medicine,
treatments, and even biomaterials [15–18].

Considering all of the above, discovery of the substances
with both proangiogenesis and antioxidant stress may play
positive roles in the clinical application of a skin flap. Apelin,
a group of peptides initially isolated from the bovine stom-
ach, is an endogenous ligand of the G protein-coupled APJ
receptor [19–21]. Only by binding to the APJ receptor could
apelin exert their biologic function [19, 22, 23]; while apelin
and the APJ receptor are widely distributed in different
organs and tissues [22, 23], the apelin/APJ signal axis may
play a role in diseases of different organs including pulmo-
nary fibrosis, kidney inflammation [24], acute lung injury
(ALI) [25], ischemic heart failure [26], and even osteoporosis
[27, 28]. What we are interested in is that the apelin/APJ sig-
nal axis is especially related to vascular pathophysiology [24,
29, 30]. In addition, the apelin/APJ axis regulates IRI and
antioxidant stress through different mechanisms such as reg-
ulating FoxO3 trafficking [31], maintaining the Ca2+ tran-
sient [32], attenuating excessive mitochondrial ROS
production [21], and restoring the metabolic defects of lipid
oxidation [33]. Existing researches lay the foundation for
our hypothesis that apelin can be selected as an adjuvant
therapy of skin flap transplantation by regulating angiogene-
sis and treating oxidative stress.

AMP-activated protein kinase (AMPK) is described as
the “energy sensor” or “gauge” and expressed in all cell types
and is closely related to IRI and oxidative stress. Since a
previous study has proven that apelin protected against
IRI-involved ROS-mediated inflammation via the
AMPK/GSK3β pathway activated by apelin receptor/Gα/PL-
C/IP3/CaMKK signaling and further upregulated down-
stream Nrf2-related antioxidant components in the central
nervous system [34], skin vessels act as peripheral terminal
vessels, and whether a similar mechanism can be established
and further improve the survival of a random skin flap is still
not clear. Considering this, we carry out our study to verify
and increase the feasibility for clinical application. The ape-
lin family is a peptide family, including apelin12, apelin13,
apelin17, and apelin36. Our study preliminarily explored
the antioxidant stress response and mechanism of the apeli-
n/APJ axis. As a signal axis is damaged under pathological
conditions, the apelin/APJ axis has potential therapeutic
target value for further research.

2. Materials and Methods

2.1. Animals and Grouping. 6~8-week-old C57BL/6 mice
(22-28 g, male) were obtained from the laboratory animal
center of Wenzhou Medical University (license no. SCXK
[ZJ] 2005-0019). All animal handling procedures (surgery,
treatments, and postoperation care) were strictly in accor-

dance with the Guide for the Care and Use of Laboratory
Animals of the China National Institutes of Health. All pro-
cedures involving mice were approved by the Animal
Research Committee of Wenzhou Medical University
(wydw2017-0022). Enormous efforts were made to alleviate
the pain of the mice during experiments. All mice were
housed in standard experimental cages and given free access
to food and water at a room temperature of 25°C with a 12 h
light/dark cycle. At the beginning of the experiment, 44
C57BL/6 mice were randomly divided into four groups: nor-
mal control group (n = 8): purely healthy mice without any
trauma treatment; random flap group (n = 12): treated with
20μl saline from day 1~day 7 after skin flap operation; ran-
dom flap+apelin13 group (n = 12): treated with apelin13
(50μg/kg weight) in a volume of 20μl by tail intravenous
injection from day 1~day 7 after skin flap operation; and ran-
dom flap+apelin13+ML221 group (n = 12): treated with ape-
lin13 (50μg/kg weight) together with ML221 (50μg/kg
weight) in a volume of 20μl by tail intravenous injection
from day 1~day 7 after skin flap operation.

2.2. Reagents and Antibodies. Apelin13 (C69H111N23O16S,
purity ≥ 95%) was bought from Cayman (catalog 2A-13523-
1). ML221 (C17H11N3O6, purity: 99.25%) was bought from
MedChemExpress (CAS. no. 877636-42-5, Shanghai, China).
STO-609 (C19H10N2O3, purity ≥ 98:0%) was purchased from
MedChemExpress (CAS no. 52029-86-4; Monmouth Junc-
tion, NJ, USA). Dorsomorphin (compound C: C24H25N5O,
purity: 99.65%) was purchased from MedChemExpress
(CAS. no. 866405-64-3; Monmouth Junction, NJ, USA).
BX795 (C23H26IN7O2S, purity: 99.33%) was purchased from
MedChemExpress (CAS. no. 702675-74-9; Monmouth Junc-
tion, NJ, USA). The primary antibodies against glycogen syn-
thase kinase 3β (GSK3β), phospho-glycogen synthase kinase
3β (p-GSK3β) (Ser-9), superoxide dismutase 2 (SOD2), APJ,
vascular endothelial growth factor (VEGF), and CD34 were
acquired from Proteintech Group (22104-1-AP, 67558-1-Ig,
24127-1-AP, 20341-1-AP, 19003-1-AP, and 14486-1-AP,
respectively), and an apelin primary antibody was obtained
from Novus Biologicals (H00008862-M01). Primary antibod-
ies against heme oxygenase-1 (HO-1), B-cell-lymphoma-2
(Bcl2), and nuclear factor E2-related factor 2 (Nrf2) were
obtained from Abcam (ab13243, ab196495, and ab137550,
respectively). Rabbit monoclonal anti-BCL2-associated X
(Bax) was purchased fromCell Signaling Technology (Beverly,
MA, USA). Secondary antibodies HRP-conjugated AffiniPure
goat anti-mouse IgG (H+L), HRP-conjugated AffiniPure goat
anti-rabbit IgG (H+L), CoraLite488-conjugated goat anti-
mouse IgG (H+L), CoraLite488-conjugated goat anti-rabbit
IgG (H+L), CoraLite594-conjugated goat anti-mouse IgG (H
+L), and CoraLite594-conjugated goat anti-rabbit IgG (H+L)
were purchased from Proteintech Group (SA00001-1,
SA00001-2, SA00013-1, SA00013-2, SA00013-3, and
SA00013-4, respectively). The Lipid Peroxidation MDA Assay
Kit, diamidino-2-phenylindole (DAPI) solution, the BCA Kit,
and the BeyoECL Moon Reagent Kit were purchased from
Beyotime Biotechnology (Jiangsu, China). IL-1 and TNFα
detection kits were purchased from Jiancheng Biotechnology
(Nanjing, China).
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2.3. Random Skin Flap Animal Model. Mice were anesthe-
tized with pentobarbital sodium 1% (50mg/kg, intraperito-
neally injection) before operation. An electric shaver and
hair removal ointment were used to remove the dorsal fur
of mice. Then, a random-pattern, caudal-based skin flap
(size: 1:5 × 4:5 cm2) was elevated in the mouse dorsum (in
the same position in each mouse) beneath the panniculus
carnosus as reported previously. The left and right sacral
arteries were excised to block bilateral blood supply of the
skin flap. By confirming that the blood vessels were ampu-
tated, separated flaps were inserted to the original position
and sutured with a 7-0 nonabsorbable suture. The random
skin area was equally separated into three zones from the
pedicle to the distal: proximal (area I), intermediate (area
II), and distal (area III) [3, 9].

2.4. Cell Culture. The human umbilical vein endothelial cells
(HUVECs) are obtained from the American Type Culture
Collection (Manassas, VA, USA) and cultured in RPMI
1640 medium containing 10% fetal bovine serum and 1%
antibiotics (penicillin, 100 IU/ml; streptomycin, 100μg/ml)
at 37°C at 5% CO2 in a constant-temperature incubator.

2.5. Oxygen and Glucose Deprivation/Reperfusion (OGD/R)
Model. The OGD/R model was established to simulate IRI.
HUVECs were cultured in glucose-free and serum-free
DMEM containing apelin13 and inhibitors in a hypoxia
chamber (Thermo Scientific, USA) containing a gas mixture
of 95%N2 and 5%CO2 for 6 hours; after 6 hours, the medium
was replaced by RPMI 1640 medium containing 10% fetal
bovine serum, and HUVECs were transferred back to the
previous normoxic culture environment for another 6 hours.
As for migration and angiogenesis, the culture medium can-
not be changed due to the experimental operation; we only
arranged a 4-hour short-time glucose oxygen deprivation
(OGD) to observe cell migration and tube formation better.

2.6. Cell Grouping and Drug Administration. HUVECs were
divided into the following groups: normal control group,
OGD/R group, OGD/R+apelin13 group, OGD/R+apelin13
+ML221 group, OGD/R+apelin13+ STO-609 group, OGD/R
+apelin13+DM group, and OGD/R+apelin13+BX795 group.
OGD/R+apelin13 group: HUVECs were treated with apelin13
(0.5μM); OGD/R+apelin13+ML221 group: HUVECs were
treated with apelin13 (0.5μM)+ML221 (0.5μM); OGD/R
+apelin13+STO-609 group: HUVECs were treated with ape-
lin13 (0.5μM)+STO-609 (0.5μM); OGD/R+apelin13+DM
group: HUVECs were treated with apelin13 (0.5μM)+DM
(50ng/ml); OGD/R+apelin13+BX795 group: HUVECs were
treated with apelin13 (0.5μM)+BX795 (2μM); OGD/R
+ML221 group: HUVECs were treated with ML221
(0.5μM); OGD/R+STO-609 group: HUVECs were treated
with STO-609 (0.5μM); OGD/R+DM group: HUVECs were
treated with DM (50ng/ml); OGD/R+BX795 group: HUVECs
were treated with BX795 (2μM); and normal control group:
HUVECs were simply treated with saline.

2.7. Flap Macroscopic Evaluation. After operation, the viabil-
ity of skin flaps was tracked macroscopically by necrotic area,
edema, colour, and hair conditions on day 1, day 3, and day 7.

Then, on day 7, high-resolution photos of the random flaps
were obtained to evaluate the viability. All photos were proc-
essed by using the Image-Pro Plus imaging software (ver 6.0;
Media Cybernetics) to determine the survival area, and the
survival percentage of the skin flap was determined as
follows: extent of the survival area × 100%/total area (survival
and necrotic).

2.8. Laser Doppler Blood Flow (LDBF) Measurement. LDBF
measurement was performed to evaluate vascular flow and
blood supply in whole skin flaps. On day 3, day 5, and day
7, all mice were anesthetized and placed in a warm and quiet
room, and the laser Doppler instrument (Moor Instruments,
Axminster, UK) was used to scan mice in each group. The
infrared Doppler scanning probe scanned the area of the skin
flap to record the blood flow distribution as described in the
previous literature [3, 9]. Blood flow of the skin flap was visu-
alized with the strong signal (green, yellow, and red shown in
pictures) and quantified with Moor LDI Review software (ver
6.1; Moor Instruments). Measurement of each mouse was
performed three times at least, and the mean value was used.

2.9. Tissue Edema Measurement. Water content reflects
edema of the skin flap. As previously described [3, 9], on day
7, skin flap tissue specimens were obtained and weighed and
wet weight was recorded. Then, all specimens were dehydrated
in an autoclave at a temperature of 50°C and weighed every
day; finally, the stabilized weight was recorded as dry weight.
The content of water was calculated as follows: percentage of
tissuewater content = ð½wet weight − dry weight�/wet weightÞ
× 100%.

2.10. Hematoxylin Eosin (HE) Staining. Skin flap samples
(1 cm × 1 cm) of area II were obtained after sacrifice. The
extracted skin flap samples were first fixed in 4% paraformal-
dehyde for 24 hours and then embedded in paraffin wax for
transverse sectioning. Sections were sliced at the thickness
of 4μm with a microtome and mounted on adhesion micro-
scope slides (CITOGLAS, Taizhou, China) for HE staining.
We calculated the number of microvessels per unit area
(1mm2) under a light microscope (Olympus Corp, Tokyo,
Japan), which was described as the microvascular density.

2.11. Immunohistochemistry (IHC). Skin flap sections in each
group were baked at 65°C for 2 hours, then dewaxed twice in
xylene, and hydrated with gradient ethanol baths. After
washing, we blocked tissue sections with 3% hydrogen perox-
ide solution and performed antigen retrieval (20min, 95°C)
with 10.2mM sodium citrate buffer (pH6.0). Then, after
blocking tissue sections with 10% goat serum albumin
phosphate-buffered saline (10min, 37°C), the sections were
incubated with primary antibodies against CD34 (1 : 200),
apelin (1 : 200), and APJ (1 : 200) overnight at 4°C. The sec-
ond day, these sections were incubated with an HRP-
conjugated secondary antibody and counterstained with
hematoxylin. Finally, these slices were sealed with neutral
resin and placed in a ventilation cupboard overnight. Stained
flap sections were pictured at ×200 magnification using a
DP2-TWAN image-acquisition system (Olympus Corp,
Tokyo, Japan). IHC images were evaluated with Image-Pro
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Plus software (Media Cybernetics) for integral absorbance
quantitation of apelin-, APJ-, and CD34-positive blood vessel
counting.

2.12. Reactive Oxygen Species (ROS) Measurement. HUVECs
were cultured on glass creep plates at a seeding density of 1
× 105. After all stimulations, a reactive oxygen species
(DCFH-DA) assay kit (Beyotime, China) was used to mea-
sure the cellular ROS level according to the manufacturer’s
instructions. Images were pictured by using an Olympus
microscope. The average fluorescence intensity of the fluo-
rescence emitted by DCF is measured by using Image-Pro
Plus software, which reflects the accumulation level of ROS
in a positive correlation.

2.13. Immunofluorescence Staining. HUVECs were cultured
on 12-well culture plates containing glass creep plates at a
seeding density of 1 × 105. After all stimulations, remove
medium and wash creep plates with aseptic phosphate buffer;
then, cells were fixed in 4% paraformaldehyde for 20min and
permeabilized with 0.1% Triton X-100 for 20min. 10% goat
serum albumin was used to block plates (10min, 37°C), and
cell creep plates were incubated with primary antibodies
against Nrf2 (1 : 200), HO-1 (1 : 200), and SOD2 (1 : 200)
overnight at 4°C. For tissue sections, procedures before pri-
mary antibody incubation are the same as described in
IHC; then, sections were incubated with primary antibodies
against apelin (1 : 200) and APJ (1 : 200) overnight at 4°C.
The second day, all sections and plates were washed three
times with aseptic phosphate buffer, incubated with a Cora-
Lite488/594-conjugated second antibody for 1 hour at 37°C,
and finally stained with DAPI. All images were evaluated
under a fluorescence microscope (Olympus, Tokyo, Japan).
The percentage of Nrf2-, HO-1-, and SOD2-positive cells in
the dermal layer was calculated, and apelin- and APJ- posi-
tive areas were colocated.

2.14. Western Blotting. After being euthanized, samples
(0:5 × 0:5 cm) from the middle of area II flaps in each group
were removed from mice and stored at −80°C for Western
blotting. In vitro, discard the culture medium of each group
of cells, wash it with aseptic phosphate buffer, and harvest
the cells with cell scrapers on ice. After extracting total pro-
tein from the flap tissues and cells with RIPA lysis buffer,
protein concentration was measured by using the BCA pro-
tein assay kit. An equal amount of 60μg tissue protein
(30μg cellular protein) was separated by 10-15% gel electro-
phoresis and transferred to polyvinylidene difluoride mem-
branes (Roche Applied Science, Indianapolis, IN, USA).
After blocking with 5% nonfat milk for 2 hours at room tem-
perature, the membranes were incubated with the subse-
quent primary antibodies at 4°C overnight: VEGF (1 : 1000),
CD34 (1 : 1000), APJ (1 : 1000), apelin (1 : 1000), Bcl2
(1 : 1000), Bax (1 : 1000), Nrf2 (1 : 1000), SOD2 (1 : 1000),
HO-1 (1 : 1000), t-AMPK (1 : 1000), p-AMPK (1 : 1000), t-
GSK3β (1 : 1000), p-GSK3β (1 : 1000), and GAPDH
(1 : 3000). Then, the membranes were incubated with an
HRP-conjugated IgG secondary antibody (1 : 1000) for 2
hours at room temperature. The bands on the membranes

were imaged using the ECL Moon Reagent Kit. Protein
bands’ signal intensity was quantified using Image Lab 3.0
software (Bio-Rad, Hercules, CA, USA).

2.15. JC-1 Staining. The mitochondrial membrane potential
in each group was determined by staining with JC-1 (Beyo-
time, China) according to the manufacturer’s guidelines.
Stained cells were observed under a fluorescence microscope
(Olympus; Tokyo, Japan).

2.16. MDA and Carbonylated Protein Measurements.Cellular
lipid peroxidation in each group was measured by using the
Lipid Peroxidation MDA Assay Kit (Beyotime, China).
Carbonylated protein level was measured by using the Micro
Protein Carbonyl Assay Kit (Solarbio, China). All measure-
ments were performed according to the manufacturer’s
instructions.

2.17. Catalase (CAT) and Glutathione (GSH) Measurements.
Catalase was measured by using the CAT Assay Kit (Solar-
bio, China), and GSH was measured by using the GSH Assay
Kit (Solarbio, China) according to the manufacturer’s
instructions.

2.18. IL-1 and TNFα Measurements. HUVECs were homog-
enized by using RIPA buffer, and proteins were collected.
IL-1 and TNFα levels inside HUVEC cells were measured
by using, respectively, the IL-1 ELISA kit (Boyun, China)
and TNFα ELISA kit (Boyun, China) according to the man-
ufacturer’s instructions.

2.19. Cell Migration and Tube Formation. Transwell assays
(8μm) (Corning, USA) were used to evaluate the HUVECs’
migration ability. Briefly, 2 × 105 cells were seeded into the
upper chamber in a volume of 200μl, while the lower cham-
ber contained glucose-free DMEM culture medium (Gibco)
with 1% fetal bovine serum (FBS, Gibco) and different com-
ponents (saline, apelin13, ML221, STO-609, DM, and
BX795); then, cells were placed in a hypoxia chamber. Cells
treated with RPMI 1640 medium (Meilunbio) with 1% FBS
and placed in a normoxic incubator were used as a normal
control group. 4 hours after incubation, cells on the upper
surface of the upper chamber membrane were carefully
wiped off with cotton swabs, fixed in 4% paraformaldehyde
for 30min at room temperature, and then stained with crys-
tal violet to quantify the migrated cells. The migrated cells
were pictured using an inverted microscope (Nikon, Japan).
A tube formation assay on Matrigel (BD Biosciences, USA)
was performed to evaluate the HUVECs’ morphogenesis
and tube formation capacity. Briefly, Matrigel solution was
thawed at 4°C overnight and placed in a μ-Slide (10μl per
well, IBIDI, Germany) in a cell incubator for 30min to solid-
ify. A total of 5000 cells, which were treated with serum-free
and glucose-free DMEM culture medium containing differ-
ent components (saline, apelin13, ML221, STO-609, DM,
and BX795), were seeded onto the Matrigel surface and
placed in a hypoxia chamber, and cells treated with RPMI
1640 medium with 10% FBS and placed in a normoxic incu-
bator were used as the normal control. Tube formation was
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Figure 1: The apelin/APJ axis was shut down after random flap operation. (a, c) Western blot results of skin tissue suggest that apelin, APJ,
CD34, VEGF, SOD2, and HO-1 were significantly downregulated and apoptosis was upregulated (Bcl2 decreased while Bax increased) after
random flap operation. (b, d) IHC staining indicated that the apelin- and APJ-positive area almost halved (scale bar: 50 μm). (e)
Immunofluorescence colocalization showed that the codistribution of apelin and APJ in skin microvessels decreased significantly after
operation (scale bar: 25 μm). The densitometric analysis of all Western blot bands was normalized to GAPDH. n = 4 independent
experiments. “∗” means compared with the normal control group. ∗p < 0:05, ∗∗p < 0:01.
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Figure 2: Continued.
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Figure 2: Continued.
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observed and quantified under an inverted microscope
(Nikon, Japan) after 4 hours.

2.20. Statistical Analyses. Statistical analyses and statistical
graphs were implemented using GraphPad Prism 8.0
(GraphPad Software, La Jolla, CA, USA). All data are pre-
sented as mean ± SD. Comparisons of mean values between
two groups were performed using the independent-sample t
-test. Mean value comparisons among multigroups were per-
formed using one-way ANOVA followed by the Tukey test.
p < 0:05 was considered significant.

3. Results

3.1. Apelin and APJ Were Downregulated in Random Skin
Flap Tissue. At first, we examined whether the expression
of endogenous apelin and its receptor APJ would change in
random skin flap tissue. Western blot analysis and immuno-
histochemistry staining were used to evaluate the expression
of apelin and APJ in normal skin tissue and random skin flap

tissue. The corresponding results indicated that both apelin
and APJ were significantly decreased in random skin flap tis-
sue at day 7 as shown in Figures 1(a) and 1(b). Similarly,
compared with normal skin tissue, VEGF, CD34, SOD2,
and HO-1 were downregulated synchronously as shown in
Figure 1(a). The proapoptotic protein Bax increased while
the antiapoptotic factor Bcl2 decreased. Figures 1(c) and
1(d) show the statistical results of Western blot and immuno-
histochemistry, respectively. Furthermore, the colocalized
immunofluorescence double staining of apelin and APJ
(Figure 1(e)) in skin vessels showed an appropriate combina-
tion of apelin and APJ under normal conditions, which was
greatly reduced in a skin flap. After operation, the ability of
antioxidative stress of the skin flap decreased and showed
an obvious trend of promoting apoptosis.

3.2. Apelin13 Protected the Skin Flap from IRI. We tracked
the skin flap necrosis status on day 1, day 3, and day 7 after
operation in each group and measured tissue edema, and
Figures 2(a) and 2(b) suggested that by supplementing with
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Figure 2: Apelin13 treatment promoted the viability of a random flap. (a) Digital photographs of flap appearances of the random flap group,
random flap+apelin13 group, and random flap+apelin13+ML221 groups on day 1, day 3, and day 7 and their inner side photos on day 7 were
recorded. (b) The percentages of the survival area and edema degree in three groups were quantified and analyzed. (c) Full-field LDBF images
of flaps in each group on day 3, day 5, and day 7. (d) A schematic diagram of a rectangular area (1:5 cm × 4:5 cm) of surgery and scanning. (e)
The signal intensity of blood flow of flaps was quantified and analyzed. (f) HE staining showed vessels in area II of flaps in all groups (original
magnifcation×200; scale bar: 50 μm). IHC staining showed CD34-positive vessels in area II in all groups (original magnification ×200; scale
bar: 50 μm). (g) Histogram of mean vessel density and CD34-positive vessel density in each group. Western blot bands of apoptosis indexes
(h), antioxidant stress proteins (i), and statistical results (j). The densitometric analysis of all Western blot bands was normalized to GAPDH.
Antioxidant enzymes such as CAT and GSH and oxidative marker carbonylated protein levels in all groups of random flaps were measured
(k). n = 4 independent experiments. “∗” means compared with the normal control group; “#” means compared with the random flap group;
“@” means compared with the random flap+apelin13 group. ∗p < 0:05, ∗∗p < 0:01.
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exogenous apelin13 after operation, the necrotic area of the
skin flap reduced significantly and skin edema was also much
milder. On the contrary, administration of ML221, an inhib-
itor of APJ, strongly reversed the protective effect of apelin13.
Western blot showed that apelin13 enhanced the antioxida-
tive stress ability of the skin flap, upregulated Nrf2, SOD2,
and HO-1, promoted better entry to the nucleus of Nrf2,
and resisted the apoptosis tendency while ML221 is reversed
(Figures 2(h)–2(j)). Laser Doppler scanning imaging
reflected the recovery of a vascular bed in the whole area of

the random skin flap, and administration of apelin13 visibly
promoted the continuation of the vascular stump of the ped-
icle and wound edge and increased the blood supply of the
skin flap (Figures 2(c) and 2(e)). In addition to the positive
effect on visible vascular stumps, the apelin13-treated group
has richer microvessel distribution than both the random
flap group and apelin13+ML221-treated group (Figures 2(f)
and 2(g)). Of all the vascular-related indicators, whether it
was the abundance of microvessels and the regeneration of
vascular stumps, the addition of the inhibitor ML221 made
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Figure 3: Apelin13 treatment protected the viability of HUVECs against OGD/R. (a, b) Immunofluorescence of Nrf2, HO-1, and SOD2 of
HUVECs in all groups (scale bar: 20μm) and fluorescence intensity quantification. (c, d) Representative images showing ROS levels and
JC-1 intensity in the differentially treated and quantified groups. (e) Western blot bands and relative protein levels (Bcl2, Bax, Nrf2, HO-1,
and SOD2). (g) The densitometric analysis of all Western blot bands was normalized to GAPDH. (f) CAT, GSH, and carbonylated
protein levels in all groups of HUVECs were measured. n = 4 independent experiments. “∗” means compared with the normal control
group; “#” means compared with the OGD/R group; “@” means compared with the OGD/R+apelin13 group. ∗p < 0:05, ∗∗p < 0:01.
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it worst. In addition, apelin protected the random skin flaps
from oxidative stress caused by ischemia-reperfusion to a
great extent by increasing the level of GSH and CAT; then,
oxidative stress marker carbonylated protein level was
relatively few (Figure 2(k)).

3.3. Apelin13 Protected the HUVECs from OGD/R. As men-
tioned before, we adopt OGD/R to simulate the IRI after skin
flap transplantation. Immunofluorescence and Western blot
showed that OGD/R successfully reproduced oxidative stress
and apoptosis of the vascular endothelium in vitro. The pro-
tective effect of apelin13 on HUVECs was consistent with
that in vivo. Apelin13 upregulated Nrf2, SOD2, HO1, and
Bcl2, suppressed the expression of Bax, and improved the
ability of antioxidant stress and antiapoptosis of HUVECs
(Figures 3(a), 3(b), 3(e), and 3(g)). The DCFH-DA fluores-
cence probe detected a large amount of ROS production
and accumulation inside vascular endothelial cells after
OGD/R, and treatment with apelin13 helped suppress it
and reduced the cell damage caused by ROS during OGD/R
(Figures 3(c) and 3(d)). The accumulation of ROS inside cells
damages mitochondrial membrane potential and hinders cell
energy metabolism. The changes of mitochondrial mem-
brane potential indirectly reflect the state of energy metabo-
lism under oxidative stress. The red and green fluorescence
directly revealed the proportion of normal mitochondria.
After OGD/R stimulation, mitochondrial membrane poten-
tial dropped but apelin13 treatment maintained relatively
normal membrane potential (Figures 3(c) and 3(d)). The
decrease in mitochondrial membrane potential can be easily
detected by the transition of JC-1 from red fluorescence to
green fluorescence, which can also be used as an early detec-
tion index of apoptosis. Similar to the results of experiments
in vivo, GSH and CAT levels were upregulated while carbo-
nylated protein levels were suppressed after apelin13 treat-
ment (Figure 3(f)); thus, the treatment of apelin13 also
increased the cellular CAT and GSH and enhanced the ability
of vascular endothelial cells to resist OGD/R-induced injury;
on the contrary, ML221 reversed the antioxidant function of
apelin13.

3.4. Apelin13 Activated AMPK/GSK3β Signaling In Vivo and
In Vitro. In vivo, compared with normal skin tissue, the con-
tent of phosphorylated and activated AMPK together with its
downstream GSK3β phosphorylation ratio decreased signifi-
cantly in the random flap (Figures 4(a) and 4(b)). We can see
that phosphorylated AMPK remains at a high level in the
apelin13-treated group, and apelin13 effectively resists the
impairment of AMPK phosphorylation involved in IRI of
the random flap. While suppressing APJ by ML221, the acti-
vation effect of apelin13 on AMPK and GSK3β disappeared
(Figures 4(c)–4(e)). HUVECs were stimulated by OGD/R
in vitro and treated with apelin13 and apelin13+ML221,
and we can see that the changes of phosphorylated AMPK
and phosphorylated GSK3β are consistent with those
in vivo (Figures 4(f)–4(h)). AMPK and GSK3β played a sig-
nificant role in protecting the random flap from IRI. This
proved once again that there is good consistency between
the HUVECs’ OGD/R model and the skin flap’s IRI.

3.5. CaMKK Contributed to Apelin13-Dependent
AMPK/GSK3β Signaling Activation in HUVECs. The selec-
tive and cellular permeable CaMKK inhibitor STO-609 was
used to identify the upstream relationship between the Gα
subunit of the G protein-coupled receptor APJ and AMPK
after apelin13 activation. By inhibiting CaMKK by STO-
609, the phosphorylation activation of downstream AMPK
dropped, the phosphorylation of GSK3β decreased
(Figures 5(a)–5(c)), and the expression antioxidant factors
Nrf2, HO-1, and SOD2 decreased (Figures 5(a), 5(f), 5(g),
and 5(h)) which largely counteracted the protective effect of
apelin. GSH and CAT declined (Figures 5(i) and 5(j)). Oxida-
tive stress marker carbonylated protein (Figure 5(k)), lipid
oxidation product MDA (Figure 5(l)), and inflammatory
mediators IL-1 and TNFα (Figures 5(m) and 5(n)) became
much higher in STO-609 treatment groups. At the same
time, STO-609 also made the cells show an obvious trend
of apoptosis during OGD/R (Figures 5(a), 5(d), and 5(e)).

3.6. Dorsomorphin (DM) Blocking Apelin13-Mediated
AMPK/GSK3β/Nrf2 Signaling Activation in HUVECs. DM
is also known as compound C, a selective AMPK inhibitor,
which was used to inhibit apelin13-mediated phosphoryla-
tion activation of AMPK. Downregulated phosphorylated
AMPK led to the decrease in phosphorylated GSK3β
(Figures 6(a)–6(c)); the same as described before, cellular
CAT (Figure 6(i)) and GSH (Figure 6(j)) declined, and the
expression levels of antioxidant proteins Nrf2, HO-1, and
SOD2 were downregulated parallelly (Figures 6(a), 6(f),
6(g), and 6(h)), which largely counteracted the protective
effect of apelin. Accumulation of carbonylated protein
(Figure 6(k)), MDA (Figure 6(l)), and inflammatory media-
tors IL-1 and TNFα (Figures 6(m) and 6(n)) increased signif-
icantly in DM treatment groups. The inhibition of AMPK by
DM also made HUVECs no longer have physiological
antiapoptosis ability when they were undergoing OGD/R
stimulation (Figures 6(a), 6(d), and 6(e)).

3.7. Inhibition of GSK3β Phosphorylation Counteracts
Apelin13-Induced Nrf2/SOD2 Signaling Activation in
HUVECs. BX795 can reduce the phosphorylation of GSK3β
at Ser9, and GSK3β is highly phosphorylated in an inactive
configuration under normal physiological conditions.
GSK3β was activated, and phosphorylation decreased under
the stimulation of OGD/R. BX795’s inhibition reversed
phospho-Ser9-GSK3β upregulation mediated by apelin13.
BX795 could not reduce phospho-AMPK content obviously
(Figures 7(a)–7(c)). BX795 treatment suppressed CAT
(Figure 7(i)) and GSH (Figure 7(j)) and downregulated
Nrf2, HO-1, and SOD2 (Figures 7(a), 7(f), 7(g), and 7(h)).
Synchronously, BX795 treatment aggravated the production
and accumulation of carbonylated protein (Figure 7(k)),
MDA (Figure 7(l)), and IL-1 and TNFα (Figures 7(m) and
7(n)) compared with the apelin13 treatment group. The
inhibition of GSK3β phosphorylation aggravated oxidative
stress inside HUVECs and promoted apoptosis in the path-
ological environment made by OGD/R (Figures 7(a), 7(d),
and 7(e)).
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Figure 4: Apelin13 enhanced random flaps’ viability through AMPK/GSK3β signaling in vivo and in vitro. (a) Western blot bands suggested
phosphorylation difference of GSK3β and AMPK between normal skin and random flap. (b) Ratio of phosphorylated AMPK/total AMPK
and phosphorylated GSK3β/total GSK3β. (c–e) Phosphorylation of AMPK and GSK3β in all groups after apelin13 with or without ML221
in vivo. (f–h) Phosphorylation of AMPK and GSK3β in all groups after apelin13 with or without ML221 in vitro. The densitometric
analysis of all Western blot bands was normalized to total protein and GAPDH. n = 4 independent experiments. “∗” means compared
with the normal control group; “#” means compared with the random flap group (or OGD/R group); “@” means compared with the
random flap+apelin13 group (or OGD/R+apelin13 group). ∗p < 0:05, ∗∗p < 0:01.
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Figure 5: Continued.
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Figure 5: Continued.
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3.8. Apelin13 Promoted the Migration of HUVECs and
Angiogenesis by CaMKK/AMPK/GSK3β Signaling. The
migration of vascular endothelial cells is the foundation of
angiogenesis. In our study, the Transwell experiment was
used to quantify the migrated HUVECs. The tube formation
experiment was used to assess the capacity of angiogenesis.
When HUVECs are exposed to glucose and oxygen depriva-
tion, both the number of migrated cells and the number of
tubes formed decreased visibly. Apelin13 promoted cell
migration and tube formation by combining with APJ; con-
trary to this, ML221 blocked APJ activation and further

inhibited apelin13’s promotion (Figures 8(a)–8(c)). When
we introduced STO-609 into the treatment, apelin13-
mediated cell migration and angiogenesis were reversed
(Figures 8(d)–8(f)). Similarly, DM inhibiting AMPK phos-
phorylation (Figures 8(g)–8(i)) and BX795 inhibiting GSK3β
Ser-9 phosphorylation (Figures 8(j)–8(l)) inhibited cell
migration and reduced the tube number in fields. In addition
to the antioxidant stress effect mediated by apelin13, CaMK-
K/AMPK/GSK3β signaling also played an important role in
promoting HUVEC migration and angiogenic capacity
retroactively.
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Figure 5: Apelin13 protected HUVECs from OGD/R by activating CaMKK-dependent AMPK/GSK3β and downstream Nrf2/HO-1/SOD2.
(a) RepresentativeWestern blot bands of p-AMPK, t-AMPK, p-GSK3β, t-GSK3β, Nrf2, HO-1, SOD2, Bax, and Bcl2 in different groups. (b–h)
Relative expression and phosphorylation ratio. (i–l) CAT, GSH, MDA, and carbonylated protein levels were measured. (m, n) Inflammatory
factors IL-1 and TNFαmeasured by using specific detection kits. The densitometric analysis of all Western blot bands was normalized to total
protein and GAPDH. n = 4 independent experiments. The grouping legends are placed at the bottom of this figure. “∗”means compared with
the normal control group; “#”means compared with the OGD/R group; “@”means compared with the OGD/R+apelin13 group; “&”means
compared with the OGD/R+apelin13+STO-609 group. ∗p < 0:05, ∗∗p < 0:01.
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Figure 6: Continued.
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4. Discussion

Large-area skin defects caused by severe trauma, burns,
tumor resection, and ulcers often need to be repaired by a
skin flap, but the occurrence of potential area necrosis limits
the scope of the skin flap. Although delayed operation, pres-
surization, or drug intervention can improve the survival of
the skin flap, the survival of the potential area is still different
under different interventions and it is still difficult to guaran-
tee the survival of potential areas. So far, there are many
studies on promoting the survival of random skin flap trans-

plantation. In order to enhance skin flap viability, a variety of
attempts have been made in the postoperation medicine
treatment [3], the biomaterial development [7], herbal
extract treatment [9], and even acupuncture treatment [35].
However, in clinical application, the curative effect of these
methods is not accurate due to potential toxic side effects
and unclear therapeutic targets, and many theoretical treat-
ment schemes are not feasible yet. So, it is imperative to fur-
ther explore its pathogenesis and seek effective therapeutic
targets. A random skin flap, lacking a vessel pedicle, and its
blood supply mainly come from the regenerated microvessels
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Figure 6: DM blocking apelin13-mediated AMPK/GSK3β/Nrf2 signaling activation in HUVECs. (a) RepresentativeWestern blot bands of p-
AMPK, t-AMPK, p-GSK3β, t-GSK3β, Nrf2, HO-1, SOD2, Bax, and Bcl2 in different groups. (b–h) Relative expression and phosphorylation
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and small vessel stumps around the wound. It makes
ischemia-reperfusion a definite and inevitable pathological
process for a random skin flap. Our preexperiments show
that the expression abundance of apelin and its receptor
APJ decreased in the skin flap after operation. Our study
focused on the significant loss of both the orphan receptor
APJ and its ligand apelin in the random pattern skin flap.
In order to clarify whether apelin plays a protective role in
the survival of the skin flap, we try a short-term exogenous
apelin supplementation after skin flap operation. The
expected result is that the ischemic necrosis of the random

skin flap will decrease after apelin treatment. In fact, after
apelin treatment, the degree of edema of the flap is reduced,
the necrotic area is reduced, and the blood flow signal inten-
sity of LDBF is increased. Our results suggest the administra-
tion of exogenous apelin can improve the viability of the skin
flap by enhancing the growth of vascular stumps and micro-
angiogenesis in the ischemic area, attenuating oxidative
stress and subsequent apoptosis. Fortunately, as we expected
and proved, apelin does have both antioxidant stress and
angiogenic effects by activating its receptor APJ. We believe
that postoperative exogenous supplementation of apelin to
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Figure 7: Inhibition of GSK3β Ser-9 phosphorylation counteracts apelin13-induced Nrf2/SOD2 signaling activation in HUVECs. (a)
Representative Western blot bands of p-AMPK, t-AMPK, p-GSK3β, t-GSK3β, Nrf2, HO-1, SOD2, Bax, and Bcl2 in different groups. (b–
h) Relative expression and phosphorylation ratio. (i–l) CAT, GSH, MDA, and carbonylated protein levels were measured. (m, n)
Inflammatory factors IL-1 and TNFα measured by using specific detection kits. The densitometric analysis of all Western blot bands was
normalized to total protein and GAPDH. n = 4 independent experiments. The grouping legends are placed at the bottom of this figure.
“∗” means compared with the normal control group; “#” means compared with the OGD/R group; “@” means compared with the
OGD/R+apelin13 group; “&” means compared with the OGD/R+apelin13+BX795 group. ∗p < 0:05, ∗∗p < 0:01.

22 Oxidative Medicine and Cellular Longevity



Tr
an

sw
el

l
Tu

be
fo

rm
at

io
n

O
G

D

O
G

D
+a

pe
lin

13

O
G

D
+a

pe
lin

13
+M

L2
21

N
or

m
al

 co
nt

ro
l

(a)

80

60

40

20

0

N
um

be
r o

f m
ig

ra
tin

g 
ce

lls

#
⁎

@

O
G

D

O
G

D
+a

pe
lin

13

O
G

D
+a

pe
lin

13
+M

L2
21

N
or

m
al

 co
nt

ro
l

⁎⁎

⁎⁎

(b)

25

20

15

10

5

0

Tu
be

s /
 fi

el
d

#
⁎

#

⁎⁎

⁎⁎

@@

O
G

D

O
G

D
+a

pe
lin

13

O
G

D
+a

pe
lin

13
+M

L2
21

N
or

m
al

 co
nt

ro
l

(c)

Tr
an

sw
el

l
Tu

be
fo

rm
at

io
n

O
G

D

O
G

D
+a

pe
lin

13

O
G

D
+a

pe
lin

13
+S

TO
-6

09

O
G

D
+S

TO
-6

09

N
or

m
al

 co
nt

ro
l

(d)

Figure 8: Continued.

23Oxidative Medicine and Cellular Longevity



80

60

40

20

0

N
um

be
r o

f m
ig

ra
tin

g 
ce

lls

@

#

&
#

O
G

D

O
G

D
+a

pe
lin

13

O
G

D
+a

pe
lin

13
+S

TO
-6

09

O
G

D
+S

TO
-6

09

N
or

m
al

 co
nt

ro
l

⁎⁎

##

⁎⁎

⁎⁎
@@

(e)

25

20

15

10

5

0

Tu
be

s /
 fi

el
d

&

#

#
⁎

O
G

D

O
G

D
+a

pe
lin

13

O
G

D
+a

pe
lin

13
+S

TO
-6

09

O
G

D
+S

TO
-6

09

N
or

m
al

 co
nt

ro
l

⁎⁎
⁎⁎
@@

⁎⁎

@@

(f)

Tr
an

sw
el

l
Tu

be
fo

rm
at

io
n

O
G

D

O
G

D
+a

pe
lin

13

O
G

D
+a

pe
lin

13
+D

M

O
G

D
+D

M

N
or

m
al

 co
nt

ro
l

(g)

80

60

40

20

0

N
um

be
r o

f m
ig

ra
tin

g 
ce

lls

#

## @

O
G

D

O
G

D
+a

pe
lin

13

O
G

D
+a

pe
lin

13
+D

M

O
G

D
+D

M

N
or

m
al

 co
nt

ro
l

⁎⁎

⁎⁎
@@
&&

⁎⁎

(h)

25

20

15

10

5

0

Tu
be

s /
 fi

el
d

#
⁎

@

&⁎⁎

O
G

D

O
G

D
+a

pe
lin

13

O
G

D
+a

pe
lin

13
+D

M

O
G

D
+D

M

N
or

m
al

 co
nt

ro
l

⁎⁎
@@

⁎⁎

(i)

Figure 8: Continued.

24 Oxidative Medicine and Cellular Longevity



awaken the apelin/APJ axis of vessels is a convenient way to
ensure the survival of a random flap and apelin is an effective
accelerator for flap survival.

It has been proven that apelin attenuates IRI in organs by
a variety of mechanisms such as reducing acute injury
through suppression of TGF-β1 [36], protecting against
myocardial IRI by inactivating GSK3β [37]. In these studies,
the levels of inflammation and oxidative stress are suppressed
by apelin. Similarly, our experimental results in vivo showed
that the expression of Nrf2, SOD2, and HO-1 decreased,
which indirectly reflected the high oxidative stress operation,
and the treatment of apelin increased the expression of Nrf2,
SOD2, and HO-1 to some extent. In vitro, we stimulated
HUVEC cells with OGD/R which was consistent with the
ischemia/reperfusion process in vivo to simulate the patho-
physiological changes in vessels. Free from any harmful stim-
ulations, the expression of Nrf2 inside cells remained quite

satisfying. Immunofluorescence showed a strong signal of
Nrf2 in the nucleus. As far as we know, translocation of
Nrf2 into the nucleus promotes the expression of ARE-
dependent antioxidant genes [38]. As a result, the expres-
sion levels of SOD2 and HO-1 increased; in the meantime,
the production and accumulation of ROS inside cells were
not active and JC-1 staining showed that the mitochondrial
membrane potential was not impaired. After OGD/R stim-
ulation, production and accumulation of ROS increased,
the content of Nrf2 decreased either at the overall level or
in the nucleus, the expression of antioxidant proteins
SOD2 and HO-1 was inhibited, and the mitochondrial
membrane potential was damaged resulting in the energy
metabolic disorder. By treating with apelin13 alone, stimu-
lated HUVECs appeared to have incredible tolerance to
OGD/R stimulation, which was manifested in many aspects
such as reduction of intracellular ROS, maintenance of
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Figure 8: Apelin13 enhanced the migration and tube formation of HUVECs under short-time OGD via CaMKK/AMPK/GSK3β signaling.
(a, d, g, j) Transwell migration assay and tube formation images of HUVECs with different treatments. (b, e, h, k) Statistical histograms of cell
migration. (c, f, i, l) Histogram of tube formations in all different groups. n = 4 independent experiments. “∗” means compared with the
normal control group; “#” means compared with the OGD group; “@” means compared with the OGD+apelin13 group; “&” means
compared with the OGD+apelin13+STO-609 or DM and BX795 groups. ∗p < 0:05, ∗∗p < 0:01.
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intranuclear Nrf2, and a milder mitochondrial membrane
potential damage. Given apelin13 treatment together with
the inhibitor ML221, apelin13 can no longer activate the
APJ receptor as usual, the protective effects were nearly
reversed completely, and HUVECs showed a fragile side
to OGD/R again.

APJ is an orphan receptor and a G protein-coupled
receptor. Apelin13 binds to the APJ receptor and activates
it, and the activation of its Gα subunits (including Gαi and
Gαq) can activate downstream CaMKK/AMPK/GSK3β
signaling, then promotes the translocation of Nrf2 into the
nucleus, upregulates ARE-dependent antioxidants SOD,
NQO1, and HO-1, suppresses oxidative stress, and protects
brain and PC12 cells [39]. When the skin tissue is in a normal
and healthy state, normal activation of apelin/APJ ensures a
proper phosphorylation ratio of AMPK and GSK3β which
declined in a random flap. As shown in Figure 9, similar to
the protective mechanism of the apelin/APJ axis in the brain,
treatment with apelin13 restores the phosphorylation ratio of
AMPK and GSK3β greatly, which means that AMPK/GSK3β
signaling also exists as a potential protective mechanism in
the skin flap in the same way in the brain.

As we all know, the regeneration of vessels and the recov-
ery of blood supply are the essential problems in wound
healing. In order to clarify the angiogenesis mechanism, we
focus on the activation of apelin/APJ-dependent CaMK-
K/AMPK/GSK3β signaling and the further effect including
angiogenesis and antioxidant stress on HUVECs. The selec-
tive CaMKK inhibitor STO-609, selective AMPK inhibitor
dorsomorphin, and selective GSK3β phosphorylation inhib-

itor BX795 were given to cells separately. BX795 can inhibit
Ser9-phosphorylation of GSK3β while it cannot change the
expression of total GSK3β [40]. It is worth noting that phos-
phorylation of GSK3β inactivates GSK3β and the mainte-
nance of GSK3β activity increases glycogen degradation,
glycolysis substrate oxidation, and lactate production, indi-
cating decreased resistance of cells to oxidative stress [41–
44]. All these three inhibitors inhibited apelin13’s callback
of Nrf2, SOD2, and HO-1. The similar changes of metabolite
of lipid oxidation MDA and inflammatory mediators IL-1
and TNFα were observed, thus reversing apelin13’s protec-
tive effect on HUVECs. These suggested that apelin13
protected HUVECs from oxidative stress through a CaMK-
K/AMPK/GSK3β signaling-dependent mechanism during
OGD/R.

As for the mechanism of angiogenesis, apelin, AMPK,
and GSK3β have been separately reported to be associated
with angiogenesis [45–48]. However, the relationship among
apelin, AMPK, and GSK3β in angiogenesis has rarely been
reported, especially in the environment of ischemia-
reperfusion. In view of the fact that apelin13 can protect
HUVECs from oxidative stress in vitro, in a CaMK-
K/AMPK/GSK3β-dependent manner after activating the
receptor APJ, we are also interested in whether apelin13
promotes angiogenesis in this CaMKK/AMPK/GSK3β-
dependent manner. Therefore, the model of short-term glu-
cose and oxygen deprivation was established in vitro, and
the quantity of migrated cells in Transwell migration assays
and tubules’ number in tube formation assays were used to
comprehensively evaluate angiogenesis capacity. When cells
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Figure 9: Potential mechanism underlying the wound healing promotion of apelin13 on IRI-induced skin flap injuries in mice and HUVECs.
Apelin13 protected a random-pattern skin flap against IRI-induced oxidative stress and inflammation through AMPK-mediated inhibitory
phosphorylation of GSK-3β downstream of the G-coupled receptor (APJ), further inducing Nrf2-mediated antioxidant protein
expressions and promoting angiogenesis.
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were exposed to OGD, both migrated cells and tubes formed
sharply decreased. Apelin13 increased migrated cells and
tubes formed. Administration of inhibitors STO-609,
dorsomorphin, and BX795 reversed apelin13’s angiogenesis
promotion; thus, inhibition of CaMKK, AMPK-phosphory-
lation, and Ser9-phosphorylation of GSK3β declined
angiogenesis, indicating that apelin13/APJ promoted angio-
genesis capacity at least through a CaMKK/AMPK/GSK3β
signaling-dependent mechanism.

Regarding prospect and deficiency, our study is precisely
focused on skin flap vessels. Through this study, we prove
that the apelin/APJ signal axis is suppressed in postoperative
skin flap vessels, and postoperative supplementation of ape-
lin can not only help skin flap resist the IRI but also promote
angiogenesis, ultimately enhancing random skin flap viability
through a CaMKK/AMPK/GSK3β-dependent mechanism.
Apelin is also a kind of widespread inherent polypeptides in
animals, which has good compatibility with animals and
can effectively reduce the risk of toxicity and side effects.
With increasing clinical trials over time, apelin treatment
can be expected to be a convenient and efficient clinical appli-
cation in the field of wound healing. Besides, we also realize
that there are still many limitations in our research, and we
have yet to show whether apelin/APJ-manipulated CaMK-
K/AMPK/GSK3β-dependent mechanism is the only mecha-
nism of apelin’s therapeutic work. Other therapeutic targets
of apelin are not known yet. The study focuses on vessels
but ignores exploring the function of other tissue compo-
nents in the skin flap.

5. Conclusion

In conclusion, in vivo, our study proved that the apeli-
n/APJ axis protected the skin flap by alleviating vascular
oxidative stress and the apelin/APJ axis works as an antiox-
idant stress factor dependent on CaMKK/AMPK/GSK3β
signaling. Besides, an apelin/APJ-manipulated CaMK-
K/AMPK/GSK3β-dependent mechanism improves the
tolerance of HUVECs to OGD/R, reduces ROS production
and accumulation, maintained the normal mitochondrial
membrane potential, and suppresses oxidative stress
in vitro. It is worth mentioning that activation of the ape-
lin/APJ axis promotes vascular migration and angiogenesis
under relative hypoxia condition through CaMK-
K/AMPK/GSK3β signaling. The awakening of the apeli-
n/APJ axis may play a dual role in both antioxidant
stress and angiogenesis in wound healing.
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Objective. Ischemia-reperfusion injury refers to the exacerbated and irreversible tissue damage caused by blood flow restoration
after a period of ischemia. The hypoxia-reoxygenation (H/R) model in vitro is ideal for studying ischemia-reperfusion injury at
the cellular level. We employed this model and investigated the effects of cobalt chloride- (CoCl2-) induced H/R in cells derived
from mouse digital flexor tendons. Materials and Methods. Various H/R conditions were simulated via treatment of tendon-
derived cells with different concentrations of CoCl2 for 24 h, followed by removal of CoCl2 to restore a normal oxygen state for
up to 96 h. Cell viability was measured using the Cell Counting Kit-8 (CCK-8) assay. Cell growth was determined via
observation of cell morphology and proliferation. Oxidative stress markers and mitochondrial activity were detected. The
expression levels of hypoxia-inducible factor- (HIF-) 1α, vascular endothelial growth factor-A (VEGF-A), collagen I, and
collagen III were determined using Western blot (WB), real-time PCR, and immunofluorescence staining. Cellular apoptosis
was analyzed via flow cytometry, and the expression of apoptosis-related proteins Bax and bcl-2 was examined using WB.
Results. The cells treated with low concentrations of CoCl2 showed significantly increased cell viability after reoxygenation. The
increase in cell viability was even more pronounced in cells that had been treated with high concentrations of CoCl2. Under H/R
conditions, cell morphology and growth were unchanged, while oxidative stress reaction was induced and mitochondrial activity
was increased. H/R exerted opposite effects on the expression of HIF-1α mRNA and protein. Meanwhile, the expression of
VEGF-A was upregulated, whereas collagen type I and type III were significantly downregulated. The level of cellular apoptosis
did not show significant changes during H/R, despite the significantly increased Bax protein and reduced bcl-2 protein levels
that led to an increase in the Bax/bcl-2 ratio during reoxygenation. Conclusions. Tendon-derived cells were highly tolerant to the
hypoxic environments induced by CoCl2. Reoxygenation after hypoxia preconditioning promoted cell viability, especially in cells
treated with high concentrations of CoCl2. H/R conditions caused oxidative stress responses but did not affect cell growth. The
H/R process had a notable impact on collagen production and expression of apoptosis-related proteins by tendon-derived cells,
while the level of cellular apoptosis remained unchanged.

1. Introduction

Tendon injury is frequently accompanied by a lack of blood
supply, exposing the tendon to a hypoxic condition. Oxygen
tension, which is influenced by blood supply, is vital to cell
survival and proliferation. In vitro studies have shown that
low oxygen tension enhances the expansion capacity of new-
born pig tenocytes without affecting the cellular phenotype
and functions [1], and hypoxic conditions significantly
improve the cell proliferation and self-renewal capacity of

human tendon stem cells [2, 3]. Other studies, however, have
shown that hypoxia inhibits cell proliferation and alters the
synthesis of matrix components in synovial tissue [4]. Cobalt
chloride- (CoCl2-) induced hypoxia has been shown to alter
the expression of the bcl-2 family proteins and trigger cas-
pase cascade apoptosis [5, 6]. Collectively, the conflicting
results in these studies underscore the complicated effects
of hypoxia on cell growth.

Most tissues subjected to oxygen deprivation after injury
undergo reperfusion [7–10]. Reperfusion injury, which is
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manifested by blood flow-deprived and oxygen-starved
organs following blow flow restoration and tissue reoxygena-
tion, is a tissue response to stimulate oxidative metabolism
[11–15]. Tissues with reperfusion injury share some of the
characteristic features of injury responses to oxygen depriva-
tion and subsequent reoxygenation, such as necrosis, apopto-
sis, impaired microvascular function, and edema. It has been
shown that considerable vascular remodeling takes place
during tendon healing to enhance perfusion [16, 17]. Stange
et al. reported a peak in changes of relative blood volume 7
days after in situ freezing-induced tendinopathy in a rat
patellar tendon [18]. A significant uniform hypervasculariza-
tion occurred during the healing process of chronic Achilles
tendinopathy after operative tenolysis in rabbits [17]. The
increased vascularization facilitates reoxygenation during
tendon repair. Therefore, the process of ischemia/reperfusion
after tendon injury, which causes hypoxia-reoxygenation
(H/R) changes at the cellular level, presents a major impedi-
ment for tendon recovery [19]. However, the sensitivity of
tendon-derived cells to hypoxia and the effect of H/R on cell
growth and characteristics have been rarely addressed.

In this study, we aimed to establish an in vitro model of
cobalt chloride- (CoCl2-) induced hypoxia-reoxygenation
(H/R) in mouse digital flexor tendon-derived cells and inves-
tigate the effects of H/R on these cells [20]. Hypoxic condi-
tions were simulated by treating cultured cells with CoCl2,
whereas reoxygenation conditions were simulated by replac-
ing the culture media following CoCl2 treatment. The princi-
ple behind CoCl2-induced hypoxia is the replacement of Fe2+

by Co2+ in heme-based oxygen sensors, which prevents the
oxygen sensor from combining with oxygen [21]. Compared
with culturing cells in a low-oxygen incubator, the mimic
of the hypoxic niche chemically exhibits several advan-
tages, including simple preparation of CoCl2, flexible dos-
age adjustment, treatment suspension at any time, and
no impact on oxygen levels for cells that require normal
oxygen tension [22]. To have better control over the
degree of hypoxia, we decided to employ different CoCl2
concentrations. Following H/R, cell viability, cell growth,
oxidative stress markers, mitochondrial activity, and
expression of HIF-1α, vascular endothelial growth factor-
A (VEGF-A), collagen I, and collagen III were assessed.
Cellular apoptosis and expression of apoptosis-related pro-
tein markers Bax and bcl-2 were analyzed.

2. Materials and Methods

2.1. Experiment Design.We first confirmed the success of the
CoCl2-induced hypoxia model by examining the expression
of HIF-1α protein in tendon-derived cells treated with
low-to-high concentrations of CoCl2 (0.05, 0.1, 0.2, and
0.4mM), according to previous studies [20, 23, 24]. Next,
the cells were divided into the following groups: control (cells
cultured in regular medium), H (cells treated with a concen-
tration gradient of CoCl2 for 24 h), and R (cells treated with
CoCl2 for 24h, followed by culturing in regular culture
medium for 24h, 48 h, 72 h, and 96 h (R24h, R48h, R72h,
and R96h)). Cell viability was compared across the control,
H, and R groups, as well as among different concentrations

of CoCl2. Then, we determined an appropriate concentra-
tion of CoCl2 for the hypoxia model to perform the follow-
ing experiments: cell growth, oxidative stress markers,
mitochondrial activity, mRNA and protein expression of
HIF-1α, VEGF-A, collagen I, and collagen III, cellular apo-
ptosis, and expression of the apoptosis-related proteins Bax
and bcl-2.

2.2. Isolation of Mouse Flexor Tendon Cells and H/R Model.
The animal procedures were approved by the Administration
Committee of Experimental Animals of our university. All
animal experiments were carried out in accordance with the
Experimental Animal Management Ordinance (National
Science and Technology Committee of China) and the Guide
for the Care and Use of Laboratory Animals (National Insti-
tutes of Health (NIH), Bethesda, MD, USA). Tendon-derived
cells were isolated from mouse flexor digitorum profundus
(FDP) tendons (C57BL/6, female, 4 weeks old). The mice
were sacrificed by cervical dislocation, and the FDP tendons
of the index, middle, and ring fingers of the hind paws were
harvested. The tendon samples were washed with sterile
phosphate-buffered saline (PBS) and then cut into small
pieces. The cut samples were digested in a mixture of
3mg/ml type I collagenase (Gibco, Thermo Fisher Scientific,
Grand Island, NY) and 4mg/ml dispase (Gibco, Thermo
Fisher Scientific) for 2 h at 37°C. Undigested tissues and
debris were filtered through a 70μm cell strainer (Merck
Millipore, Cork, Ireland). The released cells in the filtrate
were centrifuged at 600 g for 10min and resuspended in
low-glucose Dulbecco’s modified Eagle’s medium (LG-
DMEM; Gibco, Thermo Fisher Scientific) supplemented with
10% fetal bovine serum (FBS), 100U/ml penicillin, and
100μg/ml streptomycin. The isolated nucleated cells were
plated as passage 0 (P0) at a seeding density of 500 cells/cm2,
as determined in a previous study [25]. The cells were cul-
tured at 37°C with 5% CO2. After 2 days, the cells were
washed twice with PBS to remove nonadherent cells. After
10 days, the cells at 95% confluence were collected via local
trypsin digestion and split 1 : 3 for subsequent passages. The
medium was changed twice a week. Cells at P3 were used
for all the experiments.

2.3. Cell Viability. The cells were seeded in 96-well plates at a
density of 5000 cells/well and cultured in DMEM. After 48 h,
different concentrations of CoCl2 (0.05, 0.1, 0.15, 0.2, 0.25,
0.3, 0.35, and 0.4mM) were added to the cells for 24 h. Sub-
sequently, the cell media were replaced with regular DMEM,
and the cells were cultured for 24 h, 48 h, 72 h, and 96 h. Cell
Counting Kit-8 (CCK-8; meilunbio, China) was used to eval-
uate the viability of cells subjected to H/R. Briefly, fresh
medium containing CCK-8 solution was added to the 96-
well plates containing cells cultured for different time
periods. The cells were then incubated for 1.5 h at 37°C.
The absorbance of the supernatants (100μl) was measured
at 450nm using an automatic microplate reader (Bio-Rad).

2.4. Cell Growth. The cells were seeded in a 6-well plate at 5000
cells/cm2 and in a 96-well plate at 5000 cells/well. After 48h,
cells were treated with CoCl2 (concentration determined by
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above cell viability measurement) for 24h, followed by reox-
ygenation for 24 h, 48 h, 72 h, and 96 h. The morphological
changes of cells in the 6-well plate before and after H/R treat-
ment were observed under a phase-contrast microscope
(Olympus IX71). The cells in the 96-well plate were harvested
using a 0.05% trypsin (Invitrogen) solution, and the cell
numbers were counted for growth curve construction before
and after H/R treatment.

2.5. Oxidative Stress Markers. The intracellular malondialde-
hyde (MDA) levels were measured using a Lipid Peroxida-
tion MDA Assay Kit (Beyotime, Shanghai, China) following
the manufacturer’s instructions. First, cells were seeded in
6-well plates (5 × 104 cells/well) and continuously grew until
the confluence reached 90%. After H/R treatment, cells were
collected and lysed by cell lysis buffer (Beyotime, Shanghai,
China) and centrifuged at 10,000 g for 15min. The superna-
tants were reacted with the thiobarbituric acid (TBA), and
the reaction products were measured spectrophotometrically
at 532nm.

A superoxide dismutase (SOD) assay was performed
using the Total Superoxide Dismutase Assay Kit with WST-
8 (Beyotime, Shanghai, China). Cells were seeded in 6-well
plates (5 × 104 cells/well) and continuously grew until the
confluence reached 90%. The cells were treated with H/R
conditions2. Cells were washed with cold PBS before the
addition of SOD buffer solution. Protein concentration was
measured using the Enhanced BCA Protein Assay Kit (Beyo-
time, Shanghai, China). The samples (20μl) were mixed with
the WST-8/enzyme solution (160μl) and the reaction start-
ing solution (20μl) and incubated at 37°C for 30 minutes.
The absorbance at 450nm was measured using a microplate
reader (Bio-Rad).

2.6. MitoTracker Red Staining. Cells were stained with Mito-
SOX Red Mitochondrial Superoxide Indicator (Yeasen,
Shanghai, China) and Hoechst 33342 (Cell Signaling Tech-
nologies, Danvers, MA). Cells at 80-90% confluence were
treated with H/R conditions2. Then, the cells were incubated
with MitoSOX Red Mitochondrial Superoxide Indicator for
10min at 37°C. Then, the cells were washed with PBS and
stained with Hoechst 33342 labeling solution (1 : 10000) for
10min at room temperature. The cells were observed under
a fluorescence microscope (Olympus IX71).

2.7. Western Blot Analysis. The cells were rinsed twice with
cold PBS and then lysed in RIPA buffer (Beyotime, Shanghai,
China) containing 1% (v/v) phenylmethanesulfonyl fluoride
(PMSF) (Beyotime, Shanghai, China) and 1% (v/v) protease
and phosphatase inhibitor cocktails (Roche, Mannheim,
Germany). The Enhanced BCA Protein Assay Kit (Beyo-
time, Shanghai, China) was used to measure protein con-
centrations. The samples were subjected to 10% SDS-
polyacrylamide gel electrophoresis and subsequently trans-
ferred onto a polyvinylidene difluoride membrane (Milli-
pore Corp., Billerica, Mass.) under 100 volts for 2 h. The
membranes were incubated in Tris-buffered saline (TBS:
10mM Tris-HCl, pH7.4, 150mM NaCl) and 0.1% (v/v)
Tween 20 (TBS-Tween) containing 5% (w/v) dried milk

for 1h and then incubated with the respective primary anti-
body overnight at 4°C. The primary antibodies against HIF-
1α, VEGF-A, collagen I, collagen III, Bax, and bcl-2 are
described in Table S1. Next, the filters were washed 3 times,
8min each, with TBS-T and then incubated with a
conjugated affinity-purified secondary antibody labeled with
IRDye 800v for 1h at room temperature. Afterwards, the
membranes were washed again, and the protein bands were
detected with an Odyssey imager (LI-COR, Inc., Lincoln,
NE). The intensity of each band was quantified with ImageJ
software (NIH, Bethesda, MD, USA). The expression levels
of proteins were normalized to β-actin.

2.8. Real-Time PCR. Total RNA of cells was isolated using
TRIzol® Reagent (Ambion, Life Technologies). First-strand
cDNA were reverse-transcribed with HiScript II qRT Super-
Mix plus gDNA wiper (R223-01, Vazyme, China). QRT-PCR
was carried out using 1xAceQ qPCR SYBR Green Master
Mix (Q111-02, Vazyme, China) according to the manufac-
turer’s instructions. Specific primers were synthesized for
the HIF-1α, VEGF-A, collagen I, and collagen III mRNAs.
GAPDH was used as an internal reference, and the geometric
mean of its expression was used for normalization. The
sequences of qPCR primers are listed in Table S2. Relative
quantification of the target genes was performed in
triplicate and analyzed using the 2−ΔΔCt method.

2.9. Immunocytochemistry. The cells were plated at a density
of 1 × 104 cells/well on coverglasses in 24-well plates for 2
days. The expression of 4 protein markers, including HIF-
1α, VEGF-A, collagen I, and collagen III, was measured
using immunocytochemistry. Briefly, cells were fixed in
4% paraformaldehyde for 30min at room temperature. Fol-
lowing washing, the cells were permeabilized with 0.25%
Triton X-100 in PBS and blocked with 1% bovine serum
albumin (BSA) for 1 h at room temperature. The cells were
then incubated with antibodies against HIF-1α, VEGF-A,
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Figure 1: Protein expression of HIF-1α after treatment with
different concentrations of CoCl2 for 24 h. ∗P < 0:05 vs. control
group; ∗∗P < 0:005 vs. control group.
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collagen I, and collagen III overnight at 4°C. After 3 washes
with PBS, the cells were incubated with Alexa Fluor488
Goat anti-rabbit IgG (H+L) for 2 h at room temperature.
Finally, cells were counterstained with Hoechst. The stained
cells were then examined under a fluorescence microscope
(Olympus IX71).

2.10. Flow Cytometry Analysis. Annexin V labeling was used
in conjunction with flow cytometry to detect phosphatidyl-
serine on the outer membrane of apoptotic cells. First, the
binding buffer was diluted to 1: 4 with deionized water
(4ml binding buffer+12ml deionized water). Then, the cells
were harvested using 0.05% trypsin with no EDTA solution

140

130

120

110

100

90

80
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

CoCl2 (mM)

C
el

l v
ia

bi
lit

y 
(%

)

H

⁎

140

130

120

110

100

90

80
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

CoCl2 (mM)

C
el

l v
ia

bi
lit

y 
(%

)

R24h

⁎
⁎ ⁎ ⁎ ⁎

⁎

140

130

120

110

100

90

80

CoCl2 (mM)

C
el

l v
ia

bi
lit

y 
(%

)

R96hR72h
140

130

120

110

100

90

80
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

CoCl2 (mM)

Ce
ll 

vi
ab

ili
ty

 (%
)

⁎
140

130

120

110

100

90

80
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

CoCl2 (mM)

C
ell

 v
ia

bi
lit

y 
(%

)

R48h

(a)

(c) (d) (e)

(b)

⁎

⁎⁎

⁎⁎
⁎⁎

⁎⁎

Figure 2: Changes in cell viability of tendon-derived cells under H/R conditions induced by a concentration gradient of CoCl2. (a) Cell
viability under CoCl2-induced hypoxia. (b–e) Cell viability after reoxygenation for 24 h, 48 h, 72 h, and 96 h. ∗P < 0:05 vs. control group;
∗∗P < 0:005 vs. control group.
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Figure 3: Changes in cell viability of tendon-derived cells under H/R at each concentration of CoCl2. (a–h) Cell viability increases along the
CoCl2 concentration gradient (0.05–0.4mM). ∗P < 0:05 vs. control group; ∗∗P < 0:005 vs. control group; #P < 0:05 vs. H group; ##P < 0:005
vs. H group.
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(Invitrogen), washed twice with 4°C prechilled PBS, and
resuspended with binding buffer. Next, the cell concentration
was adjusted to 1 × 106 cells / ml. The cell suspension (100μl)
was placed in a 5ml flow tube, and 5μl annexin V/Alexa
Fluor 488 and 10μl propidium iodide solution were added.
After mixing, the mixture was incubated away from light
for 15min at room temperature. After incubation, 400μl of
PBS was added to the reaction tube, and the cells were ana-
lyzed using flow cytometry (Attune NxT, Applied Biosys-
tems, CA, USA). For each sample, approximately 10,000
events were counted and analyzed using the FlowJo software
(FlowJo, Ashland, OR, USA).

2.11. Statistical Analysis. All experiments were repeated at
least 3 times for replication. The data were expressed as
mean ± SD. The results were analyzed by one-way ANOVA
with post hoc Tukey testing or by the t-test for pairwise com-
parisons. All data were analyzed using Prism 5.0b (GraphPad

Software, La Jolla, CA, USA). P < 0:05 was considered statis-
tically significant.

3. Results

3.1. CoCl2-Induced Hypoxia Elevates HIF-1α Expression. The
protein expression of HIF-1α significantly increased in cells
treated with CoCl2 at concentrations of 0.05 and 0.1mM
(P < 0:05) and further increased with higher CoCl2 concen-
trations of 0.2 and 0.4mM (P < 0:005) (Figure 1), which con-
firmed the success of the CoCl2-induced hypoxia model in
tendon-derived cells.

3.2. H/R Increases Cell Viability. Under hypoxic conditions
induced by different concentrations of CoCl2, the viability
of tendon-derived cells showed an initial increase followed
by a gradual decrease with the increased CoCl2 concentra-
tions. A significant difference was observed only at 0.1mM
of CoCl2 when compared with the control group (P < 0:05)

Ctrl H R24h

R48h R72h R96hR48h R72h R96h

(a)

Cell growth curve
8000

6000

4000

2000

0

In
iti

al H

R2
4h

R4
8h

R7
2h

R9
6h

C
el

l n
um

be
r

0.3 mM
0 mM

(b)

Figure 4: Cell morphology and growth curves of tendon-derived cells when treated with 0.3mM CoCl2. (a) Cell morphology under H/R
conditions. Scale bar: 200μm. (b) Cell growth curves under H/R conditions.
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(Figure 2(a)). After reoxygenation for 24 h (R24h), cell viabil-
ity significantly increased in cells treated with 0.15mM and
higher CoCl2 concentrations (P < 0:05) (Figure 2(b)). At
R48h, cell viability significantly increased in cells treated
with 0.2–0.4mM CoCl2 (P < 0:05 or P < 0:005) (Figure 2(c)).
At R72h, a significant increase in cell viability was only
observed in cells treated with 0.25mM of CoCl2 (P < 0:05)
(Figure 2(d)). The cell viability of all CoCl2-treated cells was
similar to that in the control group at R96h (Figure 2(e)).

At each concentration, cell viability was compared across
the control, hypoxia, and reoxygenation groups. Compared
with the control group, the cells treated with low concentra-
tions of CoCl2 showed significant increases in cell viability
under hypoxia, with a 14% increase at 0.05mM and 15%
at 0.1mM (P < 0:05) (Figures 3(a) and 3(b)). The cells
treated with higher concentrations of CoCl2 at 0.15, 0.2,
0.25, and 0.3mM exhibited significantly enhanced cell viabil-
ity after reoxygenation for 24 h–72h (P < 0:05 or P < 0:005)
(Figures 3(c)–3(f)). At the 2 highest CoCl2 concentrations,
cell viability significantly increased at R48h compared with

those in the control and H groups (P < 0:005) (Figures 3(g)
and 3(h)).

3.3. H/R Does Not Inhibit Cell Growth.During the experiment,
we observed relatively healthy growth of cells treated with
0.3mM CoCl2 after reoxygenation. The cells were shrunk
slightly when under hypoxic conditions, but the morphology
returned to normal after reoxygenation (Figure 4(a)). There-
fore, we selected 0.3mM CoCl2 to simulate hypoxia for subse-
quent experiments. Cell growth curves revealed a slightly
increased cell proliferation under H/R compared with that of
the control group (Figure 4(b)).

3.4. H/R Mediates Oxidative Stress and Mitochondrial
Activity. To determine the impact of H/R on oxidative stress,
the intracellular levels of MDA and SOD were measured. The
MDA levels significantly increased during reoxygenation
compared with those in the control and H groups (P <
0:005) (Figure 5(a)). The SOD levels significantly decreased
under H/R compared with that in the control group
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Figure 5: (a) Cellular malondialdehyde (MDA) levels. (b) Superoxide dismutase (SOD) activity. (c) The intensity of mitochondria in different
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(P < 0:005) (Figure 5(b)). The MitoTracker Red staining
showed that the intensity of bioactive mitochondria was
higher in the H and R groups than in the control group
(Figure 5(c)).

3.5. H/R Enhances Protein Expression of HIF-1α and VEGF-A
and Decreases Expression of Collagens I and III. The protein
expression of HIF-1α significantly increased when the cells
were under hypoxia and returned to normal levels after reox-
ygenation (P < 0:05) (Figure 6(a)). By comparison, VEGF-A
levels showed a similar but not significant increase under
hypoxia and at R24h and returned to normal from R48h
and after (Figure 6(b)). Both collagen I and collagen III pro-
tein levels significantly decreased at R48h, R72h, and R96h
compared with those of the control group and H group
(P < 0:05 or P < 0:005) (Figures 6(c) and 6(d)).

3.6. H/R Regulates mRNA Expression of HIF-1α, VEGF-A,
Collagen I, and Collagen III. Under H/R conditions, the
mRNA expression of HIF-1α was significantly suppressed
(Figure 7(a)). The VEGF-A mRNA level significantly

increased when the cells were under hypoxia and at R24h
compared with that of the control group (P < 0:05) but sig-
nificantly decreased when the cells were at R72h and R96h
compared with that of the H group (P < 0:05) (Figure 7(b)).
The mRNA expression of collagen I significantly increased
under hypoxia, returned to normal levels at R24h, and signif-
icantly decreased from R48h to R96h compared with those of
the control and H groups (P < 0:05 or P < 0:005)
(Figure 7(c)). The collagen III mRNA levels also significantly
increased under hypoxia compared with that of the control
group but remained at normal levels with different periods
of reoxygenation (P < 0:05) (Figure 7(d)).

3.7. Immunocytochemical Staining. Figure 8(a) shows the
representative fluorescence micrographs of HIF-1α, VEGF-
A, collagen I, and collagen III when the cells were under
H/R conditions. We calculated the percentage of positive
cells via cell counting Figure 8(b). Compared with the control
group, the percentage of HIF-1α-positive cells significantly
increased under hypoxia (Figure 8(, whereas that of VEGF-
A-positive cells was significantly increased under hypoxia,
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Figure 6: Protein expression of (a) HIF-1α, (b) VEGF-A, (c) collagen I, and (d) collagen III when cells were under H/R conditions at 0.3mM
CoCl2.

∗P < 0:05 vs. control group; ∗∗P < 0:005 vs. control group; #P < 0:05 vs. H group; ##P < 0:005 vs. H group.
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at R24h, and at R48h (P< 0.05) (Figure 8(CID="C002"
value="B")). The percentages of collagen I- and collagen III-
positive cells were significantly lower at R48h, R72h, and
R96h compared with those in the control and H groups
(P < 0:05 or P < 0:005) (Figures 8(CID="C004" value="C")
and 8(CID="C006" value="D")).

3.8. H/R Does Not Affect Cellular Apoptosis but Alters Protein
Expression of Bax and bcl-2. value="Flo"value="w" cytometry
was conducted to investigate the apoptotic levels of cells
under H/R conditions. The flow cytometric analysis showed
that no significant differences in the number of apoptotic
cells were found across the control, hypoxia, and reoxygena-
tion groups (Figures 9(a) and 9(b)). Meanwhile, the ratio of
Bax/bcl-2 protein expression was significantly upregulated
after reoxygenation compared with those of the control and
hypoxia groups (P < 0:05), with a peak at R48h (Figure 9(c)).

4. Discussion

The current study uncovered the cellular responses of
tendon-derived cells to hypoxia and subsequent reoxygena-
tion. Our results showed that different concentrations of
CoCl2 exerted distinct effects on cell viability. Hypoxia
induced by low CoCl2 concentrations (0.05 and 0.1mM)
enhanced cell viability, while further increases in CoCl2 con-

centrations (0.15–0.4mM) led to a gradual decrease in cell
viability. With 24 h–72h of reoxygenation, cell viability
increased in cells treated with high concentrations of CoCl2.
Cell viability returned to the same level as the control group
after 96 h of reoxygenation, irrespective of the initial CoCl2
concentrations.

Previous studies have demonstrated that different cell
lines show diverse tolerance profiles to CoCl2-induced H/R.
Zhang et al. demonstrated that CoCl2 did not promote or
attenuate the viability of A498 cells at low concentrations
(0.05–0.2mM), but when the concentration was increased
to 0.25mM, cell activity gradually declined [20]. The study
by Shi et al. in a human ovarian carcinoma cell line showed
that CoCl2-induced (0.15mM) hypoxia inhibited cell prolif-
eration, which was subsequently recovered with reoxygena-
tion [23]. Tong et al. showed that HepG2 cells treated with
different concentrations of CoCl2 (0.05, 0.1, 0.15, and
0.2mM) exhibited significantly repressed cell viability in a
concentration-dependent manner [24]. However, our data
showed that cell viability was enhanced by CoCl2-induced
hypoxia, even when the concentration of CoCl2 reached
0.3mM. Furthermore, during the early period of reoxygen-
ation, cell viability further increased, especially in cells
treated with high concentrations of CoCl2 (0.25–0.4mM).
In addition, H/R had no obvious negative effects on cell
growth. These results suggested that tendon-derived cells
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Figure 7: mRNA expression of (a) HIF-1α, (b) VEGF-A, (c) collagen I, and (d) collagen III when cells were under H/R conditions induced by
0.3mM CoCl2.

∗P < 0:05 vs. control group; ∗∗P < 0:005 vs. control group; #P < 0:05 vs. H group; ##P < 0:005 vs. H group.
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were highly tolerant to CoCl2-induced hypoxia and the
reoxygenation.

H/R conditions can cause oxidative stress, which is a
major mechanism involved in the pathogenesis of H/R
injury [26–29]. Therefore, we examined the levels of two
oxidative stress markers, MDA and SOD, and the activity
of bioactive mitochondria in cells under H/R. MDA, a
byproduct of lipid oxidation, is a biomarker of oxidative
stress of cells [30]. SOD is the main antioxidant enzyme
in cells that plays important roles in scavenging oxygen free
radicals and resisting the damage of oxygen free radicals

[31]. Mitochondria, accounting for the majority of oxygen
consumption, can help to tune cellular and organismal hyp-
oxia responses [32]. Our results showed that the MDA level
increased, the SOD level decreased, and the activity of bio-
active mitochondria was enhanced under H/R, indicating
that H/R induced notable oxidative stress in the tendon-
derived cells. However, the oxidative stress did not affect
the cell growth in this study. We speculate that the
increased mitochondrial activity may retain the metabolic
demand of the cells and induce an adaptive response to oxi-
dative stress [33–36].
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Figure 8: (a) Representative fluorescence micrographs of HIF-1α, VEGF-A, collagen I, and collagen III in cells under H/R conditions induced
by 0.3mM CoCl2. (b) Percentages of positive cells stained with HIF-1α (A), VEGF-A (B), collagen I (C), and collagen III (D). Scale bar:
100μm. ∗P < 0:05 vs. control group; ∗∗P < 0:005 vs. control group; #P < 0:05 vs. H group; ##P < 0:005 vs. H group.
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HIF-1α is a key transcription factor in response to hyp-
oxic stress and is widely expressed in mammals, including
humans, under hypoxic conditions [37, 38]. In the present
study, the HIF-1α protein level increased notably in the cells
under hypoxia and then returned to the same level in the
control cells immediately after reoxygenation. We noted,
however, that the changes in HIF-1α mRNA and protein
expression were inconsistent. Specifically, HIF-1α mRNA
expression decreased significantly during hypoxia and reoxy-
genation, which is inconsistent with previous studies [39, 40].
A possible explanation is that the expression of HIF-1α
mRNA changes prior to the expression of protein, and the
peak of mRNA expression occurred in less than 24 hours.
Then, the inhibited HIF-1α mRNA expression caused the
recovery of the HIF-1α protein level in the cells under reox-
ygenation. These results indicate that tendon-derived cells
can regulate the expression of HIF-1α rapidly under H/R
conditions. It may be beneficial to the adaptation of
tendon-derived cells to oxygen deprivation, leading to the
high tolerance of this type of cells to H/R.

VEGF-A is an essential growth factor for most tissues in
their response to traumatic injuries involving disrupted
blood supply. Previous studies demonstrated that the expres-

sion of the VEGF gene significantly increased during the
early period of tendon healing and that intraoperative deliv-
ery of VEGF notably enhanced tendon healing in a chicken
model, indicating the importance of VEGF in tendon healing
[41, 42]. In our study, we found that VEGF-A was upregu-
lated under hypoxia when HIF-1α was activated, and its
levels returned to normal during reoxygenation along with
the passage of time. Our results were consistent with previous
studies investigating the role of the HIF-1α/VEGF pathway
in hypoxia. Liang et al. showed that hypoxia markedly upreg-
ulated VEGF-A and that appropriate vascular response
might be essential for normal repair and remodeling.
VEGF-A elevation is a rapid and strong response to hypoxic
insult typically seen in most tissues [43]. Therefore, hypoxia-
promoted expression of VEGF may be a self-protective
mechanism after tendon injury.

Collagen is the major substance secreted by tendon cells.
It is the main component of tendon ECM, and thus, synthesis
of collagen is essential for maintaining tendon structure [44,
45]. A normal tendon comprises 65%–85% of collagen I,
which is the most abundant collagen, followed by collagen
III [46, 47]. Collagen III is highly upregulated during tendon
healing [48]. Collagen III primarily forms an abundant but
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Figure 9: Flow cytometric analysis of cellular apoptosis and ratios of Bax/bcl-2 proteins: (a) representative graphs of flow cytometric assays
showing the apoptosis of different groups; (b) the histogram showing the ratio of apoptotic cells; (c) expression ratio of Bax/bcl-2 protein.
∗P < 0:05 vs. control group; ∗∗P < 0:005 vs. control group. #P < 0:05 vs. H group; ##P < 0:005 vs. H group.
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disorganized collagen matrix in the proliferative phase of ten-
don healing.Webster et al. showed that when tendon-derived
cells were cultured at low oxygen tensions, cellular metab-
olism was depressed and both total protein and collagen
production were reduced [49]. It was hypothesized that
the hypoxic environment might not have satisfied the
physiological oxygen requirements of the cells, and it
may have deleterious effects on collagen production [50].
A study also reported that there was an abrupt reduction
of collagens I and III in the early stages of Achilles tendi-
nitis; the tendon subsequently developed substantial
impairment and Achilles tendinitis eventually occurred
[51]. Our results showed that the expression of collagens
I and III was downregulated during reoxygenation. There-
fore, the in vitro reoxygenation process may correspond to
the in vivo repair process after ischemia. Interestingly, the
decline in the expression of collagen appears to contradict
the increased cell viability. We speculate that although cell
growth is not affected, other cellular functions are inhib-
ited under hypoxic stress.

Apoptosis plays a critical role in the homeostasis of nor-
mal tissue [52]. In human rotator cuff tendinopathy, HIF-1α
accumulation was associated with cellular apoptosis, which
provided an early support for the role of hypoxia-induced
damage to cell loss via apoptosis [53]. However, Sasabe
et al. reported that forced expression of HIF-1α suppressed
hypoxia-induced apoptosis of human oral squamous cell car-
cinoma cell lines [54]. Based on flow cytometry analysis in
the present study, CoCl2-induced H/R had a minimal effect
on the cellular apoptosis. However, the protein expression
of Bax was upregulated while that of bcl-2 was downregu-
lated, resulting in a significant increase in the Bax/bcl-2 ratio
during reoxygenation. The Bax/bcl-2 ratio reached its peak at
48 h after reoxygenation and began to decrease thereafter.
This suggested that although the apoptotic pathway was acti-
vated, the cells did not actually undergo apoptosis within the
observed period. We speculate that tendon-derived cells are
highly resistant to H/R-induced apoptosis, and their inherent
cell characteristics may prevent or even reverse the occur-
rence of apoptosis. Another possibility is that the initiation
of the apoptotic mechanism precedes the occurrence of apo-
ptosis. To this regard, extending the observation time may
allow us to obtain a more complete picture of apoptotic
events after H/R.

5. Conclusions

Collectively, the present study successfully established a
CoCl2-induced H/R model in tendon-derived cells, which
provided a framework for future studies to understand the
tendon-specific features of this widely observed stress
response mechanism. The data in this study showed that
hypoxia followed by reoxygenation for a certain period of
time promoted cell viability in a concentration-dependent
manner. Tendon-derived cells exhibited considerable toler-
ance to hypoxia. H/R caused oxidative stress responses but
did not affect cell growth. H/R altered the expression of
HIF-1α, VEGF-A, collagen I, and collagen III. Cellular apo-

ptosis was not affected by H/R, but the Bax/bcl-2 ratio
increased during reoxygenation.
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Strong acidic electrolyzed water (StAEW) is known to inactivate microorganisms but is not fully explored in the medical field. This
study is aimed at exploring StAEW as a potential wound care agent and its mechanism. StAEW (pH: 2.65, ORP: 1159mV, ACC:
32.1 ppm) was sprayed three times a day to the cutaneous wounds of hairless mice for seven days. Wound morphological and
histological features and immune-redox markers were compared with saline- (Sal-) and alcohol- (Alc-) treated groups. Results
showed that the StAEW group showed a significantly higher wound healing percentage than the Sal group on days 2, 4, 5, and 6
and the Alc group on day 4. The StAEW group also showed earlier mediation on proinflammatory cytokines such as tumor
necrosis factor-α, interleukin- (IL-) 6, IL-1β, and keratinocyte chemoattractant. In addition, basic fibroblast growth factor and
platelet-derived growth factor were found to be significantly changed in favor of the fibroblast synthesis and angiogenesis. In
line, the StAEW group showed a controlled amount of ROS and significantly decreased compared to the Alc group. The StAEW
group also favored oxidative stress balance through antioxidant responses. Additionally, matrix metalloproteinases (MMP) 9
and MMP1 were also modulated for keratinocyte and cell migration. Taken together, this study has proven the wound healing
effect of StAEW and its earlier mediation through oxidative and inflammatory responses.

1. Introduction

Acidic electrolyzed water (AEW) or also known as electro-
lyzed oxidizing water is produced by a machine through elec-
trolysis of water where a diluted salt solution and water pass
through and produces water with oxygen gas, chlorine gas,
hypochlorite ion, hypochlorous acid, and hydrochloric acid
as components. The general characteristics of acidic water
are as follows: low pH (2.2-6.5), high oxidation-reduction
potential (ORP) (800-1100mV), high available chlorine con-
centration (ACC) (10-60 ppm), and high content of dissolved

oxygen [1]. Because of its wide range in pH, researchers in
this field came up with the classification of AEW: slightly
AEW (SAEW), weak AEW (WAEW), and strong AEW
(StAEW). Since the discovery of the production of acidic
water, several studies have been conducted over the years that
prove its efficacy in killing microbes, fungus, viruses, and
inactivating toxins [1]. It has also been studied for its effect
on disinfecting food equipment, vegetables, fruits, poultry,
and meat; on hand washing; and on hospital bactericidal
effect [2–4]. Recent studies in AEW concluded its damage
to cell membranes and cell homeostasis of Pseudomonas
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fluorescens biofilms [5] and was also found to enhance the
reactive oxygen species (ROS) scavenging capacity of fruits
for its enhanced storability [6].

To understand how AEW may potentially facilitate
wound healing, it is important to know the wound healing
process. Wound healing is a complex, overlapping but sys-
temic mechanism that is strongly controlled for restoring
the integrity of the skin. The process consists of four phases
namely: haemostasis, inflammation, proliferation, and
remodeling phases. Because it is a complex mechanism, sev-
eral factors are involved such as nutrition, hypoxia, infection,
immunosuppression, chronic disease, wound management,
age, and genetics [7]. In addition, pH has a great influence
in wound healing because of its effect on controlling wound
infection, increasing antimicrobial activity, altering protease
activity such as matrix metalloproteinases (MMPs) and tis-
sue inhibitor of MMPS (TIMPs), releasing oxygen, reduc-
ing toxicity of bacterial end products, and enhancing
epithelialization and angiogenesis [8–11]. Thus, there are
increasing studies on the use of wound care agents or
dressings that control and alter wound pH to accelerate
the healing process. The progression of the wound stages
depends on the wound type and its pathological condition
as well as the type of dressing material. Some of the cri-
teria for dressing selection are its ability to provide protec-
tion against bacterial infection, enhance epidermal
migration, and promote angiogenesis and connective tissue
synthesis, and it must be sterile, nontoxic, and nonallergic
[12]. However, the safety of some wound healing agents
can still pose a threat due to their possible side effects.
StAEW has been reported as generally safe both in vitro
and in vivo. A biocompatibility study of StAEW concluded
that acidic water did not show cytotoxicity even in a dose-
dependent manner, and a skin irritation test on a human
epidermal model reported StAEW as nonirritant [13].
Additionally, another study concluded that electrolyzed
waters are generally safe as evidenced by cytotoxicity assay
and phospholipid leakage examination [14]. Furthermore,
the involvement of the oxidative stress response and
immune responses in wound healing has been one of the
keys in studying wound care treatment. The good balance
of reactive oxygen species (ROS) and antioxidant enzymes
also known as redox balance leads to a normal and suc-
cessful wound healing process [15].

Immunological and oxidative stress regulation has been
shown to mediate skin diseases such as atopic dermatitis
[16]. Since the development of AEW production, a few stud-
ies have been done over the years exploring its function in the
medical field. Due to its widely known antibacterial effect,
some studies have concluded that it can be effective in wound
healing [17, 18]. However, these studies did not fully explore
how AEW facilitates cutaneous wound healing. Knowing the
different properties and characteristic of this water, and the
complexity and factors involved in wound healing, we then
hypothesized that StAEW can be an effective wound healing
agent, and we tried to find out the mechanism of how StAEW
facilitate wound healing by measuring oxidative stress and
immune response markers and compared its effect with other
potent wound care agents.

2. Materials and Methods

2.1. Preparation of StAEW, Saline, and Alcohol. StAEW was
generated from a water electrolyzing machine (HDR, IONIA
Co., Ltd. Bucheon, Korea), wherein tap water and 1% NaCl
solution was added to the machine and StAEW was collected
in the anode area. Tap water had the properties of pH: 7.62,
ORP: 500mV, and ACC: 0.2mg/mL, and StAEW had pH:
2.65, ORP: 1159mV, and ACC: 32.1mg/mL. Saline (Sal)
solution (0.9% NaCl, Life Science Co., Ltd., Dangjin, Korea)
and 70% alcohol (Alc) (SK Chemical, Ulsan, Korea) were
prepared as control groups.

2.2. Animal Groupings. Seven-week-old female hairless mice
(18 ± 2 g) were purchased from Orient Bio Inc., Seongnam,
South Korea, and were placed in a plastic cage
(W172mm ×D240mm ×H129mm, five mice per cage).
First, the mice were acclimatized for one week and kept at
room condition of 22°C and 40-60% humidity in 12 : 12 h
light and dark. Animals were randomly assigned into four
groups with ten mice each: NC: normal control, no wound
induction group; and wound-induced groups: Sal: saline-
treated groups; Alc: alcohol-treated group; and StAEW:
strong acidic electrolyzed water-treated group. Institutional
Animal Care and Use Committee (IACUC), Yonsei Univer-
sity Wonju Campus (YWC-170907-1), approved the animal
use and protocol done in this study.

2.3. Wound Induction and Treatment. To induce the wounds,
a total of six wounds were created at the back part of each
hairless mouse following protocols [19] by using a 5mm
biopsy punch (Integra-Miltex, PA, USA). Wounds were
treated by spraying 2mL of treatment solutions on the
wounded areas, three times a day for seven days.

2.4. Wound Area Measurement and Gross Examination.
Wound size was measured using a digital caliper vernier scale
(Mitutoyo Corp., Japan) to measure the length and width of
the two wounds located on the middle part of the mice, and
the wound area was computed. Wound healing percentage
was measured using the following formula [20]:

Wound healing% = wound area day 0ð Þ − wound area day desiredð Þ
h ih

/ wound area day 0ð Þ
i
× 100:

ð1Þ

Wounds were observed macroscopically, and a digital
photograph was taken every day to check and compare the
wound state of each mouse.

2.5. Blood Collection and Serum Preparation. Upon sacrifice
on the seventh day, blood samples were collected from the
retroorbital plexus puncture by using EDTA (Ethylenedia-
mine Tetra-Acetic Acid) and BD Microtainer®. Approxi-
mately, blood was collected in each tube per mouse in a
microcontainer and used for hematological and biochemical
analyzer. Briefly, EDTA microcontainer blood was used for
white blood cell (WBC) analysis by mixing thoroughly for
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3-5 minutes with an automatic rolling mixer and was
counted by hematology analyzer (Hemavet® HV950 FS;
Drew Scientific, Erba Diagnostics, Inc., Dallas, Texas, USA).
BD Microtainer® blood samples from each mouse were fur-
ther centrifuged at700 − 1,000 × gfor 10min at 4°C to get
the serum and were kept at -80°C until analysis.

2.6. Skin Lysate Preparation. Equal size of skin tissue from
the dorsal area was cut and was placed in ice-cold RIPA
buffer (Pierce Biotechnology, Inc.) with protease and pro-
teinase inhibitor cocktail (Sigma Chemical Co., St Louis,
MO, USA). The crude skin lysate then was homogenized at
25 rpm for 15min using a Tissue Lyser II (Qiagen, MD,
USA). The lysate was then centrifuged for 5 minutes, and
the supernatant was collected and transferred to a new epi-
tube and was kept at -80°C until further use. Pierce BCA
Assay Kit (Thermo Scientific, Rockford, IL, U.S.A.) was used
to check the total protein concentration.

2.7. Histological Examination. The representative skin of
each group was cut from the wound area and was fixed in
10% buffered formalin (0.1M phosphate buffer, pH7.4),
dehydrated through a graded ethanol series, cleared by
xylene, and embedded in paraffin wax (Polyscience, WA,
USA). The paraffin section was cut into 4μm thick by micro-
tome (Reichert, Inc. New York, USA), stained by hematoxy-
lin and eosin stains, and was observed under the light
microscope (BA300, Motic Ltd., Hongkong, China).

2.8. WBC and Its Differential Counts Examination. Total
WBC, lymphocytes, monocytes, and neutrophil counts were
measured by an automatic blood analyzer (HEMAVET
HV950 FS, Drew Scientific Inc., Dallas, TX, USA).

2.9. Total ROS Detection. Total ROS was measured using
DCFH-DA (Abcam, Cambridge, MA, USA) following the
manufacturer’s manual. In brief, 25μL of serum and 50μL
of skin lysate were plated into a 96-well plate. Then, 100μL
of 10μM DCFH-DA was added to the wells, and the plate
was incubated in the dark for 30 minutes. Fluorescence read-
ing of the plate at 488nm excitation/525 nm emission using
DTX-880 multimode microplate reader (Beckman Counter
Inc., Fullerton, CA, USA) was obtained.

2.10. Antioxidant Enzyme Assays. The activity of glutathione
peroxidase (GPx) and catalase (CAT) in skin lysate was mea-
sured using Biovision kits (Milpitas, CA, USA) following the
manufacturer’s instructions. In brief, protein concentrations
from skin lysate were normalized using Pierce™ BCA Protein
Assay Kit by Thermo Scientific (Illinois, USA), the standards
of each assay were prepared, the reagents from each assay
were mixed in a 96-well microtiter plate, and absorbance
was read at 340nm (GPx) and 510 nm (CAT).

2.11. Cytokine and Growth Factor Analysis. Serum cytokines
such as interleukin- (IL-) 1β, IL-6, tumor necrosis factor
(TNF)-α, keratinocyte chemoattractant (KC), and growth
factors such as platelet-derived growth factor (PDGF) and
basic fibroblast growth factor (bFGF) were measured using
Bead Array Suspension Multiplex Kit (Bio-Rad, San Diego,

CA, USA) according to the manufacturer’s instructions.
Standard curves for each cytokine were generated using the
reference concentrations given in the kit. Standards and sam-
ples were read in a multiplex bead suspension array system
(Bio-Plex 200, BIO-RAD®, CA, USA).

2.12. Western Blot Analysis. The protein expression of
MMP1, MMP3, and MMP9 (Abcam, Cambridge, MA,
USA) was measured by performing western blotting. The
prepared normalized skin lysate was equally loaded and sep-
arated by electrophoresis on SDS-polyacrylamide gels. It was
then transferred to nitrocellulose membranes which were
blocked in 5% skim milk in tris-buffered saline (TBS) con-
taining 0.1% Tween 20 for 1 h at room temperature. After
blocking, the membranes were incubated with primary anti-
bodies at 4°C with agitation. It was followed by incubation
with horseradish peroxidase-conjugated secondary antibod-
ies for 1 h at room temperature. The blots were developed
using the Chemiluminescence Western Blot Detection Sys-
tem (BioSpectrum®600 Imaging System, Upland, CA, USA).

2.13. Statistical Analysis. The mean values among the groups
were analyzed by the GraphPad Prism version 5.0 software
packages (GraphPad, La Jolla, CA, USA) and were compared
using one-way analysis of variance (ANOVA) followed by
subsequent multiple comparison test (Tukey). A p value
≤0.05 was considered statistically significant.

3. Results

The effects of StAEW on wound healing percentage and
wound morphology and histology wound healing percentage
of StAEW were compared with saline (Sal) and alcohol (Alc)
treatment on wounded mice. The wound healing percentage
of the StAEW group was significantly higher than the Sal
group on days 2, 4, 5, and 6 and the Alc group on day 4
(Figure 1(a)). At the end of seven days, the wound healing
percentage was highest in the StAEW group as compared to
the Sal and Alc groups, which shows that wounds are in 71-
77% healed on day 7. Figure 1(b) showed the morphological
change of the representative wounds of mice from each
group from day 0 to day 7 of treatment. In the histological
analysis, the thickness of the epidermis of the StAEW group
was more pronounced similar to the NC group and followed
by the Sal group, while the epidermis of the Alc group
showed markedly increased proliferation of the epidermis
layer (Figure 1(c)). In addition, the presence of immune cells
was observed more in the Alc group and lesser in the StAEW
group.

3.1. Effects of StAEW in Total WBC and Its Differential
Counts. We examined the changes in total WBC and its dif-
ferential counts. Table 1 shows that compared to the NC
group, the Sal (p < 0:05) and Alc (p < 0:05) groups had
reduced total WBC, but there was no statistically significant
reduction in the StAEW group. We found that neutrophil
counts were similar among all treated groups. However, lym-
phocyte counts were found to be reduced in the StAEW-
treated groups (p < 0:05), and the Sal- and Alc-treated groups
(p < 0:01) as compared to the NC group. Similarly,
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monocytes were significantly reduced in the StAEW, Sal, and
Alc groups (p < 0:001) as compared to the NC group.

3.2. Effect of StAEW in ROS and Antioxidant Enzymes
Generation. To explore its effect on oxidative stress, the

results showed that the ROS level in the serum of the StAEW
group had the lowest level of ROS and also showed a signifi-
cant decrease than the Alc group (p < 0:001). In skin lysate,
the ROS level showed a similar trend wherein the Alc group
consistently have significantly higher ROS level as compared
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Figure 1: Effects of StAEW on (a) wound healing percentage, (b) wound morphology, and (c) histological appearance from day 1 to day 7 of
different treatment groups. Wound size was measured using a digital caliper vernier scale (Mitutoyo Corp., Japan) to measure the length and
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Table 1: Total white blood cells (WBC) and its differential counts.

WBC count (K/μL) NC Sal Alc StAEW

Total WBC 5:14 ± 0:95 4:04 ± 0:40∗ 4:02 ± 0:63∗ 4:54 ± 0:55
Neutrophils 1:50 ± 0:28 1:66 ± 0:13 1:77 ± 0:39 1:80 ± 0:28
Lymphocytes 3:24 ± 0:80 2:12 ± 0:34∗∗ 2:04 ± 0:39∗∗ 2:47 ± 0:48∗

Monocytes 0:41 ± 0:09 0:26 ± 0:07∗∗∗ 0:19 ± 0:05∗∗∗ 0:22 ± 0:05∗∗∗

Data were expressed asmean ± SD, n = 10. NC: normal control; StAEW: strong acidic electrolyzed water. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001 compared with
the NC group indicate significant differences with ANOVA. Tukey’s test was used for post hoc tests.
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to the NC (p < 0:05), Sal (p < 0:05), and StAEW groups
(p < 0:05) (Figure 2). For antioxidant enzyme activities, the
GPx level showed a significant increase in the Sal (p < 0:05),
Alc (p < 0:001), and StAEW (p < 0:001) groups as compared
to the NC group. Catalase activity, on the other hand, was
found to be lower in StAEW as compared to the NC
(p < 0:01) and Sal (p < 0:001) groups (Figure 3).

3.3. Effects of StAEW in Inflammatory Cytokines. To explore
the mediation of StAEW on various inflammatory mediators
such as cytokine production, we measured the concentration
of IL-1β, IL-6, KC, and TNF-α. Our results showed that the
IL-1β, IL-6, KC, and TNF-α concentrations of the StAEW
group were significantly decreased as compared to NC
(Figure 4). In detail, the IL-1β of both the Alc and StAEW-
treated groups were significantly reduced as compared to
the NC (p < 0:001) and Sal groups (p < 0:001). On the
other hand, only StAEW showed a significant reduction
in IL-6 concentration as compared to the NC (p < 0:001)
and Sal groups (p < 0:01). It was also observed that the
IL-6 concentration of the Alc group was significantly lower
than the NC group (p < 0:05). Likewise, TNF-α showed a
similar trend with IL-1β wherein both the Alc and StAEW
groups were significantly reduced as compared to the NC

group (both p < 0:001) and Sal group (p < 0:05, p < 0:01,
respectively). KC concentration showed a similar trend of sig-
nificant reduction of all treatment groups as compared to NC
(p < 0:01). A reduction in KC concentration was also observed
between the Sal and StAEW groups (p < 0:05).

3.4. Effects of StAEW in Growth Factors. We also measured
the concentration of PDGF and bFGF and found that they
significantly changed as compared to the NC group. As com-
pared to NC, PDGF showed a significantly increased level in
the Sal (p < 0:01) and Alc (p < 0:001) groups but not as much
as the increase in the StAEW group (p < 0:05). Moreover, a
significant increase in the bFGF expression was seen in the
StAEW group as compared to the NC and Sal groups
(p < 0:01) (Figure 5).

3.5. Effects of StAEW inMMP Expression. Another important
modulator of wound healing is the MMP activity. Our results
show that the MMP1 and MMP9 expressions were upregu-
lated in all groups but were not observed in MMP3 as com-
pared to the NC group. The relative expression of MMP9
showed that there was a significant upregulation on the Sal
(p < 0:001), Alc (p < 0:01), and StAEW (p < 0:001) groups
while the Sal group showed the highest expression and was
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significantly higher than the Alc (p < 0:01) and StAEW
(p < 0:001) groups. Similarly, the MMP1 expression was also
significantly upregulated in the Sal (p < 0:01), Alc (p < 0:001),
and StAEW (p < 0:001) groups as compared with the NC
group (Figure 6).

4. Discussion

Acidic water has been known first to inactivate different
microorganisms. We confirmed the efficacy of our experi-
mental water in killing microbes such as Staphylococcus
aureus and Pseudomonas aeruginosa as compared to other
kinds of water (Supplementary Figure 1). With this

background, this study proved that StAEW could also
enhance skin wound healing effects in SKH-1 hairless mice
through alleviating inflammatory and oxidative response,
thus promoting earlier wound contraction and angiogenesis
in wound tissue. This was first supported by the higher
wound healing percentage of the StAEW-treated groups
after 7 days of treatment especially on the earlier days (days
2 to 6). Our histological results showed that with StAEW
treatment, the wounded epidermal area was highly intact
than other available conventional wound cleaning agents
and showed lesser infiltration of inflammatory cells.
Exploring further the possible mechanism of this healing
efficacy, it is important to know the involvement of the
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inflammatory and oxidative response in the wound healing
process and its markers.

It is well known that WBCs play an essential role in
wound healing and tissue repairing process especially in the
earlier stage of wound healing. Upon injury, inflammatory
cells migrate into the injury area and promote the inflamma-
tory phase, which is further exemplified by the sequential but
overlapping infiltration of neutrophils, macrophages, and
lymphocytes [21, 22]. In our study, the reduction of the
WBC counts especially the lymphocytes and monocytes indi-
cates the mediation of the treatment groups in wound heal-
ing. This mediation of StAEW was also supported
histologically by the presence of lesser inflammatory cells at
this wound stage compared to other groups.

To continue exploring the immune and oxidative stress
response in wound healing, we also explored the oxidative
stress response mediated by StAEW. A controlled amount
of ROS is well-studied to play an important role in a normal
wound-healing response. Some of their roles include actions
as the host’s defense through phagocytosis, acting as second
messengers to immune cells and also regulating angiogenesis
[23]. This controlled amount of ROS is attained by the anti-
oxidant’s role in scavenging ROS, in a process called redox
homeostasis [15]. Consistently, the controlled amount of
ROS upon the StAEW treatment in both serum and wound
area may suggest its beneficial mediation on the wound heal-
ing process, while the significant increase of ROS in both
serum and skin lysate in Alc-treated group may suggest its
oxidative stress damage upon its treatment. Overproduction
of ROS causes oxidative stress thereby causing cytotoxicity
and delayed wound healing process, and elimination of these

contributing ROS could be an important strategy in wound
healing. To support this, the production of antioxidant
enzymes seems to be mediated earlier by StAEW. It is essen-
tial to note that the functions of antioxidant enzymes in
wound healing are in a temporal and spatial expression pat-
tern [24]. Hence, the estimation of antioxidant enzymes like
GPx and CAT in granulation tissues is relevant because the
antioxidant activities have been reported to accelerate wound
healing effect through decreasing the free radicals [25–27].
Therefore, the antioxidant levels obtained after StAEW treat-
ment, along with reduced total ROS, may seem to prevent
oxidative damage and promote the healing process.

To further confirm the mediation of StAEW in immune
response, cytokines and growth factors involved in the heal-
ing process were screened and assayed. Upon careful screen-
ing, cytokines, IL-1β, IL-6, TNF-α, and KC were investigated
for the mediation of the treatment groups in response to
wound healing. Proinflammatory cytokines IL-1β, IL-6, and
TNF-α are released by neutrophils, macrophages, and kerati-
nocytes and trigger inflammatory cell proliferation and are
also involved in promoting angiogenesis [28]. Moreover,
the significant change of a chemokine, KC, may attribute to
its function on the epithelialisation, angiogenesis, and tissue
remodelling [29]. The significant reduction of these cyto-
kines in the StAEW-treated groups shows the potential ear-
lier mediation of StAEW in these cytokines to facilitate the
healing process. Our results showed that the Alc-treated
groups have a similar effect with StAEW on these cytokines;
however, a more decreasing trend was observed in the
StAEW groups. In addition to cytokines, growth factors also
play essential roles in accelerating the healing process. At this
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wound stage, mediation of StAEW in PDGF, which is impor-
tant in the earlier stage of wound healing and functions in
inflammation, granulation tissue formation, reepithelialisa-
tion, matrix formation, and remodelling [30], was less as
compared to the Sal and Alc groups. On the other hand,
bFGF, which plays an important role in the late remodelling
stage and functions in angiogenesis and granulation tissue
formation [31], showed to be significantly mediated by
StAEW. Our results revealed that at this wound stage,
StAEW seems to mediate the decreased production of PDGF
and increased production of bFGF faster than the other con-
ventional wound healing agents.

During the late proliferation and remodelling stages of
wound healing, MMPs and their inhibitors play a critical
role in irreversible remodelling wherein MMPs mainly
degrade substances in the extracellular matrix. Recently,
MMPs are known to be also responsible in inflammation,
epithelial repair, and resolution. It is also important to
note that there is a specific location and wound stages that
MMP actions are upregulated and downregulated [32].
Our results showing the upregulation of MMP1 and
MMP9 protein expression in wounded mice groups and
the downregulation of MMP3 expression may imply the
wound stage upon mice sacrifice. It is known that
MMP9 produced by keratinocytes at the wound edge facil-
itates cell migration and reepithelialisation and is also
involved in angiogenesis through the activation of TNF-α
and VEGF [32] while MMP1 facilitates keratinocyte
migration [33]. Moreover, MMP3 is known to be not nec-
essary for keratinocyte proliferation or migration, collagen
synthesis, and remodelling of the extracellular matrix but
has a significant effect on wound contraction [34]. Our
results showing the upregulation of MMP9 and MMP3
proves the mediation of StAEW on these proteins, and
its decreasing level may suggest its faster mediation on
these MMPs than in the Sal and Alc groups.

Taken together, it is certain that along with the known
and potent antiseptic agents, such as Sal and Alc, StAEW
is not only shown to be effective but also shows its earlier
mediation in the wound healing process. This is done
through its mediation on the immune response, as evi-
denced by the lesser inflammatory cells, the reduction of
inflammatory cytokine and wound-stage-dependent
growth factor release, and oxidative response, through pro-
viding a redox environment essential to the wound healing
process, shown by the controlled amount of ROS and the
significant difference of antioxidant enzymes and also
through the crosslink of wound-stage-dependent MMP
expressions. As more evidences and studies prove the effi-
cacy of StAEW not only in killing microorganisms but
also in the wound healing process, it is important to make
sure that StAEW is retained in the wound site. One way is
by freshly preparing StAEW and the repeated applications
on the wound site. Our study showed that application
three times a day was found effective. However, further
studies might be necessary to check on the frequency of
application as well as the possible use of gauzes or the
development of hydrogels to retain the StAEW. However,
as a recent report showed that physical properties such

as pH, ORP, and available chlorine concentration of elec-
trolyzed waters might be affected by storage, temperature,
and light exposure [35], it is important to make sure that
the StAEW is prepared and stored well to maximize its
full healing efficacy. In conclusion, StAEW can be used
as an antiseptic agent in wounds and as a wound dressing.
This result is consistent with the previous study that our
lab reported on the immune-redox modulation of slightly
acidic water (pH: 5–6.50, ORP: 800mV, ACC:25 ppm) on
cutaneous wounds [36]. Over the years, several disinfec-
tants such as Alc and Sal have been used in wound care
agents. However, due to its compound chemical proper-
ties, it may be possible that these agents can have side
effects. The advantages of using StAEW as wound dressing
include its faster healing efficacy than Alc and Sal. More-
over, because acidic water has been generally recognized
as a safe compound as shown in the biocompatibility stud-
ies [13, 14], including toxicity and mutagenicty study in
wound healing [35] and even on the application on the
skin [37], the use of this agent in wound care can be more
advantageous and better alternative to harsh chemical dis-
infectants. In addition, StAEW is also well-known for its
cost-effectiveness due to its economical set-up generation
using salt and tap water.

More studies are needed to explore the crosslink of
immune response and inflammation factors and other poten-
tial parameters such as gender and use of other mice strains,
which may affect the earlier mediation of StAEW in the heal-
ing process. An in-depth study of checking the effect of
StAEW on each wound stage would be a great future study
to fully understand its effect in wound healing responses
and to take full advantage of the application of StAEW.
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Cytokines and growth factors are known to play an important role in the skin wound closure process; however, in knockout
organisms, the levels of these molecules can undergo changes that result in the delay or acceleration of this process. Therefore,
we systematically reviewed evidence from preclinical studies about the main immunoregulatory molecules involved in skin
repair through the analysis of the main mechanisms involved in the depletion of immunoregulatory genes, and we carried out a
critical analysis of the methodological quality of these studies. We searched biomedical databases, and only original studies were
analyzed according to the PRISMA guidelines. The included studies were limited to those which used knockout animals and
excision or incision wound models without intervention. A total of 27 studies were selected; data for animal models, gene
depletion, wound characteristics, and immunoregulatory molecules were evaluated and compared whenever possible.
Methodological quality assessments were examined using the ARRIVE and SYRCLE’s bias of risk tool. In our review, the
extracellular molecules act more negatively in the wound healing process when silenced and the metabolic pathway most
affected involved in these processes was TGF-β/Smad, and emphasis was given to the importance of the participation of
macrophages in TGF-β signaling. Besides that, proinflammatory molecules were more evaluated than anti-inflammatory ones,
and the main molecules evaluated were, respectively, TGF-β1, followed by VEGF, IL-6, TNF-α, and IL-1β. Overall, most gene
depletions delayed wound healing, negatively influenced the concentrations of proinflammatory cytokines, and consequently
promoted a decrease of inflammatory cell infiltration, angiogenesis, and collagen deposition, compromising the formation of
granulation tissue. The studies presented heterogeneous data and exhibited methodological limitations; therefore, mechanistic
and highly controlled studies are required to improve the quality of the evidence.

1. Introduction

Cutaneous wounds, according to the World Health Organi-
zation (WHO), represent a public problem that affects a
major part of the world population and entails elevated costs
for health systems. It is estimated that billions of dollars are
spent on the acquisition of preventive material and complica-
tion treatment every year [1]. About 85% of amputations in
diabetic patients are preceded by ulcers, and around 70% of

these patients die after five years of amputation [2–4]. Usu-
ally, patients with cutaneous wounds present not only pain
but also difficulties in everyday activities and loss of function
on the affected limb [5]. The efforts to intervene in the wound
healing process include ionizing radiation, chemical prod-
ucts, and wound dressings. However, the majority of these
efforts have not obtained the desired results, since the path-
ways through which the skin repair process could be acceler-
ated are still unclear. This is probably why current therapies
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fail to accelerate wound closure and promote a fast infection-
free recovery.

The repair process occurs when the skin is damaged and
the connective tissue is exposed [6–8]. The wound healing
process is multifaceted and composed of a phase that can
be sequential or overlapping [9]. This process is divided into
four phases: hemostasis, inflammation, proliferation, and
remodeling [6]. These phases involve the action of molecules
of cell adhesion, growth factors, and cytokines, besides
several other molecules present in the extracellular matrix
for it to be efficient [10, 11]. The cytokines and growth factors
are important in all phases of the wound healing process. At
the beginning of the process, activated platelets release
Transforming Growth Factor–β (TGF-β) and Platelet-
Derived Growth Factor (PDGF) resulting in the platelet plugs
[12]. Besides that, the degranulation products of the platelet
diffused to the extracellular matrix forming a chemotactic
gradient of orientation for leukocyte diapedesis [13]. Proin-
flammatory molecules are released in the inflammatory
phase such as interleukins IL-1, IL-2, IL-6, IL-17, and Tumor
Necrosis Factor (TNF) that promote the activation of macro-
phages, neutrophils, and mast cells and stimulate the expres-
sion of adhesion molecules [14]. Therefore, macrophages
suffer hypertrophy and metabolic increase releasing other
growth factors such as TGF-β, PDGF, and Vascular endothe-
lial growth factor (VEGF) that are responsible for the activa-
tion of endothelial cells and adhesion of molecule sand
recruitment of more phagocytes in a cyclical process. Besides,
these molecules promote the division and differentiation of
keratinocytes and fibroblasts, stimulating the production of
collagen early in the repair process [15, 16]. In the prolifera-
tive phase, TNF-α controls the angiogenesis and formation of
the tissue granulation; this is composed of cells and a network
of blood vessels responsible for reestablishing regional circu-
lation [17, 18]. The remodeling phase corresponds mainly to
changes in the extracellular matrix of the scar tissue, where
collagen type III is replaced by collagen type I and occurs
the release of mediators such as TGF-β, which stimulate the
differentiation of myofibroblasts and promote the closure of
the wound [19–21]. Also, occurs the release of IL-1, IL-6,
and TNF that act through the Nuclear Factor-κB (NF-κB)
and signal transducers and activators of transcription-3
(STAT3) pathways, which act to prevent cell death and pro-
mote cell proliferation, differentiation, and inflammation
[22, 23]. However, many more cytokines and growth factors
are present at the wound site, and their dynamic expressions
show important temporal and spatial characteristics in the
regulation of wound healing processes. Besides that, it is
known that important changes in the levels of these mole-
cules affect the production of other cytokines and growth fac-
tors [24], and this highlights the complex interactions that
occur between these compounds during wound healing.
Therefore, these interactions should be considered when
interpreting results obtained from the overexpression or
elimination of a single immunoregulatory molecule at the
wound site.

Currently, the most common and desirable animal model
for studying the effect of depletion of specific genes during
the repair process are knockout mice [25]. These animal

models are important for understanding the role of specific
genes in tissue repair, and consequently, for understanding
the mechanisms that are involved in the activation of specific
cells and the interruption of the repair process [25–29].
Despite this, some questions about the use of this animal
model may arise, mainly because this animal is not normally
exposed to cytokines and growth factors, and some of
these molecules may control more than one cellular activity
[25, 30]. However, as it presents the correct ontogenesis pro-
cess and the normal phenotype, the use of knockout mice is
considered successful in the presentation of the physiological
and pathophysiological roles of cytokines and growth factors,
and it even allows observing the compensation of these mol-
ecules activity or the exclusion of receptors excluded by their
performance. Therefore, the utilization of genetically altered
mice is a powerful method for exploring signal transduction
cascades, and it allows more clarification in studies on the
impact of single genes in wound healing [25, 30].

It is already known that cytokines and growth factors
play an important role in the closure of skin wounds, how-
ever, little is known about the design and bias of molecular
knockout studies of these small proteins and the impact that
this molecular knockout has on skin repair. In addition,
typical incisional and excisional wound models in mice are
simplistic and at best semiquantitative when used in wound
healing analysis. Moreover, a comprehensive analysis of the
impact of these molecules that may have proinflammatory
and/or anti-inflammatory function over the modulation of
important wound healing parameters has never been evalu-
ated by a systematic review. Therefore, we believe that the
results of this study will help to understand the main mecha-
nisms involved in the wound healing process and provide a
guideline for decision-makers or even researchers in the
development of new products and treatments that can accel-
erate skin wound closure. Based on a detailed analysis of
methodological bias, we also evaluated the force of the cur-
rent evidence by analyzing the advances and limitations of
the studies carried out in this field.

2. Methods

2.1. Focus Question and Registration on the Prospero
Platform. This systematic review was based on the following
focus question: How can gene depletion related to cytokines
and growth factors compromise skin repair? Second, what
are the main cytokines and growth factors analyzed in the
studies? And what are the main consequences of this deple-
tion? Third, what are the main methodological parameters
used to evaluate the evolution of the repair process in the
knockout model?

The registration number on the Prospero platform is
CRD42020163197.

2.2. Bibliographic Search. This systematic review was devel-
oped according to the Preferred Reporting Items for System-
atic Reviews and Meta-Analysis (PRISMA) guidelines [31],
which was used as a guide for the selection, screening, and
eligibility of studies. The bibliographic search was performed
on September 30, 2019, and was conducted in the following
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databases: PubMed/Medline (https://www.ncbi.nlm.nih.gov/
pubmed), Scopus (https://www.scopus.com/home.uri), and
Web of Science (https://www.webofknowledge.com). The
descriptors were structured based on search filters built for
three domains: (i) animals, (ii) wound healing, and (iii) skin.
Inside the animal domain, it was possible to select the
knockout animals using this theme (knockout animal) as
an eligibility criterion.

The filters on the PubMed/Medline platform were
constructed using a hierarchical distribution of the MeSH
Terms (Medical Subject Headings) and by the algorithm
TIAB (Title and Abstract). These filters were adapted for
research in the Scopus platform and Web of Science; how-
ever, the filter for animal studies was provided by the Scopus
platform (Table S1). The studies were filtered considering the
languages: English, Portuguese, and Spanish. Two reviewers
(BCFN and RSA) manually searched the reference lists of
studies selected in the previous step independently to find
additional relevant articles.

2.3. Selection of Relevant Studies. After an exhaustive reading
of the abstracts, we began to preselect the studies that corre-
sponded to the focus question answers. Studies that were not
primary studies, such as brief reports, literature reviews,
comments, notes, book chapters, and non-indexed studies,
were excluded. Studies with other approaches (i.e., bacteria,
virus, radiation, wound suture studies, infected wound,
treated wound, wound repair in diabetic mice, or other
pathologies) were also excluded. Studies that used only
in vitro and ex vivo studies, knockout for receptor gene, and
studies that not evaluated cytokines and growth factors were
excluded. Double knockouts were also excluded due to the
difficulty of isolating the effect of each gene on cytokines
and growth factors and consequently on the wound closure
process.

Only studies that met the following eligibility criteria
were selected:

(1) In vivo studies of skin wound healing with knockout
animals whose gene depletion is immunoregulatory molecules

(2) Studies that evaluate changes in cytokines and growth
factor expression from the analysis performed on the biopsy

2.4. Data Extraction and Management. Three independent
researchers (BCFN, MMS, and RVG) selected eligible studies
following the analysis of their titles and abstracts. The level of
agreement between these reviewers was assessed using Kappa
(Kappa = 0:914). When there was doubt, an arbitration was
requested from other independent researchers (RDN, RSA,
DE, and AKC) to decide whether any given study met the
eligibility criteria previously defined, likewise to discard
subjectivity in the data collection and selection process, the
information was extracted independently and analyzed
separately.

The data of the publications were extracted using stan-
dardized information such as (1) Publication characteristics
and animal models (authorship, country, ethics committee,
statistical analysis, lineage, gene depletion, sex, age, and
weight); (2) cutaneous wounds (antisepsis, anesthesia, instru-
ment used for biopsy, biopsy collection days, wound area,

number of wounds per animal, and wound healing assess-
ment period); and (3) cytokine and growth factor evaluation
(cytokine and growth factor analyzed, evaluation methods,
and biological material used to evaluate). After this, the data
were compared between the reviewers, and the conflict infor-
mation was corrected. The characteristics that we collected
from the studies and used for their evaluation were presented
in Table S2. Cytokines and growth factors were classified
according to their inflammatory action based on the source
cell and the mechanism of action.

2.5. Bias Analysis. The quality of the studies was assessed by
the criteria described on the SYRCLE’s Risk of Bias (RoB)
tool (Systematic Review Centre for Laboratory animal Exper-
imentation) [32] and ARRIVE (Animal Research: Reporting
of In Vivo Experiments) guideline [33]. In relation to SYR-
CLE’s, to facilitate the judgment of scientific articles through
the use of characteristics of all studies using animal models,
we made questions divided into the following subtopics:
Q1-Q3 consider selection bias, Q4-Q5 consider performance
bias, Q6-Q7 consider detection bias, Q8 considers attrition
bias, Q9 considers reporting bias, and Q10 considers other
biases. The articles in the RoB tool were marked with “yes”
(low risk of bias), “no” (high risk of bias), or “unclear” (indi-
cating that the item was not reported, and therefore, the risk
of bias was unknown). Moreover, we made three additional
questions that contributed to the judgment of the studies:
Q11: “Was the number of animals per group and the number
of animals per cage presented?” We marked “yes” whenever
the study mentioned the number of animals per group and
per cage. We marked “unclear” for incomplete answers, and
“no” whenever nothing was mentioned. Q12: “ What condi-
tions were the animals kept in?” Whenever the answer was
yes, we analyzed if the author had mentioned the tempera-
ture, humidity, light/dark cycles, water, and food. If the
author does not mention these parameters (temperature,
humidity, light/dark cycles, water, and food), we stated
the study as “unclear.” And whenever this topic was not
mentioned at all, we answered “no” for that study. Q13:
“Wound closure data were presented with follow-up days,
photos, and graphs?” We answered “yes” when the study
mentioned the method of wound evaluation in the meth-
odology and presented graphs and photos of wound
follow-ups in the results. We answered “unclear” to just
some of the information and “no” when nothing was men-
tioned. The SYRCLE chart was built using Review Man-
ager 5.3 software system. The ARRIVE strategy requires
the complete screening of all manuscript sections (abstract
to acknowledgments and funding) to evaluate the complete-
ness of scientific reports on animal studies. The screening
strategy was based on short descriptions of essential charac-
teristics such as baseline measurements, sample size, animal
allocation, randomization, experimental concealment, statis-
tical methods, ethical statement, and generalizability. A table
summarizing all relevant and applicable aspects was con-
structed considering the specificity and aims of the system-
atic review. The individual adherence to bias criteria and
the overall mean adherence were expressed as absolute and
relative values [34].
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3. Results

3.1. Characteristics of Publications. The initial research
resulted in 1130 studies on the PubMed/Medline, 850 on
the Scopus, and 297 on the Web of Science platform, totaling
2277 studies, of which 1048 were excluded because they were
duplicates. After reading the titles and abstracts, other 896
studies were excluded, and 333 studies were selected and read
in full. Of these studies, only 27 fully met the inclusion cri-
teria and were included in the systematic review (Figure 1).

The studies were conducted in United States of America
(25.9%) [27, 35–40]; Japan (18.5%) [26, 41–44]; Germany
(11.1%) [45–47]; Brazil, Canada, and China (7.4%, each)
[28, 29, 48–51]; and Australia, Singapore, Netherlands,
Spain, Taiwan, and Switzerland (3.7%, each) [52–57]. The
approval for the use of animals in experimental procedures
by the Animal Use and Care Committee was mentioned in
85.2% of the studies, and the statistical analyses performed
were specified in 81.5% of the studies.

3.2. Characteristics of Experimental Animals. All studies used
mice as the animal model and wild type as the control group
(100.0%). The animal sex was neglected in 51.9% of the stud-
ies, and 33.3% of the studies used males and just 14.8% used
females. The age was presented in months and weeks, varying
between four and 20 weeks, and 7.4% of the studies neglected
this data. The animals’ weight ranged from 19 to 30 grams
and was reported in two (7.4%) of the studies (Table S2).
Only 22.2% [29, 36, 41–43, 51] of the studies allocated the
animals individually in cages. Among the strains found in
this review, C57BL/6 (29.6%) [27, 35, 43, 46, 47, 51, 54, 55]
and BALB/c (14.8%) [26, 41, 56, 57] were the most
frequent, besides, 14.8% of the studies [38, 39, 44, 45]
omitted this information (Table S2). We found studies with
other animal models during the study selection process,
such as the rat, but these were discarded due to not meeting
the requirements of the other selection criteria.

3.3. Characteristics of Wounds. Dorsal skin wounds were
made in all 27 studies, 85.2% of studies with excision wounds,
and 14.8% with incision wounds (Table S2). There were no
similarities in the studies of excisional and incisional
wounds in relation to the days when cytokines and growth
factors were analyzed. We found other studies that
analyzed wounds in other parts of the animal body, but
these studies were not considered in this systematic review
because they did not meet the requirements of the other
selection criteria.

3.3.1. ExcisionWounds. Specifications on hygiene and asepsis
were reported in 39.1% of the studies, and most of the studies
used alcohol as antiseptics (30.4%). Two forms of anesthe-
sia were found in the studies, being ketamine and xylazine
as the most common by intraperitoneal injection (26.0%)
[27, 45, 46, 48, 55, 56] and isoflurane inhalation as the
other compound used (13.0%) [44, 50, 54]. The biopsy punch
was the surgical instrument most used to make the wounds
(52.2%). Eighteen studies (78.3%) presented data regarding
the number and size of wounds, and 21.7% did not provide
clear information regarding the number of wounds. The

most common size of the wounds was 6mm (33.3%), and
the number of wounds found per animal was two (29.6%).
Just 43.5% of studies presented data about the days of
wounds biopsy, only 8.7% of the studies [26, 41] carried out
the collection of material on 1, 3, 6, 10, and 14 days. The
period of evaluation and presentation of data related to
wound closure follow-up was presented in 82.6% of studies,
and this information was neglected by 17.4% of the studies,
as shown in Table S2.

3.3.2. Incision Wounds. Among the studies that evaluated
incision wounds, antisepsis, and anesthesia, specifications
were reported just in 50.0% [39, 40] of the studies. Regarding
the instrument used to perform the wounds, 25.0% of the
studies used a scalpel to make the wounds; and this informa-
tion was omitted in 75.0% of the studies. Half of these studies
presented data regarding the number and size of wounds, one
study [57] with two wounds per animal, and another
study [39] with four wounds per animal; in addition, these
studies showed wounds of similar size, 1 cm. Two studies
(50.0%) [39, 40] presented the collection days of wounds
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Full-text articles excluded:
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Treated wound (n = 67)
Not accessible (n = 2)

Not evaluated cytokine (n = 97)
Full-text included in
qualitative synthesis

(n = 27)

Studies identified from
references lists

(n = 0)
Studies included in the

systematic review
(n = 27)

Figure 1: PRISMA diagram. Different phases of the selection of
studies for conducting qualitative and quantitative analyses. Flow
diagram of the systematic review literature search results. Based
on “Preferred Reporting Items for Systematic Reviews and Meta-
Analyses: The PRISMA Statement.” http://www.prisma-statement
.org. From: Moher D, Liberati A, Tetzlaff J, Altman DG, The
PRISMA Group (2009).
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but there was no similarity. The period of evaluation of
wound healing was presented in all studies (100.0%), as
shown in Table S2.

3.4. Gene Depletion on Wound Healing. Considering the 27
studies evaluated, a total of 30 gene depletions were analyzed.
Most of the gene depletion analyzed (60.0%) showed negative
effects in the wound healing process, and seven gene deple-
tions showed accelerated wound healing. This probably
occurred due to the anti-inflammatory and proinflammatory
characteristics of some molecules, and in some cases, the
same molecule presented both functions. Moreover, five gene
depletions showed no interference in the healing process.
The predicted location of the depleted genes was defined
based on the location of the corresponding protein, so
we found eight genes located exclusively in the extracel-
lular matrix (Interferon-gamma (IFN-γ), Granulocyte-
Macrophage Colony-Stimulating Factor (GM-CSF), Throm-
bospondin (TSP1 and TSP2), Matrix Metalloproteinase
(MMP9 and MMP13), Lumican (Lum), and Myostatin
(Mstn)). Eight genes were located in the intracellular space
(Transcription factor NF-E2-related factor 2 (Nrf2),
Mitogen-Activated Protein Kinase-2 (MK2), Serine/threonine
kinase (Akt1), Smad3, Neuronal protein 3.1 (P311), Transcrip-
tion factor proto-oncogene c-Myb (c-Myb), Peroxiredoxin 6
(Prdx6), and 5-Lipoxygenase (5-LO)). Three proteins were
located in the plasma membrane (Natural resistance-
associated macrophage proteins (Nramp1), Connexin 43
(Cx43), and Inducible Costimulator (ICOS)). Other genes
expressed proteins located in different regions of the cells, as
in the extracellular matrix and intracellular space (basic Fibro-
blast Growth Factor (bFGF), Interleukins (IL-6 and IL-10),
Keratinocyte Growth Factor (KGF), and MMP8), two were
located in the intracellular space and plasma membrane
(MMP14 and Inducible Costimulator Ligand (ICOSL)), and
one alpha-klotho (α-kl) was located in the extracellular matrix
and plasma membrane, while one Heme Oxygenase 2 (HO-2)
was present in these three locations (Table 1).

Among the studies, twenty-one (77.8%) corresponds to
the depletion of immunoregulatory genes that influence cyto-
kine and growth factor expression. We can highlight P311
(TGF-β and VEGF); TSP: (TGF-β and VEGF); MK2 (GM-
CSF, IFN, IL-6, IL-1β, and TNF); ICOS, and ICOSL (IL-6,
TNF-α, Connective Tissue Growth Factor (CTGF), TGF-β,
PDGF, VEGF, and IFN-γ). Six (22.2%) [26, 35, 38, 41, 46,
51] studies analyzed the depletion of cytokines and growth
factors; among them, we can point IL-6, IL-10, bFGF, IFN-
γ, KGF, and GM-CSF. Although all the studies included in
this review have analyzed the depletion of immunoregulatory
genes, just 25.9% studies presented clear data on tests per-
formed to verify the absence of the depleted molecules, since
some molecules can be produced by other stimuli (Table 1).
Some studies evaluated more than one gene depletion
(11.1%) [36, 42, 43], and different studies that analyzed the
same depletion (14.8%), for example, two studies analyzed
the effects of the TSP2 depletion [36, 37] and two studies
analyzed the effects of the P311 depletion [27, 28].

Thirteen (48.1%) studies were related to gene depletion
that influenced the organization and deposition of collagen

fibers; among them, 29.6% of the studies showed a reduction
of collagen fibers at the wound site, 14.8% of the studies
showed an increase in collagen deposition, and 7.4% pre-
sented results similar to wild type (Table 1). Fourteen studies
(51.8%) presented clear data on the presence of inflammatory
cells in the wound area, being that eight studies presented a
reduction, four presented similar results to wild type, and just
two presented an increase in these cells. Another mechanism
that has been thoroughly analyzed was angiogenesis and
vascularization. Six (22.3%) studies presented reduction for
these important parameters in the wound healing process,
four (14.8%) presented an increase, and two (7.4%) did not
present alterations on these markers (Table 1).

Furthermore, some individual study results were some-
what conflicting, for example, P311 gene depletion, in which
one study showed that the depletion of this gene resulted in
delayed wound closure, while in the others, the changes were
not significant when compared to the wild type. In addition,
these results demonstrated that direct gene depletion of
immunoregulatory molecules that indirectly control the
cytokines and growth factors can influence one specific or
several cellular pathways and consequently proinflammatory
and anti-inflammatory molecules reflecting a delay or accel-
eration of the wound healing process (Table 1). Therefore,
we observed that the depletion of some genes delays the heal-
ing process because it promotes a decrease in cellular activity
in the inflammatory, proliferative, and remodeling phases.
On the other hand, the gene depletions related to improve-
ments in the repair process are mainly related to the prolifer-
ation and remodeling phases of skin repair.

3.5. Main Characteristics and Methodologies Applied in the
Investigation of Immunoregulatory Molecules in Wound
Healing. All studies selected in this systematic review used
wound tissue for cytokines and growth factors evaluation,
and the predominant evaluation methods were Enzyme-
Linked Immunosorbent Assay (ELISA) (29.6%), followed
by Reverse Transcription Polymerase Chain Reaction (RT-
PCR) (18.5%) (Table S2). The materials extracted from the
wound tissues used for these analyses were RNA (55.5%)
and protein (37.0%) (Table S2 and Figure 2).

3.5.1. Cytokines and Growth Factors Analyzed. The gene
depletion using exclusively proinflammatory molecules was
done in 22.2% of the studies, we can highlight IL-1α, IL-1β,
IL-12, IL-18, GM-CSF, Acid Fibroblastic Growth Factor
(aFGF), Basic Fibroblastic Growth Factor (bFGF), Epidermal
Growth Factor (EGF), CTGF, PDGF, VEGF, VEGF-A, TNF,
TNF-α, and TGF-β2. Most of the studies (81.4%) analyzed
molecules with both functions (IL-6, Angiopoietin (Ang-2),
IFN- γ, TGF- β, and TGF-β1). Only four studies (14.8%)
analyzed the effect of gene depletion exclusively in anti-
inflammatory molecules (IL-4, IL-10, Ang-1, and TGF-β3)
(Table 1).

Among the most studied cytokines and growth factors,
we can highlight TGF-β1 (40.7%), followed by VEGF
(33.3%), IL-6 (18.5%), TNF-α (18.5%), and IL-1β (14.8%)
(Figure 2). These molecules are involved in the different
phases of the wound healing process, such as inflammation,
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cell migration, granulation tissue synthesis, and reorganiza-
tion and synthesis of the Extracellular Matrix (ECM), and
reepithelization. Seven studies (25.92%) showed reductions
in these molecules, consequently, a delay in wound closure
and a decrease in the wound healing process (Table 1).
Another important studied molecule was IFN-γ (11.1%),
whose direct depletion promoted an accelerated wound heal-
ing, with increased angiogenesis and collagen deposition, but
curiously, when IFN-γ was indirectly evaluated as the result
of the depletion of other genes, for example, ICOS and
ICOSL, the reduction of these molecules contributed to
delaying the wound healing process. These findings indicate
that the depletion mechanisms are complex, able to interfere
with various cytokines and growth factors, and capable of
acting on several pathways, and this reflected on the phases
of the wound healing process.

Among the anti-inflammatory cytokines studied, we can
highlight gene depletion related to IL-10 cytokine (11.1%)
[29, 43, 46]. The studies showed that the reduced expression
of IL-10 promoted a fast-wound closure and decreased gran-
ulation tissue formation and proliferation of the myofibro-
blasts, neutrophils, and macrophages. However, only one
study (3.7%) [46] demonstrated that this cytokine was
depleted in the tissue, which increased angiogenesis, high
myofibroblast differentiation, macrophage infiltration, and
collagen deposition (Table 1), reinforcing the role that anti-
inflammatory modulation molecules play on the inflamma-
tory phase during skin wound.

3.6. Other Analyses. In general, studies identified in this
review support the evidence that the depletion of immuno-
regulatory genes did affect the wound healing process.
Although all studies have performed histological and quanti-
fication of cytokine in the wound tissues, some studies have
also performed other techniques, some of which have caught
our attention due to the relevance of this process. One study
[45] (3.7%) performed oxidative analyses and observed that

the knockout of Prdx6 left endothelial cells more sensitive
to the occurrence of oxidative stress during inflammation
resulting in severe hemorrhage in the granulation tissue.
Two studies (7.4%) [26, 41] performed Myeloperoxidase
(MPO) assay to assess neutrophil infiltration and observed
lower MPO activity and neutrophil infiltration in the knock-
out mice. Four studies (14.8%) [29, 36, 51, 54] performed
chemokines analyses and observed the reduction of Mono-
cyte Chemoattractant Protein (MCP-1) and Macrophage
Inflammatory Protein (MIP-1 and MIP-2) in the knockout
mice. These findings showed that markers of oxidative stress
are important tools in evaluating the redox balance of healthy
and damaged tissues, mainly in the inflammatory phase,
indicating in general, damage in tissue, and a delay in wound
closure.

3.7. Risk of Bias andMethodological Quality Assessments. The
reporting bias based on SYRCLE analysis was detailed in
Figures 3 and 4. None of the studies fulfilled all methodolog-
ical criteria of bias risk (100.0%). The sequence generation
process (Q1) was not reported in any of the studies
(100.0%). The similarity of animal characteristics to each
other (Q2) was not reported clearly in 26 studies (96.3%).
The information about allocation concealment (Q3), random
housing (Q4), blinding of caregivers (Q5), and random out-
come assessment for detection bias (Q6) were not clear in
any of the studies (100.0%). Moreover, the outcome assessor
was not reported to have been blinded (Q7) in 21 studies
(77.7%). Incomplete outcome data (Q8) were shown in 17
studies (62.9%). Nine studies (33.3%) presented a high risk
for reporting bias (Q9), and ten studies (37.0%) did not pres-
ent other potential sources of bias (Q10). Three other quality
indicators were used to assess the methodological quality of
the studies, just 3.7% of the studies reported the distribution
of animals by group and cage (Q11), nine (33.3%) studies
presented unclear data about animal conditions (Q12), and
51.8% of studies presented clear data on wound closure
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Angiogenesis
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Figure 2: A schematic diagram showing the influence of different immunoregulatory genes of knockout mice on the wound healing process,
the main phases affected by genetic silencing, and consequently the main mechanisms involved in this process, and the most common
techniques used for this type of analysis. KO: Knockout; ELISA: Enzyme-Linked Immunosorbent Assay; RT-PCR: Reverse Transcription
Polymerase Chain Reaction; qPCR: Real-Time quantitative Polymerase Chain Reaction; IHC: Immunohistochemistry; TGF-β1:
Transforming Growth Factor beta 1; VEGF: Vascular Endothelial Growth Factor; TNF-α: Tumor Necrosis Factor-alpha; IL-6: Interleukin-
6; IL-1β: Interleukin-1 beta; ep: epidermis; dm: dermis; inf: inflammatory molecules.
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follow-up (Q13). The results of the ARRIVE analysis show
that the most recent studies have better met the methodolog-
ical quality criteria analyzed (Table S3 and Figure 5). None of
the studies fulfilled all methodological criteria, and the mean
quality score of all studies reviewed was 46:3 ± 9:1. No study
reported the number of animals per group, blinding and
randomization of the experiment, total number of animals,
how to choose the sample size and repetitions, complete
details of how the animals were allocated to the
experimental groups, or the health status of the animals.
Most studies presented analysis results carried out with
precision measurements (96.3%), data on authorizations for
use of animals (85.2%), and statistical analyses (81.5%). The
characteristics of the animals that were most mentioned
were the age (92.6%) followed by the strain (85.2%).
Anesthesia (63.0%) was more addressed among the
important items of surgical procedures, and the absence of
pathogens (37.0%) was the most mentioned characteristic
about accommodation place.

4. Discussion

4.1. General Characteristics of the Studies. In our study, we
conducted a systematic review to investigate the direct influ-
ence of gene depletion of immunoregulatory molecules in the
wound healing process. In addition, we analyzed the method-
ological quality of the studies that address this theme. We
found 27 studies that met all the selection criteria. Optimism
in this field has been tempered by some limitations of this
animal model usage in wound healing studies; mainly, they
required a substantial amount of the resources in terms of
time and expense to be developed. This type of research
requires laboratories with sufficient technology to identify
changes in the cytokines and growth factors profile, and this
condition is easily found in economically strong countries.
Moreover, there are high costs for acquiring knockout ani-
mals since few laboratories are equipped for generating to
create their knockouts. These points may justify our findings
for the predominance of the studies in countries such as the
United States of America, Germany, and Japan. Another
interesting result about characteristics in the studies was that
the gene depletion of the proinflammatory molecules was
preferably analyzed when compared to that of the anti-
inflammatory molecules. Probably, this has occurred because
there is no consensus about the time-independent and
concentration-dependent responses to individual proinflam-
matory cytokines. Furthermore, proinflammatory molecules
are involved in the initial phase of the cutaneous healing pro-
cess and are important to modulate all phases of this process.
Within these phases, we can highlight the following points:
hemostasis phase, characterized by the clearing of wound
debris by inflammatory cells, and it occurs during the initial
response. Granulation tissue formation and angiogenesis
start the generation of a new provisional wound matrix. Both
extracellular matrix synthesis and its appropriate degrada-
tion are necessary, especially during proliferation and
remodeling. Therefore, the depletion of these molecules can
compromise the whole healing process.

4.2. Animal Characteristics. Mice were the main animal
model used for the study of gene depletion on the wound
healing process. These results were expected since mice share
many genes with humans, and consequently, knockout mice
give crucial information that can be used to better under-
stand this disease in humans. Additionally, rats and mice
are popular experimental models because of their low cost,
availability, and ease of care and handling, allowing
researchers to use a relatively large number of animals for
their experiments, thereby generating a greater degree of reli-
ability in the results [58–65]. On the other hand, knockout
mice also offer a biological context in which drugs and other
therapies can be developed and tested [66]. Therefore,
knockout mice still offer one of the most powerful means
today for studying gene functions in a living animal. About
the wound healing process, mice are organisms applied in
studies for wound healing because this model allows the
histological monitoring of the process [67]. Moreover,
this model allows the realization of macroscopic, bio-
chemical, and biomechanical measurements [68]. Despite
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Figure 3: Bias risk results and methodological quality indicators for
all studies included in this systematic review that evaluated the effect
of gene depletion on excisional and incisional wounds. Q1: Was the
allocation sequence adequately generated and applied? Q2: Were
the groups similar at baseline or were they adjusted for
confounders in the analysis? Q3: Was the allocation to the
different groups adequately concealed? Q4: Were the animals
randomly housed during the experiment? Q5: Were the caregivers
and/or investigators blinded from knowledge regarding which
intervention each animal received during the experiment? Q6:
Were animals selected at random for outcome assessment? Q7:
Was the outcome assessor-blinded? Q8: Were incomplete
outcome data adequately addressed? Q9: Are reports of the study
free of selective outcome reporting? Q10: Was the study free of
other problems that could result in a high bias risk? Q11: Was the
number of animals per group and number of animals per cage
presented? Q12: What conditions were the animals kept in? and
Q13: Wound closure data were presented with follow-up days,
photos, and graphs?
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the advantages of mice models, there are also some negative
points to the use of this animal model, such as skin character-
istics. Rodents are loose-skinned animals with a panniculus
carnosus layer and lack well-developed deep attachments to
the skin compromising the study of important phases of the
wound healing process, like granulation tissue formation
and reepithelization. However, the positive points outweigh
the negative ones for this model because mice, rats, and
humans exhibit the same stages of wound healing, with
immunoinflammatory and microstructural convergences,

based mainly on similar profiles of regulatory molecules
(i.e., cytokines and growth factors) and composition of
extracellular matrix (i.e., glycosaminoglycan’s, collagen,
and noncollagen proteins).

Most studies founded in this review did not provide
sufficient information on methodology development. For
example, most of the studies did not present data regarding
the sex of the animals although this is a very important piece
of information since studies using females are subject to
more variation due to their hormonal changes [67]. Another
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interesting point is related to age, although some variations
were reported, the experiments used animals within similar
age ranges; this is an important feature of the studies that
evaluate wound healing because the aging of mice influences
wound closure, reepithelization, and filling of granulation tis-
sue [69]. Surprisingly, only six studies mention that the mice
were housed individually in cages. This is an important point
because when placed in individual cages, there is no interfer-
ence from the saliva of other animals in the wound closure
process, and also, there is a reduction of injury risk and
aggravation of the wound under analysis [67]. As shown,
the lack of information about animals and their care, or even
the neglect of certain characteristics of the experimental
design, can compromise the results, thus increasing the bias
of the studies, and consequently, reducing the reliability of
the results found.

4.3. Wound Healing Characteristics. Considering the charac-
teristics of the wound, most studies used an excisional
wound, a model that generally presents high precision and
few variations for wound healing evaluation, so in general,
this model is efficient in comparing wild type and genetically
modified animals [70]. Besides that, another important
parameter that must be analyzed is the spatial position of

the wounds because the choice of the proper location allows
minimizing differences and interferences, mainly about ten-
sile strength and skin tissue resistance [67]. In our revision,
all studies made dorsal wounds on the mice. Probably, this
location was chosen because, in this location, the mice cannot
lick the lesion area, which could interfere with the reliability
of the results, since it has been confirmed that licking behav-
ior can promote wound healing because the salivary gland is
a reservoir for many growth factors in rodents [71]. Further-
more, the dorse is an appropriate area to perform a biopsy
because it is easy to manipulate and allows obtainment of a
sufficient quantity of tissues to study the contraction index
of wound and reepithelization rates, and consequently, total
tissue repair [72].

Among the surgical instruments used to perform skin
excision biopsies, the punch was the most used, possibly
due to this instrument presenting defined measures, and
thus, ensuring that all wounds are the same size. As men-
tioned earlier, the evaluation periods of the wound healing
process were different for excision and incision models, this
must-have occurred because the models have distinct charac-
teristics. Incision wounds heal by primary intention, and
excision wounds heal by second intention [73]. Moreover,
we observed that the biopsy collections for histological
analysis and immunoregulatory molecules did were not per-
formed daily to accompany the wound healing process. This
probably occurred because performing biopsies every day
may be impracticable due to a large number of animals and
to the fact that the wound healing phases occur in several
phases for several days. Although the repair phases are not
mutually exclusive but overlapped over time. It is possible
to estimate the days for each phase. Approximately, the
inflammatory phase will occur from day 1 to day 3, the pro-
liferative phase from day 2 to day 14, and the remodeling
phase would start on day 13 [74]. Based on this, the
researchers can select the best moments to perform the anal-
yses to attend all phases of the wound repair, since the
moment of the analyses are critical and must include clear
information not only for macroscopic closure but also for
histological analysis and immunoregulatory molecules.

4.4. Analysis of Cytokines and Growth Factors in Skin Wound
Healing Process.Cytokines and growth factors are considered
biomarkers that make it possible to understand the progres-
sion of repair processes because, in high concentrations, they
indicate activation of inflammation and proliferation-related
pathways, which is very important for the wound healing
process [75, 76]. Currently, several tests allow measuring
the concentration of cytokines and growth factors, being
ELISA tests and PCR technologies widely used. However,
ELISA has limitations as it does not provide information on
the biological potency of the detected proteins and fails to
provide information to indicate the identities and frequencies
of the individual cytokine and growth factor producing cells
[77]. Whereas the RT-PCR, which was the most used PCR
type in the studies found in this review, use the specific
mRNA expression of the molecule evaluated for the analysis
of cytokines for the minimum amount of molecules released
by cells [78]. This allows the quantitative comparison of these
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molecules in different targets [79]. This test is widely used for
this type of analysis, and its execution is considered as quick
and easy, although its results may differ from those found by
the ELISA test and do not provide exact information on the
concentration of cytokines [78]. Thus, it is necessary that
when performing the analysis of cytokines, the person in
charge evaluates the available methodologies and chooses
the one that meets their demands with a greater degree of
sensitivity to obtain reliable data.

The important role that cytokines and growth factors
play in the wound healing process is already known. How-
ever, this systematic review is the first to investigate and com-
pare the most studied cytokines and growth factors as well as
their behavior in different pathways. Our findings showed
that the depletion of the most studied immunoregulatory
genes was TGF-β1 followed by VEGF. TGF-β1 has impor-
tant functions in the wound healing process mainly in the
regulation of inflammation and also in the accumulation of
collagen and resistance of ECM [80]. Additionally, VEGF
has played an important role during the skin repair process,
as it stimulates angiogenesis, which is essential for the trans-
port of oxygen and nutrients to the wound site. It influences
the recruitment of inflammatory cells, granulation tissue for-
mation, fibroblasts proliferation, and remodeling tissue [81].
Overall, the depletion of these genes negatively influenced the
production of other proinflammatory cytokines and conse-
quently promoted the decrease of inflammatory cell infiltra-
tion, angiogenesis, and collagen deposition. These genes are
important in the regulation of keratinocytes and fibroblasts
proliferation and consequently on the recovery of the skin
tissue which justifies the fact that most studies evaluated
the action of these molecules in the cutaneous lesions. Inter-
estingly, there were conflicting results when other genes were
analyzed, for example, our findings indicated that the reduc-
tion or silencing of proinflammatory cytokines and growth
factors like GM-CSF, bFGF, and IL-1β showed a negative
impact on the skin repair process. These findings corroborate
with previous evidence that GM-CSF influences important
phases of the repair process because it promotes neovascular-
ization and collagen deposition and contributes to the
composition of the vascular collagenous matrix [81], and
consequently, represents important markers to understand
the main proinflammatory mechanisms involved in the
wound healing process.

Other constantly studied molecules were the interleukins,
and the signaling pathway IL-1β cytokine was one of the
most frequently analyzed in studies, and its action is related
to the activation of the pathway of NF-κB and Mitogen-
activated protein kinases (MAPK) [82–84]. Both survival
and proliferation pathways promote the activation of Toll-
like receptors, which contribute to the activation and regula-
tion of the immune response [85]. The NF-κB corresponds to
a family of inducible transcription factors, which regulates
genes involved in the immune and inflammatory responses
[86]. It induces the expression of various proinflammatory
genes, like cytokines, and regulates the survival, activation,
and differentiation of inflammatory and innate immune cells
[87]. The MK2 is a serine/threonine kinase of the p38 MAPK
pathway, and it was a genic depletion studied in this review.

This depletion resulted in delayed wound healing, a decrease
of angiogenesis, and collagen deposition. This probably
occurs because the MK2 phosphorylation is important for
cell cycle regulation, acting on remodeling, cell development
and migration, and cytokine production [88–91], and in their
absence, these processes can be affected. The IFN-γ is an
important cytokine in the activation of pathways involved
with the cell cycle; interestingly, this depletion promoted
accelerated wound healing. The interferon family is divided
into three types of IFN, with IFN-γ being a cytokine involved
in the adaptive immune response. These cytokines have been
playing a key role in the activation of proinflammatory mac-
rophages [92, 93] and act with anti-inflammatory function
modulating proinflammatory cytokines and apoptosis [94].

In our review, the lack of studies and analyses per-
formed with cytokines and growth factors exclusively anti-
inflammatory functions was evident, and this calls into
question the accuracy of the presentation of the effect of these
molecules in the wound healing process. However, gene
depletion of IL-10 showed beneficial effects for the repair
process with increased epithelization, macrophages infiltra-
tion, angiogenesis, collagen production, and myofibroblasts
differentiation. Besides, the depletion of these cytokines stim-
ulated the expression of other cytokines such as VEGF-A,
important for skin wound healing. In addition, IL-10 acts
as balancing cellular signaling by inhibiting proinflammatory
cytokines, inhibiting the antigen presentation by dendritic
cells, or inhibiting macrophage activation and infiltration
into the site of the wound [95]. Another interesting point
was that few studies in this review have evaluated cytokine
isoforms and growth factors such as three isoforms of TGF-
β (TGF-β1, TGF-β2, and TGF-β3) [27], isoform VEGF-A
[46], and isoforms Ang-1 and Ang-2 [53]. However, the
study of different isoform assessment whenever possible is
important because these may be antagonistic to each other,
have different functions, and applications in the wound heal-
ing process. Based on these findings, we see the importance of
evaluating cytokines and growth factors, including their iso-
forms, since they have important functions for each phase
of the wound healing process and act in different pathways
in the entire process.

4.5. Other Analyses. Analyses of oxidative stress are very rel-
evant when we study the wound closure process because
inflammation occurs in skin lesions, thus macrophages pro-
duce free radicals through the respiratory burst process, such
as Reactive Oxygen Species (ROS) that promote changes in
lipids, proteins, and cellular DNA impairing cellular longev-
ity [96, 97]. As mentioned previously, in some studies, we
found the oxidative analysis of wound tissues and analyses
associated with free radicals in these same tissues; however,
in some cases, the participation of the molecules analyzed
in the oxidative processes is not clear. The MPO is an enzyme
that catalyzes the formation of ROS because it reacts with
hydrogen peroxide forming free radicals, which results in
oxidative damage to the tissue in case of imbalance with
antioxidant enzymes [98–100]. While MCP-1, MIP-1, and
MIP-2 are chemokines related to inflammation. MCP-1 in
high concentrations generates respiratory explosion and
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consequently the release of ROS [101]. MIP-1 and MIP-2 are
produced by various inflammatory cells, recruit and activate
neutrophils [102], and these produce ROS which under nor-
mal conditions, eliminate damaged tissue, but in excess cause
tissue injuries [103].

As seen, there are several possibilities to estimate the
occurrence of oxidizing activity in tissues, and these analyses
are extremely important to rule out factors that interfere with
the wound healing process, as it is known that the excessive
production of ROS impairs healing [97].

4.6. Synthesis of the Mechanistic Theory of Studies. Although
all studies have analyzed the influence of the depletion of
immunoregulatory genes on the wound healing process, not
all of them make clear the main mechanisms involved in this
process after specific gene depletions, even though this infor-
mation is important to justify the analysis. In addition, it is
important to consider that the depletion of a gene can gener-
ate a chain reaction and impair the entire repair metabolic

process [52]. However, our findings showed that there were
three points based on the location of the corresponding pro-
tein that directly interferes in the wound healing process,
which are (1) extracellular molecules; (2) intracellular mole-
cules; and (3) membrane molecules. Although all molecular
locations have distinct and important functions in cellular
processes, we can see that extracellular molecules act more
negatively in skin wound healing when silenced (Figure 6),
probably because they act as signals for several important
metabolic pathways. In addition, some molecules that have
different locations may do different functions depending on
their location and not participate in repair-related metabolic
pathways, for example, bFGF in the extracellular space acts
on metabolic pathways that result in cell proliferation, migra-
tion, differentiation, and apoptosis, while in the intracellular
environment, this molecule acts on antiviral immunity [104].

As the studies are quite heterogeneous and the type of
gene depletions is different in most of the studies, it has
been difficult to determine the real impact of depletion
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Growth Factor Receptor; TGF-β R: Transforming Growth Factor-β Receptor; NFE2L2/Nrf2: Nuclear Factor, Erythroid 2 Like 2; JNK:
c-Jun N-terminal kinase; IFN-γ: Interferon-gamma; JAK/STAT: Janus Kinase Signal Transducer and Activator of Transcription.
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of immunoregulatory genes on wound healing. However, we
observed that extracellular molecules act more negatively in
the wound healing process when silenced, and the TGF-β
family of growth factors has been addressed frequently in
studies and mechanistic theories, which suggests that this
molecule is very important for the wound healing process,
mainly due to its participation in the TGF-β/Smad pathway
that has so many other linked metabolic pathways. TGF-
β/Smad signaling pathway is involved in the regulation of
proliferation, differentiation, and survival or apoptosis of
many cells. In addition, Smads are phosphoproteins, which
when phosphorylated start signaling the TGF-β family,
which results in a cascade of protein-protein and protein-
DNA interactions [105]. Macrophages and TGF-β1 were fre-
quently mentioned in explaining these processes, this is
probably because macrophages play an important role in
the repair process, since they act by secreting growth factors
like TGF-β and inflammatory mediators important for colla-
gen deposition, wound contraction, and angiogenesis, while
TGF-β1 performs functions at all phases of the repair pro-
cess, is essential for regulating collagen deposition [106],
and can stimulate VEGF transcription in various cells
[80, 107]. In addition, there are reports of changes in
TGF-β levels of different forms, either by kidnapping by
competition for the receptor or by sequestering TGF-β
by other molecules, as Decorin [108].

Although the other metabolic pathways were less affected
(Figure 6), they are also important for the occurrence of the
repair process and can act in several biological processes,
such as inflammation, proliferation, remodeling, growth
and cell differentiation, on the immune system, and tissue
repair [109–112]. We also found molecules related to path-
ways that result in apoptosis, such as extrinsic and intrinsic
apoptotic signaling pathways. The activation of these path-
ways results in a cascade of proteases, the caspases, resulting
in cell death [113] and acts in removing unwanted cells [114].
In addition to the pathways that act directly on the wound
healing process, we had depleted genes that are involved in
pathways related to ROS, such as 5-LO in Lipoxygenase sig-
naling pathway and Nrf2 in Nuclear factor, erythroid 2 like
2 (NFE2L2/Nrf2) signaling pathway. Even 5-LO can activate
Nrf2 which has a cytoprotective effect [115, 116]. Some mol-
ecules, such as matrix metalloproteinases, were not linked to
metabolic pathways involved in the wound healing process,
but they play an extremely important role in this process,
their silencing results in prolonged inflammation and
delayed wound closure.

5. Methodological Quality of the Animal Studies

Genetic advancements in recent years have made mouse
models of human disease processes increasingly popular con-
sidering their numerous other advantages. However, no sys-
tematic review has been reported to investigate the impact of
depletion of immunoregulatory genes on wound healing. The
main strength of this study is its novelty and the applied find-
ings that can be useful to provide a direction for future stud-
ies in this field and the development of decision-making for
therapeutic alternatives. Also, the metabolic network descrip-

tion of this study may help to understand the main mecha-
nisms involved in the alterations triggered by gene
depletion and, consequently, the translation to the human
health assessment. Therefore, systematic reviews are essential
tools for summarizing evidence accurately and reliably,
assisting risk assessment, and providing evidence of the ben-
efits of health-related interventions [117].

This review also has some limitations. The bias analysis
demonstrated that fundamental characteristics, such as ran-
dom sequence generation or random outcome assessment
and blinding of participants (caregivers and outcome asses-
sor), were not reported in the studies. In addition, some
records provided incomplete outcome data and insufficient
information, which affect the accuracy of the results. Overall,
the evidence of the individual studies showed wide heteroge-
neity and so it was not possible to compare the data statisti-
cally. This kind of comparison should be avoided because it
generates evidence that presupposes an apparent external
validity (generalizability), which is not supported by the
available data set. In this sense, we identified that each study
presented marked differences regarding the experimental
model and methods of data collection, analysis, and interpre-
tation, as well as biopsy procedures, wound monitoring, eval-
uation of immunoregulatory molecules, and mechanisms
involved in the healing process contributing to the increased
risk of bias. In individual studies, each element of methodo-
logical bias is associated with some degree of variability in
the research outcomes, with a direct impact on the quality
of evidence. However, it is important to emphasize that all
types of reviews have limitations, and these limitations are
more evident in systematic review studies once flaws in
methodological and incomplete reports can produce inaccu-
rate and unreliable conclusions. In our case, the major limita-
tion was the heterogeneity of the studies, which makes it an
arduous task to compare them. Therefore, considering these
analytical limitations, we developed a systematic review
admitting its intrinsic qualitative nature by describing
important points of bias, and we hope to contribute to future
studies on avoiding those elements of bias that impair the
quality of evidence.

6. Conclusion

Despite these limitations, our results support that is very
important to evaluate and understand the role of cytokines
and growth factors during the wound healing process, once
these molecules have specific and important functions for
each phase of the process acting in different pathways. In
our review, we observed that extracellular molecules act more
negatively in the wound healing process when silenced
compared to intracellular and membrane molecules and
the metabolic pathway more studied in the cutaneous pro-
cess was TGF-β/Smad, and emphasis was given to the
importance of the participation of macrophages in TGF-β
signaling. In addition, the main molecules studied in knock-
out models in the healing process were the inflammatory
cytokines and growth factors TGF-β1, VEGF, IL-6, TNF-α,
and IL-1β and, consequently, the most investigated wound
healing mechanisms were inflammation, angiogenesis, and
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consequently granulation tissue formation and collagen
deposition. Besides that, some studies do not mention the
participation of the molecules of gene depletion in metabolic
pathways, which hinders the understanding of their role in
wound healing mechanism. By using the right methodologies
with the minimum risk of bias, we will be closer to finding
specific biomarkers for wound healing. Overall, our findings
provide new insights into the mechanisms of gene depletion
in the wound healing process. However, the fragility of the
current studies was evident, given that the majority presented
unclear results, which can prevent the reproducibility of most
of the studies considered in this review.
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Background. Despite the wide range of medical dressings available commercially, there is still a search for better biomaterials for use
in the treatment of especially difficult-to-heal wounds. For several years, attention has been paid to the use of substances,
compounds, and even whole plants in medicine. Flax is a plant that has been used as a dressing for thousands of years.
Therefore, we decided to test flax fibres that had previously been genetically modified as a potential wound dressing. Materials
and Methods. In this study, two modified flax fibres and their combinations were tested on cell lines (mice fibroblast, normal
human dermal fibroblast, normal human epidermal keratinocytes, human dermal microvascular endothelial cell, epidermal
carcinoma cancer cells, monocyte cells). In the tests, fibres of the traditional flax (Nike) were used as a control. Several
experiments were performed to assess cell proliferation and viability, the number of apoptotic cells, the cell cycle, genotoxicity,
the level of free oxygen radicals, and determination of the number of cells after 48 hours of incubation of cell cultures with the
tested flax fibres. Results. The obtained results confirm the positive influence of flax on the used cell lines. Both traditional fibres
(Nike) and genetically modified fibres increased the proliferation of fibroblast cells and keratinocytes, reduced the level of free
oxygen radicals, and influenced the repair of DNA damage. At the same time, the tested flax fibres did not have a
proproliferative effect on the neoplastic cell line. Interestingly, genetic modifications had a stronger impact on the proliferative
activity of fibroblasts, keratinocytes, and microvascular endothelium compared to the traditional flax fibre used. Conclusions. In
this study, the positive properties of the tested flax fibres on cell lines were proved. In the next stage, it is worth carrying out
in vivo tests of tested genetically modified flax fibres.

1. Introduction

It is well known that linen was used in medicine in ancient
times. It was used, among others, to dress wounds and stabi-
lize fractures [1]. Wound care was important, for example,
due to frequent armed conflicts. In Mesopotamia, linen was
used as bandages and tampons. However, wool material
was more popular [1]. Cotton wool, made from the cotton

tree, was known from the rules of Assyrian king Sennacherib
[1]. Some texts give detailed instructions for surgery with a
scalpel, including postoperative care such as the dressing of
operations sites with oil-soaked linen bandages [2]. AMT
16/5 text describes the support of an infected purulent wound
using honey-soaked linen compresses [3].

In Ancient Egypt, linen was the basic dressing material
used in various forms. For example, it is mentioned in
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medical Edwin Smyth Papyrus: “…thou shouldst make for
him two swabs of linen, (and) thou shouldst clean out every
worm of blood which has coagulated on the inside of his nos-
tril” [4]. It seems to be that treatment with linen, oil, and
honey was considered standard wound dressing for soft tis-
sue injuries in Ancient Egypt as it is recommended in 30
out of the 48 cases in the Edwin Smith Papyrus. Linen was
used for its absorptive properties, which is useful in drawing
moisture and lymph away from the wound [4]. Similarly to
Mesopotamia, it was also used to stabilize fractures. In Edwin
Smith Papyrus, various kinds of splints with linen are
described: (a) brace of wood padded with linen (Edwin
Smith, case 7) inserted into the mouth to help in feeding
the patient, (b) splint made of linen (Edwin Smith, case 35,
fractured clavicle), (c) stiff post-like roll of linen (Edwin
Smith, cases 11 and 12), and (d) it is possible that cartonnage
was used, similar to our plaster of Paris to splint fractures,
also made of linen [5].

The oldest information on the use of bandages in ancient
Greece comes from Homer’s Iliad.

Homer’s Iliad and Odyssey are our first sources of infor-
mation about trauma management in the Greek (and
Western) world. This poet recorded some 147 wounds, of
which 106 were caused by spears, 17 by swords, 12 by arrows,
and another 12 by slings [6]. In Corpus Hippocraticum, the
linen bandages are recommended, among others, for the
stabilization of the fractured humerus [7]. As a result of
Alexander the Great’s conquests, Greek medicine has taken
over and established many Middle Eastern treatments.
Alexandria in Egypt became the center of world science
including medicine.

The Roman Republic and later the Empire waged wars on
an unprecedented scale.

The Roman army had professional medical and veteri-
nary staff in each legion. On the other hand, the gladiator
fights have also gained valuable experience in the treatment
of injuries and wounds. In the first step of proceeding, a med-
icus cleansed the wound with rainwater or other freshwater
mixed with ammoniacum. Then, if it was possible, the wound
sutured the wound with silk, linen, or gut thread, and when-
ever possible, the wound was closed [8]. The linen bandages
were the most common type of dressing used for binding
wounds. However, Cornelius Celsus recommended covering
the wound with a special mixture that contains copper ace-
tate, lead oxide, alum, dried pitch, dried pine-resin, oil, and
vinegar [8]. Cornelius Celsus and Claudius Galen advised
using plasters and linen bandages in the treatment of limb
ulcers [9]. In the Middle Ages, the same means were still
used, as in antiquity, although surgeons were no longer med-
icine doctors.

A revolution in synthetic products took place in the 20th
century. By the 1950s, the textile industry produced synthetic
fibres and fabrics from polymers, including nylon, polyethyl-
ene, polypropylene, polyesters, polyvinyl, acrylics, and olefins
[10]. In medical applications, linen has been replaced by syn-
thetic materials—relatively cheap and easy to manufacture
(with the current technology). Synthetics have generally
replaced natural materials in the last decades. Recently, how-
ever, there has been a trend towards a return to the use of

natural materials in medicine. There are two companies in
Poland that produce flax dressings, but they are still niche
products on the market. Therefore, we drew attention to
linen, which has been used as a dressing material since antiq-
uity. Moreover, we currently have the possibility of influenc-
ing the properties of flax fibres by genetic modifications.

The study is aimed at investigating the effect of fibre from
traditional cultivar of flax and fibres from two transgenic flax
plants on cell cultures, commonly used as in vitro models of
wound healing. The research results show that flax fibres
have valuable properties in this field.

2. Materials and Methods

2.1. Tested Flax Fibres. The study examined the fibre
obtained from a traditional fibrous cultivar of flax (Nike)
and the fibres from two transgenic flax types (M50 and
B14), and a combination of these two flax fibres (M50
+B14) [11]. Both transgenic plants are obtained from Nike
cultivar. B14 plants transformed with a defence-related
potato β-1,3-glucanase gene (PR-2). M50 plants have been
enriched with Ralstonia eutropha genes coding for β-
ketothiolase (phbA), acetoacetyl-CoA reductase (phbB),
and PHB synthase (phbC) for poly-β-hydroxybutyrate
(PHB) synthesis.

Flax fibres were prepared for cell culture studies by divid-
ing the fibres into four different weights: 10, 20, 30, and
40mg. The fibres prepared in this way were soaked in PBS
for 48 h, sterilized for 60min by irradiation with UV, and
transferred to cell cultures for 48 h. The fibres were in direct
contact with the cells during the experiments.

2.2. Cell Lines and Conditions. This study used three human
cell lines that are an in vitro skin model and one line of mouse
fibroblasts recommended by the National Institutes of Health
(NIH) for a cytotoxic assay. Research has also been carried
out on a cell line often used to study monocyte and macro-
phage differentiation, including inflammation.

Normal human dermal fibroblast (NHDF) was pur-
chased from Lonza (Verviers, Belgium) and were grown in
Dulbecco’s modified Eagle medium (DMEM) without phe-
nol red. Normal human epidermal keratinocytes (NHEK)
were from PromoCell (Heidelberg, Germany) and cultured
in the KBM-Gold medium (Keratinocyte Cell Basal Medium).
Human Dermal Microvascular Endothelial Cells—Adult
(HMVEC) were purchased from Lonza and were cultured in
EGMmedium, supplemented according to Lonza’s procedure.
Cancer cells A431, which are derived from epidermal
carcinoma, received from ATCC (USA) were incubated in
Dulbecco’s modified Eagle’s medium (DMEM). Mice fibro-
blast BALB/3T3 (cloneA31 from mouse embryo donor)
were obtained from Sigma-Aldrich (St.Louis, MO, USA)
and were cultured in Minimum Essential Medium (MEM).
Monocyte cell line (THP-1), which was derived from acute
monocytic leukemia, was in receipt of the Laboratory for
Therapeutic Innovation, Faculty of Pharmacy, University
of Strasbourg, France. These cells were grown in suspended
in RPMI-1640 medium. All cell lines were cultured in 95%
humidified, at 37°C and 5% CO2 incubator, in the complete
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culture medium. The MEM, DMEM, RPMI-1640, and
DMEM without phenol red media were supplemented with
penicillin (10000U/ml), streptomycin (10mg/ml), L-
glutamine (200mM), and 10% fetal bovine serum (FBS).
The KGM medium was supplemented following the Promo-
Cell company’s recommendations.

The cells were evaluated at least twice a week under a
microscope, and then, the cells were passaged using the Try-
pLE solution or the appropriate medium was changed. All
assays were performed in five independent replicates.

2.3. Cell Viability. The impact of flax fibres on the viability of
the Balb/3T3 cell line was evaluated. After 24-hour treatment
of cells with the tested fibres, the fibres were rinsed with PBS,
which was collected to preprepared centrifuge tubes. The cul-
ture supernatant was collected into the same tubes. The cul-
ture plates were washed with TrypLe solution, which was
also harvested. The TrypLe solution was again added, and
culture plates were incubated for 2min at 37°C. Finally, the
solution with cells was collected into appropriate tubes,
which was centrifuged at 600 g for 5min. After supernatant
removal, the cells were resuspended in PBS, and propidium
iodide was added. After 5min incubation in the dark, the
samples were analyzed in the image-based cytometer Arthur
(NanoEnTek Inc.).

2.4. Cell Proliferation. The sulforhodamine-B (SRB) assay
was used to evaluate the effect of flax fibres on the total
amount of cellular protein. All cell lines were seeded on
96-well plates at a density of 2 × 104 cell/ml per well. After
24-hour incubation, the tested fibres (with various weights:
10-40mg) were put on cells for 48 h. Before the addition of
the fibres, one plate from each cell line was fixed with cold
50% trichloroacetic acid (TCA) for the adherent cell line
and 20% TCA for THP-1 cells at 4-8°C; these plates were
the control. After 48-hour incubation, the culture plates
were also fixed with 50% TCA for adherent cell line and
20% TCA for THP-1 cells for 1h at 4-8°C. In the next step,
the plates were washed five times under running water. After
air-drying, the sulforhodamine-B dye was added for a fur-
ther 30 minutes to stained cellular proteins, and unbounded
dye was removed by five washes with 1% acetic acid and
again air-dried. In the last step, the SRB dye was dissolved
with Trisma, and the absorbance was measured at 555nm,
using a microplate reader (Victor2, PerkinElmer).

2.5. Evaluation of the Intracellular Free Radical Level. The
intracellular reactive oxygen species (ROS) level was visual-
ized by 2’, 7’-dichlorofluorescein-diacetate (DCF-DA,
BRAND) florescence. This assay was performed only for
the NHDF cell line. These cells were seeded on 96-well plates
at a density of 2:5 × 104 cell/ml per well. The next day, into
the plates, there were put tested flax fibres for 24h incubation.
The supernatant and fibre were then removed, and the DCF-
DA solution was added to the culture for the last 1 hour of
incubation. The following steps were performed in two dif-
ferent ways. In the first case, after incubation with DCF-DA
solution, the fluorescence was measured (λex: = 485nm, λem:

= 535nm) using a microplate reader (Victor2, PerkinElmer).

In the second stage, during incubation with DCF-DA solu-
tion, for the last 30min, the cells were treated with 100μM
H2O2. In both cases, after incubation with the DCF-DA solu-
tion, before measuring, the supernatant was removed and
cells were washed twice with PBS.

2.6. Total Number of Cells. An image-based cytometer,
Arthur (NanoEnTek Inc.), was used to assess the effect of
the tested flax fibres on cell proliferation. After 48 hours of
incubation of Balb/3T3 and NHDF cell lines with the tested
fibres, the supernatant was collected into previously prepared
tubes, and the tested fibres were washed in PBS, which was
also harvested into tubes. Cell cultures were washed with a
TrypLE solution, which was also collected, and the TrypLE
solution was added to the cells, and the plates were incubated
at 37°C for 2min. The cell suspensions were harvested into
the same tubes, which was then centrifuged at 600 g for
5min. The supernatant was removed, and the pellet was
resuspended in PBS. In the last step, the cell suspensions were
analyzed using a cytometer.

2.7. Apoptotic and Necrotic Cells. The effect of flax fibres on
apoptosis and necrosis of NHDF and THP-1 cells was
assessed. After 24-hour incubation of the cells with the tested
flax fibres, the fibres were washed with PBS, and the washing
solutions were collected in appropriate preprepared centri-
fuge tubes. The culture supernatant was also received into
the same tubes. In the case of the NHDF cell line, all wells
were then treated with the TrypLE solution and incubated
at 37°C for 2min. In the next step, the solution with cells
was harvested to the centrifuge tubes. For both cell lines,
the tubes with cells were centrifuged at 600 g for 5min. After
the supernatant was removed, the cell pellet was resus-
pended in 100μl of HEPES–NaOH buffer at pH7.5. The
mixture of fluorochromes Annexin V-FITC and propidium
iodide was then added and left in the dark for 10min. The
samples were analyzed in the image-based cytometer Arthur
(NanoEnTek Inc.).

2.8. Cell Cycle. The effect of the flax fibres on the cell cycle of
NHDF cells after 24-hour incubation was evaluated. After the
incubation of cells with the tested fibres, a standard proce-
dure was performed (such as detached cells from the surface
of wells, centrifuged, and removed supernatant). The cells
were then fixed with 70% cold ethanol for 10min at room
temperature and again centrifuged at 600 g for 5min. The
supernatant was removed, and the cell pellet was resus-
pended in propidium iodide solution and left in the dark
for 10min. The samples were analyzed in the image-based
cytometer Arthur (NanoEnTek Inc.).

2.9. Genotoxicity Assessment. The comet assay was per-
formed to assess the effect of flax fibres on genotoxic damage
and reparation after exposure to exogenic oxidative stress.
After 48-hour incubation of NHDF cells with the tested flax
fabrics, the cells were detached from the surface of the wells
with the TrypLE solution, and they were collected in prepre-
pared appropriate tubes and were added a medium with the
serum to neutralize the effect of TrypLE. The tubes were cen-
trifuged at 600 g for 5min. At this stage, DNA damage was
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carried out according to the standard comet test procedure,
or to assess the repair activity of the tested fibres after super-
natant removal, the cell pellet was resuspended with 200μM
H2O2 in PBS for 30min at 4°C, and the cell suspension pre-
pared in this way was subjected to the standard comet test
procedure. In both cases, after slides were stained with
1μg/ml DAPI for 20min, the samples were evaluated under
a fluorescence microscope (Nikon Eclipse E-600) with UV
1A filter block and with a digital camera and CometPlus 2.5
software (ThetaSystem Electronics Gmbh, Gröbenzell, Ger-
many). The 75 photos of the first comets found on each slide
were taken. Using the software, the DNA content in the
comet’s head (%) and comet’s tail length were analyzed.

2.10. Statistical Analysis. All studies were performed in five
independent replicates. Due to the normal distribution
and equal variance of the obtained results, statistical calcu-
lations were performed with parametric tests. Using the
Statistica v.13 software, statistical significance was calculated
using Tukey’s post hoc test. The significance point was set
at ∗ p<0.05.

3. Results

3.1. Morphological Characterization of the Flax Fibres Used in
the Experiment. The types of flax analysed did not differ
significantly in the content of the basic polymers of the cell
wall (cellulose, pectins, lignin, hemicellulose). Their differen-
tiating parameter was the content of potentially bioactive
substances such as phenolic compounds, polyhydroxybutyr-
ate/hydroxybutyrate, and polyamines (Table 1).

3.2. Cell Viability. The Balb/3T3 cell line is recommended by
the NIH for assessing the effect of substances on cytotoxicity.
The cytotoxic effect of the studied fibres on mouse fibroblasts
was performed by analyzing the number of necrotic cells
after propidium iodide staining. All flax fibres tested did
not increase the number of necrotic cells compared to the
control cultures (incubated only in complete medium)
(Figure 1). The highest number of necrotic cells was observed
for 20mg of traditional flax fibres (Nike), about 4%more than
in the control culture. In other cases studied, the number of
necrotic cells was not more than 1% compared to the control.

3.3. Cell Proliferation. Flax fibres affected the amount of total
cellular protein in the cultures of mouse fibroblasts
(Balb/3T3), as well as human fibroblasts (NHDF) after incu-
bation (48h). In the Balb/3T3 cells, no significant reduction
in the protein level was found, regardless of the flax fibre
used, which proves the lack of cytotoxicity (Figure 2(a)). At
weights of 20-40mg, an increase in total cellular protein
was observed for all flax fibres compared to the control.
The increase was found at all doses tested after using the tra-
ditional flax fibre (Nike) for both fibroblast lines, and B14
fibre in human dermal fibroblast culture (Figure 2(b)). In
the 10-40mg concentration range, the increase in total
Balb/3T3 cell protein was significant after incubation of the
culture with M50 and B14 fibres (Figure 2(a)). In the same
concentration range, the total growth of NHDF cell protein
was observed after treatment with M50 fibre (Figure 2(b)).

The combination of both fibres (M50+B14) resulted in an
increase in the total amount of cellular protein in both fibro-
blast lines (Figures 2(a) and 2(b)). However, this increase was
statistically significant only at doses of 10 and 30mg for
mouse fibroblast culture (Figure 2(a)).

The first phase of wound healing preceding the prolifera-
tive phase is the inflammatory phase. Wound healing con-
sists of three overlapping healing phases: inflammation,
proliferation, and remodeling. In the inflammatory phase,
there is an increase in the number of cytokines and immune
cells that allow the wound to be cleansed. Inflammation
should disappear in subsequent stages of the regeneration
of the damaged skin. The model line in assessing inflamma-
tion is the THP-1 line. Therefore, the effect of the tested fibres
on the total amount of THP-1 cell protein after 48 hours of
incubation was evaluated. Nike fibre inhibits the total cellular
protein over the entire range of concentrations tested (also,
10-40mg statistically significant). An activity increasing the
amount of cellular protein, M50 fibre, and a combination of
M50 and B14 fibres at a dose of 10mg (statistically signifi-
cant), at the lowest concentration, this activity was compara-
ble to the control culture (Figure 2(c)).

In comparison, at 20mg (M50 fibre) and 20-30mg (M50
+B14 fibres), a decrease in the amount of cell protein was
observed compared to control. Interestingly, at concentra-
tions of 30-40mg for the M50 fibre and the highest concen-
tration of M50 and B14 combination fibres tested, the
observed reduction in the amount of cellular protein com-
pared to cell cultures before fibre addition indicates the cyto-
toxic effects of these fibres at high doses, which is important
in the later stages of wound healing. The 48-hour incubation
of THP-1 culture with B14 fibre strongly influences the
increase in total protein in the concentration range of 5-30
mg. However, at the highest concentration tested, it has an
inhibitory effect on cellular protein amount compared to
the control (Figure 2(c)).

In wound healing, in the proliferation phase, an increase
in the number of keratinocytes is the most important. There-
fore, the effect of the flax fibres on the total amount of cellular
protein in the culture of human keratinocytes was evaluated
(Figure 2(d)). A statistically significant increase in the total
amount of protein was observed for all tested fibres in the
whole tested concentration range compared to the control.
A concentration dependence was observed for all tested
fibres, where the largest increase in protein was shown at
the lowest concentrations (5mg). The highest increase in pro-
tein was observed in cultures treated with fibre combination
of both modified fibres (M50+B14) (Figure 2(d)).

A very important stage of the proliferative phase in
wound healing is richly vascularized granulation tissue. An
assessment of the influence of the studied fibres on the
amount of cellular protein in HMVEC vascular cell culture
was carried out. The highest increase in cellular protein was
observed at 20mg in all fibres examined. The traditional flax
fibre (Nike) affected the growth of the total cellular protein
over the entire concentration range studied. The M50 fibre
at low doses (5 and 10mg) increased the amount of cellular
protein (statistically significant) (Figure 2(e)).
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In comparison, in higher concentrations (20 and 40mg),
a decrease in the total amount of HMVEC protein was
observed compared to the control. However, after using
B14 fibre, an increase in total protein was found in doses of
10mg and 20mg, while in other doses used, a similar amount
of cellular protein was shown as in the control culture. Inter-
estingly, the largest increase in cellular protein was observed
after combining both modified fibres (M50+B14), even com-
pared to the cultures treated with Nike fibre (Figure 2(e)).

Epidermal neoplasms are one of the most common skin
cancers. They constitute about 65–75% of all skin cancers
(about 25% of all cancers). It is expected that the given dress-
ing material will not increase the cell division of the tumour
cells. Therefore, the influence of the tested materials on the
amount of cellular protein in the culture of epidermal cancer
cells was checked (A431). There was a significant inhibition
of the total amount of cellular protein compared to the con-
trol cultures in all tested fibres and the whole range of the
tested doses. The strongest effect was observed after 48 hours

of culture incubation in the presence of the Nike fibre
(Figure 2(f)).

3.4. Total Number of Cells. An increase in the total cellular
protein may indicate an increase in cell mass or increased cell
division (proliferation). Due to the expectation of increased
skin fibroblast proliferation during intense wound healing,
the number of NHDF and Balb/3T3 cells was evaluated after
incubation for 48 hours in the presence of test fibres
(Figure 3(a) and 3(b)).

After 48-hour incubation of Balb/3T3 cells with Nike
fibre in the concentration range of 5-20mg, a similar number
of cells was observed as in the control. However, at the high-
est concentration tested, a reduced cell number was shown.
In the tested M50, B14 fibres, and combinations of these
two types of fibres, a significant increase in the number of
Balb/3T3 cells was observed compared to the control (except
for the 5mg dose after treatment with M50 fibre)
(Figure 3(a)). In contrast, the number of human dermal
fibroblast cells was higher compared to the controls at all
doses and all tested flax fibres (Figure 3(b)).

3.5. Evaluation of the Intracellular Free Radical Level. As the
number of cells increases, the amount of free oxygen radicals
increases as a result of metabolic processes through an
increased number of cells. Therefore, the level of free radicals
in the culture of NHDF cells treated with the tested fibres for
48 hours was evaluated. All the tested doses of all the tested
fibres caused an increase in ROS levels of up to 20% com-
pared to controls (except for the combination of M50 and
B14 fibres, where the increase was significant only at the
40mg dose) (Figure 4(b)).

At the same time, a study was conducted to evaluate the
effect of fibres on the ROS levels in cells that had previously
exogenous oxidative stress by adding 100μM H2O2. All the
flax fibres tested reduced the level of free radicals compared
to the control that was treated with 100μM H2O2
(Figure 4(a)).

3.6. Apoptotic and Necrotic Cells. To assess the number of
cells in apoptosis and necrosis, Annexin V conjugated with
FITC and propidium iodide staining was performed. After
a 48-hour incubation of NHDF cells with the test fibres, the
percentage of cells in necrosis did not exceed more than 5%
(Figure 5). However, the sum of cells in the apoptosis and late

Table 1: Content of potentially bioactive substances in tested flax fibres.

Bioactive substance
Content (ng/g) in flax fibres

Nike B14 M50

Vanillin 156:34 ± 10:45 169:73 ± 11:83 147:49 ± 9:09
4-Hydroxybenzoic acid 344:50 ± 25:60 318:75 ± 32:46 354:48 ± 31:25
Ferulic acid 221:65 ± 21:65 245:61 ± 12:55 227:34 ± 9:83
Coumaric acid 62:23 ± 12:45 53:28 ± 10:33 68:42 ± 12:24
Syringaldehyde 148:17 ± 18:33 143:67 ± 12:24 172:74 ± 19:95
Polyhydroxybutyrate/hydroxybutyrate 14:67 ± 3:05 15:45 ± 4:02 32:40 ± 9:95
Polyamines 357:04 ± 19:95 417:87 ± 22:92 836:76 ± 28:25

Control
(1.0±0.05)

1.2

x
-fo
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1.0

0.8

0.6

0.4

0.2

0.0
Nike M50

Flax type
B14 M50+B14

10 mg
20 mg

30 mg
40 mg

Figure 1: Cell viability of the Balb/3T3 cells after 48-hour
incubation with the tested flax fibre in four different weights (10,
20, 30, and 40mg). The results are presented as x-fold–ratio to
control culture (cells without fibres; x − fold = 1:0). The results are
the means of 5 independent experiments ± SEM. The statistical
significance of the differences between the results for the tested
flax fibres compared to the control was calculated using Tukey’s
post hoc test (∗ p<0.05).
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Figure 2: The proliferation of cells ((a) Balb/3T3, (b) NHDF, (c) THP-1, (d) NHEK, (e) HMVEK, (f) A431) after 48-hour incubation with the
tested flax fibre in four different weights (10, 20, 30, and 40mg). The results are presented as x-fold–ratio to control culture (cells without
fibres; x − fold = 1:0). The results are the means of 5 independent experiments ±SEM. Statistical significance of differences between the
results for the tested flax fibres compared to the control was calculated using Tukey’s post hoc test (∗p < 0.05). In THP-1 cells for weights
of 30 and 40mg of the M50 flax fibre and 40mg of M50+B14, there was complete inhibition of cell growth, and therefore, these results are
not shown in the figure.
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apoptosis was the highest at the highest doses tested and did
not exceed more than 22%. The lowest number of cells in the
phase of apoptosis was observed in cultures treated with M50
fibre. Moreover, the sum of necrotic and apoptotic cells was
not up to 10% (Figure 5).

3.7. Cell Cycle. A cell cycle analysis was performed to check
whether incubation of the culture with the examined fibres
increased the number of cells in the proliferation phase (S
phase). After a 48-hour incubation of NHDF cells with the
tested fibres, an increase in the number of S phase cells at
20-30mg was observed in all cases (Figure 6).

3.8. Genotoxicity Assessment. The effect on DNA damage in
NHDF cells of the tested flax fibre was evaluated in the comet
assay. The amount of DNA in the comet’s head after incuba-
tion of NHDF cells with the tested fibres was compared to the
amount of DNA in the control culture. No genotoxic effect
has been demonstrated after applying all the tested fibres
(Figure 7(b)). Therefore, the impact of the studied fibres on
the repair of genotoxic damage caused by oxidative stress
was checked. Oxidative stress was induced by incubation of
cell cultures with H2O2. The amount of DNA in the head
after incubation of cell cultures with the tested fibres was
higher than in the control (culture incubated with H2O2)
for all tested compounds (except for the lowest dose of the
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Figure 3: Total number of cells ((a) Balb/3T3, (b) NHDF) after 48-hour incubation with the tested flax fibres in four different weights (10, 20,
30, and 40mg). The results are presented as x-fold–ratio to control culture (cells without fibres; x − fold = 1:0). The results are the means of 5
independent experiments ± SEM. The statistical significance of differences between the results for the tested flax fibres compared to the
control was calculated using Tukey’s post hoc test (∗p < 0.05).
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Figure 4: The level of ROS in NHDF cells cultured for 48 h with the presence of the tested flax fibres in four different weights (10, 20, 30, and
40mg): (a) subsequently exposed to H2O2 (100 μM, 30min, 4°C); (b) not exposed to H2O2. The results are presented as x-fold–ratio to control
culture (cells without fibres; x − fold = 1:0). The results are the means of 5 independent experiments ± SEM. The statistical significance of
differences between the results for the tested flax fibres compared to the control was calculated using Tukey’s post hoc test (∗p < 0.05).
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tested Nike fibre). The strongest reparations were observed
after the incubation of cell cultures in the presence of com-
bined M50 and B14 fibre at a dose of 30mg (Figure 7(a)).

4. Discussion

Despite the wide range of various commercially available
dressings, new solutions are still being sought in the treat-
ment of particularly difficult to heal wounds. The flax has
been used as a dressing for thousands of years. Its positive
effect on injuries is well known [12–14]. Currently, it is used
in the treatment of severely healing wounds, too [15, 16]. Flax
is a plant that grows widely in the Middle East and temperate

and Mediterranean climates. Cultivated for several thousand
years, it serves as a source of oil and fibres for humans, not
only in medicine but also in the textile, paper, cosmetics,
and food industries. Flax fibre differs in composition from
cotton fibre, and it contains mainly various polysaccharide
polymers, such as cellulose (covers about 70% of fibre weight)
and hemicellulose, the bundles of which are supplemented by
pectin and phenolic polymer, lignin [17].

Wound healing is a multistage process consisting of three
phases: (1) inflammation, cell proliferation, and tissue
remodeling to restore tissue integrity after an earlier disrup-
tion of its continuity. Due to the rapid development of the
transformation of modern molecular biology, research has
been carried out for several decades to improve the quality
of plant/fibre production [18] to develop the best-modified
plants for use in medicine, including wound treatment. It
enhances the productivity and quality of flax by influencing
its length, thickness, softness, and elasticity. Genetic engi-
neering allows us to identify and modify flax’s bioactive com-
ponents responsible for health-promoting properties. These
changes should affect the immune cells that migrate to the
lesions in the first phase. The purpose of these cells is to
remove damaged tissue and initiate blood clotting processes.
In our work, we showed a significant effect of the studied
fibres on the increase in the amount of total protein of
THP-1 cells (inflammation model) at low doses of M50 fibre,
which indicates the possibility of using this fibre in the first
phase of healing.

On the other hand, the combined M50+B14 fibre is rec-
ommended in subsequent phases because it was toxic to the
model cell line in inflammation. In the second phase of
wound healing, however, there is an intensive proliferation
of cells along with the secretion of substances contained in
the extracellular matrix (ECM). In the first stage of this
phase, the formed tissue is highly vascularized and hydrated.
At this stage, it is important to reduce inflammation, as
shown by the use of higher concentrations of M50 and the
combination of test fibres (M50+B14). Simultaneously, we
showed an intense increase in cell proliferation—skin and
endothelial fibroblasts after applying the tested fibres.

The metabolic profile of transgenic flax relates to changes
in the level of, e.g., polyunsaturated fatty acids, lignan
complexes, carotenoids, flavonoids, and phenylpropanoids
[19–22]. In response to stress caused by the attack of patho-
gens (viruses, bacteria), the synthesis of lignin increases,
which affects the cross-linking process and reduces the plas-
ticity of the fibres. In transgenic flax fibres, there was an
increase in the level of cellulose to lignin by silencing the
CAD protein gene, an enzyme that catalyzes the biosynthesis
of lignin monomers [23]. In the process of wound healing, it
is very important to maintain a balance in the production of
free radicals, both oxygen and nitrate. This disorder may
affect the protracted phase of inflammation. Hence, the mod-
ifications mentioned above influencing the growth of flavo-
noids, which have anti-inflammatory and antioxidative
activities, positively influenced the level of free oxygen radi-
cals in our study. We have shown that during oxidative stress
(caused exogenously by the presence of H2O2), a decrease in
the level of free oxygen radicals was observed. At the same
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time, along with the reduction in the level of free oxygen rad-
icals, increased repair of DNA damage was observed.

Preclinical studies of dressings from genetically modified
flax were carried out in which the presence of a new metabo-
lite of flax, which belongs to the terpenoids pathway, was
observed. There are biological endocannabinoids (produced
by human cells, e.g., anandamide or plant-derived terpeno-
phenolics) and synthetic cannabinoids (e.g., HU-243, WIN-
55,212-2). Reports show the important role of terpenophenol
as an agent with analgesic and anti-inflammatory properties
[24, 25]. Preclinical studies have demonstrated the antioxi-
dant, anti-inflammatory, antiviral, and vasodilating proper-
ties of linseed dressings. The positive effects of treatment of
difficult-to-heal wounds with new linen dressings character-
ized by greater hygroscopic properties and overproduction
of polyphenols were manifested by reducing fibrosis, wound
exudate, reducing the level of pain, promoting granulation,
creating an effective barrier against unwanted tissues, fibrous
tissue, and microorganisms [16].

Our previous studies of W92 fibres confirmed their pos-
itive effect on ulcer healing. The study applied the dressing
for four weeks and then assessed the size of the wound and
the exudate. It was shown that W92 fibres reduce exudate
and wound size by 55% [26]. Based on these data, an attempt
was made to modify flax to obtain better properties geneti-
cally. In this study, M flax is characterized by a genetic
modification that influences a strong and stable overexpres-
sion of the cDNA. As a result, it affects the increased synthe-
sis of polyhydroxybutyrate (PHD), β-ketothiolase (phb A),
acetoacetyl-CoA reductase (phb B), and PHB synthase (phb
C) (16). As a consequence of this modification, an improve-
ment in the biomechanical properties of the new fibre was
obtained by binding PHB with cellulose into polymers
through hydrogen and ester bonds during plant growth. On
contact with body fluid, PHB decomposes, releasing D, L-

β-hydroxybutyrate, and as a normal component of blood
and tissues, it promotes cell proliferation, preventing apopto-
tic cell death [27].

In conclusion, a limitation of this manuscript is the lack
of assessment of the level of proinflammatory cytokines
important in the wound healing process. Despite this, our
study showed in vitro that modified flax possesses even better
properties than the traditional flax. The investigation has
shown clearly the beneficial effects of flax understudy on cell
lines. It was shown that the level of necrosis was higher for
conventional flax than modified flax. A higher level of total
cell protein (fibroblast, keratinocytes, and dermal microvas-
cular endothelial cells) concentration was observed for all flax
types tested compared to controls. M50 and B14 showed high
levels of reparations in the genotoxicity study turn; the lowest
level of apoptotic cells was observed in cultures treated with
the M50 fibre. The conducted tests showed that the tested,
modified flax varieties have a positive effect on tissue cul-
tures. The flax lines tested appear to be promising for further
in vivo testing.
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Figure 7: The level of DNA damage in NHDF cells cultured for 48 h with the presence of the tested flax fibres in four different weights (10, 20,
30, and 40mg): (a) subsequently exposed to H2O2 (100 μM, 30min, 4°C); (b) not exposed to H2O2. The results are presented as x-fold–ratio to
control culture (cells without fibres; x − fold = 1:0). The results are the means of 5 independent experiments ± SEM. The statistical
significance of differences between the results for the tested flax fibres compared to the control was calculated using Tukey’s post hoc test
(∗p < 0.05).

9Oxidative Medicine and Cellular Longevity



Authors’ Contributions

TG, BW, and KG conceived the overall project objectives.
TG, BW, and KG designed the experiments. TG and BW
conducted the experiments. TG, MJ, and BW interpreted
the data and prepared the original draft of the manuscript
with contributions from all authors. KG, PP, and MŻ
contributed to the data interpretation review and editing.
MŻ was responsible for the plant material. KG was the
supervisor.

Acknowledgments

The publication was prepared under the project financed
from the funds granted by theMinistry of Science and Higher
Education in the “Regional Initiative of Excellence”
programme for the years 2019–2022, project number
016/RID/2018/19, the amount of funding 11,998,121.30
PLN.

References

[1] P. B. Adamson, “Surgery in ancient Mesopotamia,” Medical
History, vol. 35, no. 4, pp. 428–435, 1991.

[2] E. Teall, “Medicine and doctoring in ancient Mesopotamia,”
Grand Valley Journal of History, vol. 3, no. 1, 2014.

[3] J. Scurlock, Sourcebook for Ancient Mesopotamian Medicine,
SBL Press, Atlanta, Georgia, 2014.

[4] K. J. Wade, “The sword and the knife: a comparison of ancient
Egyptian treatment of sword injuries and present day knife
trauma,” Resenha Médica, vol. 24, no. 1, pp. 47–56, 2017.

[5] A. Saber, “Ancient Egyptian surgical heritage,” Journal of
Investigative Surgery, vol. 23, no. 6, pp. 327–334, 2011.

[6] E. A. Pikoulis, J. C. B. Petropoulos, C. Tsigris et al., “Trauma
management in ancient Greece: value of surgical principles
through the years,” World Journal of Surgery, vol. 28, no. 4,
pp. 425–430, 2004.

[7] S. Brorson, “Management of fractures of the humerus in
Ancient Egypt, Greece, and Rome: an historical review,” Clin-
ical Orthopaedics, and Related Research, vol. 467, no. 7,
pp. 1907–1914, 2009.

[8] V. Belfiglio, “Sanitation in Roman military hospitals,” Interna-
tional Journal of Community Medicine and Public Health,
vol. 2, no. 4, pp. 462–465, 2015.

[9] C. H. A. Wittens, R. G. J. M. Pierik, and H. van Urk, “The sur-
gical treatment of incompetent perforating veins,” European
Journal of Vascular and Endovascular Surgery, vol. 9, no. 1,
pp. 19–23, 1995.

[10] L. G. Ovington, “The evolution of wound management,”
Home Healthcare Nurse, vol. 20, no. 10, pp. 652–656, 2002.

[11] M.Wróbel-Kwiatkowska, K. Turnau, K. Góralska, T. Anielska,
and J. Szopa, “Effects of genetic modifications to flax (Linum
usitatissimum) on arbuscular mycorrhiza and plant perfor-
mance,” Mycorrhiza, vol. 22, no. 7, pp. 493–499, 2012.

[12] G. J. McDougall, “Accumulation of wall-associated peroxi-
dases during wound-induced suberization of flax,” Journal of
Plant Physiology, vol. 142, no. 6, pp. 651–656, 1993.

[13] M. R. Farahpour, H. Taghikhani, M. Habibi, and M. A. Zan-
dieh, “Wound healing activity of flaxseed Linum usitatissi-
mum L. in rats,” African Journal of Pharmacy and
Pharmacology, vol. 5, no. 21, pp. 2386–2389, 2011.

[14] H. L. Bos, M. J. A. Van Den Oever, and O. C. J. J. Peters, “Ten-
sile and compressive properties of flax fibres for natural fibre
reinforced composites,” Journal of Materials Science, vol. 37,
no. 8, pp. 1683–1692, 2002.

[15] L. P. F. Abbade and S. Lastoria, “Venous ulcer: epidemiology,
physiopathology, diagnosis, and treatment,” International
Journal of Dermatology, vol. 44, no. 6, pp. 449–456, 2005.

[16] K. Skórkowska-Telichowska, M. Zuk, A. Kulma et al., “New
dressing materials derived from transgenic flax products to
treat long-standing venous ulcers - a pilot study,” Wound
Repair and Regeneration, vol. 18, no. 2, pp. 168–179, 2010.

[17] T. A. Gorshkova, S. E. Wyatt, V. V. Salnikov et al., “Cell-wall
polysaccharides of developing flax plants,” Plant Physiology,
vol. 110, no. 3, pp. 721–729, 1996.

[18] J. N. Cobb, G. Declerck, A. Greenberg, R. Clark, and
S. McCouch, “Next-generation phenotyping: requirements
and strategies for enhancing our understanding of genotype-
phenotype relationships and its relevance to crop improve-
ment,” TAG Theoretical and applied genetics Theoretische
und angewandte Genetik, vol. 126, no. 4, pp. 867–887, 2013.

[19] M. Zuk, A. Prescha, M. Stryczewska, and J. Szopa, “Engineer-
ing flax plants to increase their antioxidant capacity and
improve oil composition and stability,” Journal of Agricultural
and Food Chemistry, vol. 60, no. 19, pp. 5003–5012, 2012.

[20] M. Fujisawa and N. Misawa, “Enrichment of carotenoids in
flaxseed by introducing a bacterial Phytoene synthase gene,”
Methods in Molecular Biology, vol. 643, pp. 201–211, 2010.

[21] K. Prasad, “Hypocholesterolemic and antiatherosclerotic effect
of flax lignan complex isolated from flaxseed,” Atherosclerosis,
vol. 179, no. 2, pp. 269–275, 2005.

[22] M. Żuk, A. Kulma, L. Dymińska et al., “Flavonoid engineering
of flax potentiate its biotechnological application,” BMC Bio-
technology, vol. 11, no. 1, p. 10, 2011.

[23] M. Czemplik, U. Korzun-Chłopicka, M. Szatkowski,
M. Działo, J. Szopa, and A. Kulma, “Optimization of phenolic
compounds extraction from flax shives and their effect on
human fibroblasts,” Evidence-based Complementary and Alter-
native Medicine, vol. 2017, Article ID 3526392, 2017.

[24] N. I. Krinsky and E. J. Johnson, “Carotenoid actions and their
relation to health and disease,” Molecular Aspects of Medicine,
vol. 26, no. 6, pp. 459–516, 2005.

[25] M. Styrczewska, A. Kostyn, A. Kulma et al., “Flax fiber hydro-
phobic extract inhibits human skin cells inflammation and
causes remodeling of extracellular matrix and wound closure
activation,” BioMed Research International, vol. 2015, Article
ID 862391, 2015.

[26] V. Antonov, J. Marek, M. Bjelkova, P. Smirous, and H. Fischer,
“Easily available enzymes as natural retting agents,” Biotech-
nology Journal, vol. 2, no. 3, pp. 342–346, 2007.

[27] S. B. Gelvin, “Agrobacterium-mediated plant transformation:
the biology behind the "gene-jockeying" tool,” Microbiology
and Molecular Biology Reviews, vol. 67, no. 1, pp. 16–37, 2003.

10 Oxidative Medicine and Cellular Longevity



Research Article
The Regenerative Potential of Donkey and Human Milk on the
Redox-Sensitive and Proliferative Signaling Pathways of
Skin Fibroblasts

H. Kocic ,1 T. Langerholc,2 M. Kostic,3 S. Stojanovic,3 S. Najman,3 M. Krstic,3 I. Nesic,3

A. Godic,4 and U. Wollina5

1Clinic for Dermatology, University Clinical Center Faculty of Medicine, Nis, Serbia
2Faculty of Agriculture, University of Maribor, Maribor, Slovenia
3Medical Faculty, University of Nis, Nis, Serbia
4Department of Dermatology, University Hospital Lewisham, London SE13 6LH, UK
5Department of Dermatology and Allergology, Stadtisches Klinikum Dresden, Dresden, Germany

Correspondence should be addressed to H. Kocic; hristinakyu@yahoo.com

Received 6 July 2020; Revised 11 September 2020; Accepted 14 October 2020; Published 11 November 2020

Academic Editor: Reggiani Vilela Gon alves

Copyright © 2020 H. Kocic et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The influence of milk bioactive peptides on skin regenerative potential and rejuvenation is very often limited because of allergic
reactions. The current study is aimed at exploring the influence of donkey colostrum and mature milk, human colostrum and
mature milk, and β-casein and β-casomorphine-7, on the growth and inflammatory response of the culture of cultured skin
fibroblasts exposed to these conditions for twenty-four hours. Their effects on the growth-regulatory kinases and redox-sensitive,
proinflammatory transcriptional factor NF-κB were detected by using specific primary antibodies against NF-κB p65, Akt-1,
phospho-Akt-1, Erk-1, phospho-Erk-1, JNK, phospho-JNK, phospho-STAT-1, and CD26, while logarithmic integrated
fluorescence intensity patterns were recorded by flow cytometry. The downregulation of NF-κB p65 was observed after the
exposure of skin fibroblasts to donkey milk and human colostrum, while β-casein and β-casomorphine-7 exerted the opposite
effect, which suggests that noncasein bioactive peptides of donkey and human milk may be responsible for anti-inflammatory
properties. The exposure to all milk species examined and β-casein leads to the activation of growth-regulatory kinases (Akt1/2/3
kinase, Erk kinase, JNK kinase, and Stat-1 kinase), especially for the p-Erk pathway, which suggests that essential amino acids of
casein may be responsible for Erk-induced cell cycle activation and proliferation. The opposite effect was observed when cells were
exposed to β-casomorphine-7, which may affect the skin fibroblast survival and their proliferative and regenerative potential.
Donkey milk did not significantly change the CD26 antigen expression. In conclusion, our results suggest that among cell signaling
molecules, the most sensitive but nonspecific downstream effector is p-Erk kinase, which may point to donkey milk usefulness in
wound healing, regenerative, and aesthetic dermatology. The noncasein bioactive peptides of donkey milk may be responsible for
the anti-inflammatory property of donkey milk and colostrum, which may indicate the usefulness in the treatment of
inflammatory skin diseases.

1. Introduction

Skin fibroblasts exert a primary biological role in production
and degradation of the extracellular matrix (ECM) [1–4].
The ECM consists of collagen, adhesive proteins, and other
space-filling substances. Environmental and metabolic fac-
tors, immunological stimulators, UV irradiation, and other

epigenetic factors may modulate fibroblast regulatory
kinases, oxidant-sensitive transcriptional factors, or apopto-
tic proteins signaling, having a profound influence on
growth, differentiation, apoptosis, and systemic response.
Inflammatory cytokines, mainly interleukins (IL-1β, IL-6,
IL-13, IL-33), prostaglandins, transforming factor-β (TGF-
β), and leukotrienes, can induce a transition of skin
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fibroblasts to myofibroblasts and may upregulate fibroblasts
chemotaxis, collagen production, or secretion of their inflam-
matory cytokines and reactive oxygen species. Their uncon-
trolled stimulation may be harmful, resulting in an
enormous fibrotic response or chronic systemic inflamma-
tion [5–7]. The identification and characterization of the
cell-signaling pathways for skin fibroblast may be valuable
in developing therapeutic approaches in skin regeneration
and wound healing [8–10]. Additionally, the inhibition of
some surface proteins with peptidase activity, such as the
antigen CD26, may reduce skin scarring [11–14].

Among the growth-regulatory kinases, the key regulators
of cellular metabolism, proliferation, regeneration, and dif-
ferentiation are Akt kinase and the mitogen-activated protein
kinases (MAPKs), mainly Erk kinases [15–19]. A family of
JNK kinases and transcription factor NF-κB can respond to
different oxidative stress stimuli and to cytokine stimulation.
Signal transducers and activators of transcription (Stat) rep-
resent a family of proteins, which can serve as transcription
factors to a variety of growth factors and cytokines. The pro-
cess of wound healing proceeds into three phases: inflamma-
tion, tissue formation, and tissue remodeling [20]. On the
other hand, programmed cell death or apoptosis dysregula-
tion may induce excessive scarring and fibrosis. Different cell
signals may be involved in the induction of apoptosis con-
trolling the tissue repair. In a wound healing process, both,

the production of growth factors and myofibroblast apopto-
sis, orchestrate the phases of tissue repair [21, 22].

Milk proteins provide an important source of bioactive
peptides, which can demonstrate specific physiological func-
tions and some of them hormone-like activities. These effects
may be local or systemic [23]. So far, opiate, antithrombotic,
antihypertensive, immunomodulatory, antioxidative, antimi-
crobial, anticancer, mineral-carrying, and growth-promoting
properties have been reported. A low casein/whey protein
ratio may play a role in preventing allergenic sensitization
to constituent cows’ milk proteins [24–29]. Low casein con-
tent may also decrease the presence and harmful effect of par-
tially degraded bioactive casein derivatives, such as beta
casomorphin-7 [23, 30, 31].

We hypothesized that the treatment of human fibro-
blasts with donkey milk and human milk, casein, and
beta-casomorphine-7 might modulate their growth-
regulatory kinases, redox-sensitive transcriptional nuclear
factor kappa B (NF-κB), and immunocompetent antigen
CD26 expression through epigenetic mechanisms, which
might have an influence on skin fibroblasts proliferative
and inflammatory potential. We report the effect of differ-
ent milk species on the expression of NF-κB; Akt-1, 2, 3;
phospho-Akt-1, 2, 3; Erk-1/2; phospho-Erk-1/2; JNK;
phospho-JNK; phospho-Stat-1; and CD26 in L929 skin
fibroblasts culture.
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Figure 1: NF-κB p65 signaling of skin fibroblast cultures exposed to different milk samples, β-casein, and β-casomorphine-7. Fibroblasts
exposed to the following milk species: donkey colostrum (donkey 1); donkey mature milk (donkey 2); human colostrum (human 1);
human mature milk (human 2); casein 1/10 (cas I); casein 1/100, (cas II); beta-casomorphine-7, 1/10, (CSM I); beta-casomorphine-7,
1/100 (CSM II); and control group. Each group comprised of 4-6 culture samples.
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2. Materials and Methods

2.1. Milk Sample Collection. All milk samples were collected
according to the stage of lactation and equilibrated to protein
level. Donkey colostrum samples were collected from five
donkeys (Equus asinus asinus) one day after the delivery. In
addition, samples of mature milk were collected from the
same animals three months after the delivery. Human breast
milk was collected from five puerperal women who had
delivered healthy infants at full-term without medical com-
plications during pregnancies. Informed consents to partici-
pate in the study were also obtained. The first milk sample
(colostrum) was collected immediately after the first appear-
ance of milk; the second sample was collected one month
afterwards. The milk samples collected were prepasteurized
at 60°C for 5min and kept at -17°C.

2.2. Cell Culture. Mouse skin fibroblasts (L929 fibroblast cell
line) were purchased from the American Type Culture Col-
lection (ATCC, Manassas, Virginia, USA). The cells were
maintained in Dulbecco’s Modified Eagle Medium (DMEM
GibcoBRL, Rockville, MD, USA), supplemented with 10%
fetal calf serum (FCS), 2mM glutamine, 50U/mL penicillin,
and 50μg/mL streptomycin at 37°C in a 5% CO2 incubator.
The cells were plated in 24-well tissue culture dishes
(2 × 106 cells/well), using 1mL of medium in each well.
Forty-eight hours later, the milk samples, diluted 1/100 in

medium, were added to the wells and incubated at 37°C for
further twenty-four hours. The concentration of β-caseine
and β-casomorphine-7 was calculated according to their
approximate dose in milk and diluted 1/10 (dose I) and
1/100 (dose II) [32]. The groups of fibroblasts examined were
treated with the following milk/protein samples: donkey
colostrum (donkey 1); donkey mature milk (donkey 2);
human colostrum (human 1); human mature milk (human
2); casein 1/10, i.e., 2.4mg/mL of medium (cas I); casein
1/100, i.e., 0.24mg/mL of medium (cas II); beta-casomor-
phine-7, 1/10, i.e., 3μg/mL of medium (CSM I); beta-caso-
morphine-7, 1/100, i.e., 0.3μg/mL of medium (CSM II),
and control group maintained in above mentioned culture
conditions (DMEM supplemented with 10% FCS, 2mM glu-
tamine, 50U/mL penicillin, and 50μg/mL streptomycin).
Each group consisted of 4-6 culture samples.

2.3. Flow Cytometry. Specific primary antibodies against NF-
κB p65 (sc-372), Akt-1 (sc-56878), phospho-Akt-1 (sc-
135651), Erk-1 (sc-135900), phospho-Erk-1 (sc-136521),
JNK (sc-7345), phospho-JNK (sc-293137), phospho-STAT-
1 (sc-51700), and CD26 (sc-9153) were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). As a stain-
ing control, a mouse IgG was used in combination with a
FITC-goat-anti-mouse secondary antibody. Cells were fixed
in 4% formaldehyde and permeabilized with 0.1% Triton
X-100 in PBS (pH 7.4). To avoid any nonspecific binding
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Figure 2: Akt1/2/3 kinase and p-Akt1/2/3 kinase signaling of skin fibroblast cultures exposed to different milk samples, β-casein, and β-
casomorphine-7. Fibroblasts exposed to the following milk species: donkey colostrum (donkey 1); donkey mature milk (donkey 2); human
colostrum (human 1); human mature milk (human 2); casein 1/10 (cas I); casein 1/100, (cas II); beta-casomorphine-7, 1/10, (CSM I);
beta-casomorphine-7, 1/100 (CSM II); and control group. Each group comprised of 4-6 culture samples.

3Oxidative Medicine and Cellular Longevity



and background fluorescence during immunostaining, the
cells were incubated with specific primary antibodies at 4°C
in PBS containing 1% BSA overnight. After that, they were
washed and incubated at room temperature for 1 h with cor-
responding FITC-conjugated secondary antibodies (goat
anti-mouse IgG, sc-2010, mouse anti-goat IgG, sc-2354,
and goat anti-rabbit IgG, sc-2012), purchased from Santa
Cruz Biotechnology (CA, USA). The cells were then analyzed
for corresponding cell signaling molecules by flow cytometry
on a LSR BD Fortessa Flow cytometer. The obtained logarith-
mic integrated fluorescence intensity patterns were recorded
and analyzed by software BD FACSDiva™, version 8.0.

2.4. Cell Viability Assay. Skin fibroblast cell lines were seeded
in 96-well plates (Greiner Bio-One, Frickenhausen Germany)
at a density of 2 × 104 cells per well. Twenty-four hours later,
diluted sterile milk samples, β-casomorphine-7, and β-casein
were added to the cells. Cell viability was tested by using the
Trypan Blue Dye Exclusion method. The percentage of viable
cells was calculated according to the following obtained
absorbance (ABS):

% cell viability=(ABS value of treated cells/ABS value of
control cells) x 100.

2.5. Statistical Analysis. All data are presented asmean ± SD.
Statistical analysis was performed using one-way analysis of
variance ANOVA, SPSS version 20.0 (p < 0:05; statistically
significant). Post hoc test was carried out to determine the
differences: (a) between the means of treated groups and con-

trol group, (b) between the means of donkey colostrum and
other groups, and (c) between the means of the groups of
mature milk for each of 11 parameters (NF-κB, Akt1/2/3,
p-Akt1/2/3, Erk-1/2, p-Erk-1/2, JNK, p-JNK, p-STAT-1,
and CD26).

3. Results

In this study, we investigated whether the exposure of skin
fibroblasts to different milk species, β-casein, and β-caso-
morphine-7 affects cell viability, inflammatory response,
and proliferative pathways.

3.1. MTT Assay. The MTT assay explored cellular metabolic
activity and cell viability. Based on or experimental MTT
assay data, none of the milk species and peptides cultured
with skin fibroblasts exerted a significant influence on cell
viability, except β-casomorphine-7.

3.2. Flow Cytometric Analyses. Significant downregulation of
NF-κB p65 subunit expression was detected in skin fibro-
blasts exposed to donkey milk samples (colostrum and
mature milk), compared to the intact fibroblasts. On the
other hand, its quantitative expression was especially pro-
nounced in fibroblasts, exposed to β-casomorphine-7 and
β-casein I (Figure 1).

Significant upregulation of Akt1/2/3 kinase after fibro-
blasts exposure to the above mentioned milk species and β-
casein was documented. The activity of its active
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Figure 3: Erk1/2 kinase and p-Erk1/2 kinase signaling of skin fibroblast cultures exposed to different milk samples, β-casein, and β-
casomorphine-7. Fibroblasts exposed to the following milk species: donkey colostrum (donkey 1); donkey mature milk (donkey 2); human
colostrum (human 1); human mature milk (human 2); casein 1/10 (cas I); casein 1/100, (cas II); beta-casomorphine-7, 1/10, (CSM I);
beta-casomorphine-7, 1/100 (CSM II); and control group. Each group comprised of 4-6 culture samples.
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phosphorylated form (p-Akt1/2/3) did not increase signifi-
cantly (Figure 2). Contrary to Akt1/2/3 kinase, the Erk1/2
kinase active-phosphorylated form (p-Erk1/2) was upregu-
lated almost three to four times in all treated groups. The
most remarkable effect of about fivefold increase was
observed after β-casein treatment (Figure 3).

Figure 4 represents the quantitative expression of prolif-
erative downstream signaling pathway of the JNK kinase.
All investigated treatments upregulated JNK kinase and p-
JNK kinase up to 45%. A significant decrease in activated
Stat-1 kinase (p-Stat-1) expression was documented follow-
ing a fibroblasts’ culture treatment with mature donkey and
cow milk (Figure 5). The quantitative expression of surface
antigen CD26 was significantly upregulated after treatment
with human milk (Figure 5).

4. Discussion

The human skin is the largest organ of the body, continu-
ously exposed to a variety of environmental influences. Such
influences may induce skin aging, inflammation, or serious
damage to the skin. The main challenges in treatment of
chronic wounds are to stimulate skin regeneration, to
decrease inflammation, and to preserve the skin smoothness
and elasticity [4, 8–12]. Skin fibroblasts play a key role in the
production of extracellular matrix, collagen, and elastin [4,
9]. Milk treatment can soothe irritated skin, can hydrate

dry skin, and can replenish lost nutrients. It has been
reported that skin wrinkles were treated with implanted
autologous fibroblasts, which resulted in a significant
improvement in periorbital skin flaccidity [33–35].

Donkey milk has been famous throughout history for its
nutritional, therapeutic, and cosmetic properties [23, 24].
Both colostrum and milk from donkeys may be useful in
the treatment of human immune-related diseases [26–28].
The low allergenicity of donkey’s milk may be due to its
low casein content, since the main allergens in cow’s milk
are caseins (αs1 and β type). The proportion of noncasein
(whey) proteins is 35-50% in donkey milk, while in cow’s
milk these proteins represent about 20% [25, 30, 31]. Since
fibroblasts may actively participate in inflammatory and
immune responses, we evaluated the expression of the main
redox-sensitive transcription factor activation, activator of
inflammatory response, and the NF-κB-p65 subunit. The
expression of its active p65 subunit decreased significantly
after donkey milk treatment but increased after the treatment
with β-casein and β-casomorphine-7 (Figure 1). This sug-
gests that noncasein bioactive peptides of donkey milk may
be responsible for anti-inflammatory property of donkey
milk and colostrum [36]. It has been reported that free radi-
cal activation of NF-κB may occur under the stimulation of
fibroblasts with cytokines (TNF-α and IL-1), bacterial TLR-
4 activating product lipopolysaccharide (LPS), reactive oxy-
gen species (ROS), and other DNA-damaging agents.
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Figure 4: JNK kinase and p-JNK kinase signaling of skin fibroblast cultures exposed to different milk samples, β-casein, and β-
casomorphine-7. Fibroblasts exposed to the following milk species: donkey colostrum (donkey 1); donkey mature milk (donkey 2); human
colostrum (human 1); human mature milk (human 2); casein 1/10 (cas I); casein 1/100, (cas II); beta-casomorphine-7, 1/10, (CSM I);
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Activated NF-κB may induce the expression of inflammatory
cytokines, matrix-metalloproteinases (MMP), and collage-
nases, responsible for ECM destruction [32, 33]. The overex-
pression of NF-κB is involved in fibroblast apoptosis,
together with the increased Bax ratio [33]. Our results suggest
that donkey milk may ameliorate free-radicals induced
inflammatory skin disorders through the NF-κB active p65
unit suppression of the skin fibroblasts.

In our study, we further investigated a possible favorable
effect of donkey milk, compared to casein and β-casomor-
phine-7 and to human milk species, on skin fibroblasts’ pro-
liferative potential. We demonstrated that among the kinase
pathways, the most susceptible was Erk1/2 kinase
(Figure 3), which was upregulated in all tested samples at
least three times. Intracellular signaling pathways responsible
for survival, proliferation, and differentiation consist of a
family of different serine/threonine/tyrosine kinases,
uniquely activated by dual phosphorylation of corresponding
residues upon stimulation by growth factors, cytokines, hor-
mones, or other mitogens. MAP kinases are grouped into
three families, which are extracellular-signal-regulated
kinases (Erks), Jun amino-terminal kinases (JNKs), and
stress-activated protein kinases (p38/SAPKs) [15–17]. The
activation of Erk kinase occurs by phosphorylation of
Thr202/Tyr204 motifs. Once activated, p-Erk may activate
about 150 downstream cell-signaling proteins, responsible

for survival, cell cycle activation, proliferation, differentia-
tion, and cell metabolism [17–19, 37]. The activation of
Erk-1/2 is able to inhibit apoptosis induced by oxidative
stress, osmotic stress, hypoxia, or by growth factor with-
drawal. It occurs by external Fas death receptors and TNF-
related apoptosis inducing ligand (TRAIL) [38]. In addition,
Erk activity is reduced in the adult skin compared to young
individuals [39]. All tested milk species and β-casein were
able to potentiate p-Erk pathway, which may suggest that
the essential amino acids of casein may be responsible for
Erk-induced cell cycle activation, proliferation, differentia-
tion, and cell metabolism. Akt kinase family includes serine/-
threonine kinases, which play a fundamental role in
regulating cell metabolism, proliferation, and survival. Their
continual activation may lead to the development of cancer
phenotype, while Akt1/2 knockout mice, which have dwarf-
ism and skin, muscular, and bone atrophy, die immediately
after birth [38]. Serine/threonine phosphorylation is needed
for full Akt kinase activation, but in our study, we detected
only pAkt1/2/3 activation after exposure to human milk
and β-casein (Figure 2). In addition, we found that increase
of JNK and the p-JNK pathways is far less than that of p-
Erk (Figure 4), indicating that stimulation is shifted in favor
of the Erk activity. The phosphorylation of JNK at Thr183
and 185 positions is required for its full activation. It has been
reported that JNK takes part in biosynthesis of ECM,
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remodeling of fibroblasts into myofibroblasts, and matrix
contraction after stimulation by inflammatory cytokines
and growth factors [40–42]. In addition to MAP kinases, sev-
eral members of the signal transducers and activators (Stat),
which belong to a family of transcription factors, especially
Stat-1, may be recruited by growth hormone stimulation.
The results of our study suggest that the Stat signaling path-
way was suppressed after exposure to donkey milk and β-
casomorphine-7 (Figure 5). Fibroblasts act as antigen-
presenting cells in a number of immune and inflammatory
reactions, by expressing various antigens on their surface,
by secreting inflammatory cytokines (IL-1, IL-6, TNF-α,
and GMCSF) and chemokines (IL-8, RANTES, eotaxin, and
MCP). Surface antigen CD26, which exerts dipeptidyl
peptidase-4 (DPP4) activity, is a typical marker for fibroblast
lineage. Its importance in fibrosis and scar prevention was
documented by using specific inhibitors against DPP-4 [8].
No significant increase in the CD26 expression was observed
after the cells were exposed to donkey milk, what consistently
correlates with an absence of inflammatory response in skin
fibroblasts (Figure 5).

Possible limitations of the study lie in the fact that the
metabolic properties of fibroblast cell culture may vary in
early and late cell generations, showing in vitro senescence,
ageing, and differentiation [43].

In conclusion, the downregulation of the redox-sensitive
inflammatory transcription factor NF-κB pathway observed
after skin fibroblast exposure to donkey milk may suggest
that noncasein bioactive peptides of donkey milk may be
responsible for the anti-inflammatory properties. This may
suggest usefulness in the treatment of inflammatory skin dis-
eases. Another important finding of our study is that among
cell signaling molecules, the most sensitive downstream
effector is p-Erk kinase. Stimulated p-Erk pathway may point
to donkey milk usefulness in wound healing, regenerative,
and aesthetic dermatology.
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Infection of skin injuries by pathogenic microbial strains is generally associated if not treated with a lasting wound bed oxidative
stress status, a delay in healing process, and even wound chronicity with several human health complications. The aim of the
current study was to explore the antioxidant and antimicrobial potentialities of safflower (Carthamus tinctorius L.) extracted oil
from seeds by cold pressing which would be beneficial in the management of skin wounds. Antioxidant capacity of the oil was
evaluated (scavenging ability against 1,1-diphenyl-2-picrylhydrazyl radical (DPPH) and 2,2′-azino-bis 3-ethylbenzothiazoline-6-
sulfonic acid (ABTS), and ferric reducing antioxidant power (FRAP)). Total phenolic, total flavonoid, total carotenoid, and total
chlorophyll contents were determined. Antimicrobial activities of safflower oil were tested against 10 skin pathogenic
microorganisms: 4 bacterial strains (Escherichia coli, Enterobacter cloacae, Staphylococcus aureus, and Streptococcus agalactiae), 3
yeast species strains (Candida albicans, Candida parapsilosis, and Candida sake), and 3 fungi species (Aspergillus niger,
Penicillium digitatum, and Fusarium oxysporum). A notable antioxidant capacity was demonstrated for the tested oil that
exhibited moreover high antibacterial effects by both bacteriostatic and bactericidal pathways including lysozyme activity. An
antifungal effect was further observed on the spore’s germination. Safflower oil could be considered as a good natural alternative
remedy in the management of skin wounds and their possible microbial infections.

1. Introduction

The skin is one of the most important organs in the human
body in weight, surface, and function. Mainly, it ensures a
physical protection from mechanical and chemical trauma
added to an immunological defence against environmental
microbiota. The loss of parts or all of the skin layers (epider-
mis and dermis) causes a breakdown of the protective func-
tion of this organ. The most common skin injuries are
erosions, lacerations, punctures, surgical wounds, ulcers,
and burns. Wound healing process main target is to restore
the integrity of the skin barrier and thus preserve the body’s
health [1]. Despite the fact that acute skin injuries can heal
spontaneously within a few days, it is mandatory in several

cases to take care of the wounds in order to help the process
along and avoid infections and complications which can
range from minor self-limited infections [2] to life-
threatening invasive clinical diseases [3–5].

Untreated skin wound infections have been reported to
be detrimental to the healing process, inducing wound chro-
nicity, morbidity, and even mortality [6–8]. This is of wide
concern in public health, especially in geriatrics [9, 10]. Dia-
betic, pressure, and vascular ulcers are the major forms of
chronic wounds [11, 12]. Due to peripheral vascular disease,
reduced blood flow and thus reduced tissue nutrition and
oxygenation can lead to increased vulnerability of the skin
to pathogens from the surrounding microbiota [9, 12].
Poorly treated decubitus ulcers in bedridden or elderly
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patients can even cause sepsis, especially in nosocomial infec-
tions. This is due to the fact that older adults are more likely
to develop infectious complications [13, 14].

Several studies have reported that the colonization of
the wound bed with opportunistic skin pathogenic strains
(bacteria, yeast, and fungi) is commonly associated with
infections and a delay of wound closure [15–17]. Bacteria
belonging to the genera Staphylococcus, Enterococcus,
Enterobacter, Escherichia, and Streptococcus have been
reported to be associated with skin infections in the case
of postsurgical complications, certain burns (especially sec-
ond- and third-degree burns), and diabetic foot ulcers and
bedsores [18–22]. They have been related to produce bio-
films which are sometimes persistent and hard to treat and
eradicate [23–25]. Other studies have also shown the
involvement of other microorganisms such as yeasts of
the genus Candida and fungi of the genera Aspergillus,
Fusarium, and Penicillium in the infection of skin wounds
and the impairment of the wound healing process [16, 22,
26, 27].

Over the recent past decades, the widespread use and
overconsumption of systemic and topical medicines have
led to the emergence of drug-resistant microbial strains [28,
29] such as methicillin-resistant Staphylococcus aureus [14,
30–32] and multiresistant Candida species [33] which caused
serious public health problems.

The cutaneous wound healing is a dynamic and definite
organized process which can be divided into four major over-
lapping steps: hemostasis to stop local hemorrhage after
blood capillary rupture, inflammation to fight contaminating
microorganisms, angiogenesis and reepithelialization to close
the wound, and finally maturation and remodeling of the
scar. Since the early phases of the inflammatory process, the
wound bed is invaded by inflammatory cells such as neutro-
phils followed by lymphocytes and monocytes. They release
prooxidant mediators such as reactive oxygen species
(ROS) like hydroxyl radical (OH∗-), hydroxyl peroxide
(H2O2), and superoxide radical anion (O2

∗-) and reactive
nitrogen species (RNS) such as nitric oxide (NO) in sufficient
amounts in order to create a molecular microenvironment
beneficial to microbial cell lysis [3, 34–36]. After that, several
antioxidants are released in the wound bed to counteract the
prooxidant factors thanks to their free-radical scavenging
properties and thus quench damage caused by oxidative
stress which leads to disturbances in cell physiology (lipids,
proteins, carbohydrates, and DNA) and even to necrosis.
Insufficient amounts of endogenous antioxidants especially
in elderly and/or immune-depressed patients with underly-
ing pathologies could compromise the healing process and
lead to wound chronicity and complications.

Various beneficial health effects of herbal extracts have
been proven and used since antiquity and continue to be so
nowadays. There is a worldwide growing interest of
researchers to prospect new pharmaceutical approaches,
mainly based on ethnopharmacological relevance bioactive
compounds, that can be extracted from all parts of plants
(flowers, fruits, leaves, stems, roots, and seeds) [37–39]. Sev-
eral studies have reported the effectiveness of nontoxic plant
extracts in wound healing [40–45].

Fixed vegetable oils extracted from seeds are natural
extracts rich in several active biocompounds such as fatty
acids, vitamins, and sterols [46]. The investigation of poten-
tial effects of fixed vegetable oils and their different compo-
nents in the healing of skin wounds has attracted the
interest of several researchers around the world [47–52].

Safflower (Carthamus tinctorius L.), a member of the
Asteraceae family, is a thistle-like herbaceous annual plant.
It can withstand arid or semiarid climates with seasonal rain-
fall. Its orange-colored flowers are rich in carthamin, an
orange or red pigment used as a dye [53]. The seeds of apical
capitulas harvested at the latest vegetative stage are rich in a
slightly yellow colored edible oil. Carthamus tinctorius L. is
one of the mostly used aromatic herbals for medicinal pur-
poses, especially in traditional pharmacopeias. Various stud-
ies have been carried out on some parts of this plant such as
leaf and flower extracts [54–56] and their biological effects.

The present work was designed to study the antioxidant
and antimicrobial potentials, beneficial in the treatment of
skin wounds, of the natural vegetable oil extracted by cold
pressing of safflower (Carthamus tinctorius L.) seeds.

2. Materials and Methods

2.1. Safflower Crude Edible Seed Oil Extraction. Safflower
(Carthamus tinctorius L.) seeds were harvested in June 2017
from flower heads of plants grown in the northwest of Tuni-
sia. The seeds were then sieved manually in order to clean
them from impurities and dust. The edible seed oil was
extracted by first cold pressing, using a machine (SMIR,
MUV2 65). This method does not use any chemical products
during the extraction process and ensures the preservation of
oil components. The extracted seed oil was then stored until
use in anti-UV hermetic clean bottles as previously described
[57].

2.2. Physicochemical Properties of Extracted Safflower Seed
Oil. The tests were carried out according to the official
methods of AOCS (American Oil Chemists’ Society, Interna-
tional). Moisture ratio of the dried seeds was estimated
according to ISO 665:2000. Saponification index was assessed
according to the Norm ISO 3657:2013. Refractive index was
determined with an Abbe refractometer with temperature
adjustment at 20°C. Peroxide value was determined in meq
O2/kg of oil according to NF T60-220:1998. Iodine value (g
I2/100 g oil) and acid index (mg KOH/g oil) were calculated
according to the AOAC official method 940.28, 2013, and
NF ISO 660-1996, respectively. Density was estimated at
20° as mass/volume (g/cm3).

2.3. Determination of Safflower Oil Antioxidant Capacity

2.3.1. Scavenging Ability against Free Radicals DPPH (1,1-
Diphenyl-2-Picrylhydrazyl Radical) and ABTS (2,2′
-Azinobis-3-Ethylbenzothiazoline-6-Sulfonate). Scavenging
activity of Safflower seed oil against DPPH and ABTS free
radicals was evaluated as described [58]. 180μL of 0.1mM
DPPH solution was mixed with 20μL of safflower oil. The
mixture was shaken vigorously then left to incubate at room
temperature in the dark for 30min. The absorbance was
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measured at 520nm using a spectrophotometer (Thermo
Fisher Scientific Multiskan Go).

In order to produce ABTS radical cation, 2.5mMpotassium
persulphate was mixed with 7mM ABTS solution (at pH7.4)
and left in the dark for 16h. A dilution of the mixture was car-
ried out until absorbance of 0:70 ± 0:02 at 734nm was reached.
180μL of fresh ABTS diluted solution was added to 20μL of the
dissolved oil sample. Absorbance (A) was measured 6min after
the mixing. The maximum absorbance of DPPH and ABTS of
the sample was recorded as Asample and of the blank control as
Ablank. The measurements were performed in triplicate. The
results were expressed as Vit. C eq/g oil. Ascorbic acid was used
as a standard. The percentage inhibition (%) of the free radical
DPPH and ABTS was calculated as follows:

I% =
Ablank − Asample

Ablank

� �
× 100: ð1Þ

2.3.2. Ferric Reducing Antioxidant Power (FRAP). The FRAP of
the safflower seed oil was evaluated using the method of Benzie
and Strain [59] with slight modifications [60]. The fresh FRAP
reagent was prepared daily as required, by mixing 2.5mL of
20mM ferric chloride hexahydrate (FeCl3·6H2O) solution with
25mL of acetate buffer 0.1M (pH3.6) (CH3COONa-3 H2O;
CH3COOH) and 2.5mL of 10mM TPTZ (2,4,6-tri(2-pyridyl-
s-triazine) solution in 40mM hydrochloric acid (HCl). The
mixture was incubated at 37°C in a water bath for 10min.
The oil sample was diluted with n-hexane (V/4V) in order to
enhance contact between it and the working FRAP reagent.
An aliquot of 300μL of this diluted oil sample was added to
2mL of FRAP reagent then made up to volume 10mL with
redistilled water. The reaction mixture was left to incubate for
30min at 37°C, then centrifuged at 15000 rpm for 10min to
remove solids. A blue-colored compound (Fe (II)-tripyridyltria-
zine) was formed from the colorless oxidized form Fe (III) by
the action of electron-donating antioxidants in the oil sample.
The absorbance was measured at 593nm with a spectropho-
tometer (Thermo Fisher Scientific Multiskan Go) against a
blank reading sample of 2mL of FRAP reagent made up to
10mL with redistilled water. A standard curve was prepared
using various increasing concentrations (0.005-0.050mM) of
fresh FeSO4; 7H2O and used on the same day of the prepara-
tion. All the measurements were done in triplicate. The FRAP
value was expressed as μmol Fe2+/kg oil.

2.4. Total Phenolic Content. Safflower oil total phenolic con-
tent was assessed using the Folin-Ciocalteu method as
described [61]. Absorbance was determined at 765 nm
against a blank. Measurements were performed in triplicate.
Gallic acid was used as a standard. Total phenolics were
expressed as gallic acid equivalents per g of oil (GA eq/g oil).

2.5. Total Flavonoid Content. Total flavonoid content in saf-
flower seed oil was assayed as described [62] and slightly
modified [57]. 1.5mL of 2% aluminium trichloride solution
(AlCl3) was added to 1.5mL DMSO dissolved oil. The mix-
ture was left to incubate in the dark for 30min at room tem-
perature. The absorbance was determined at 430nm against
a blank. The measurements were performed in triplicate.

Quercetin was used as a standard. Total flavonoids in the
tested oil were expressed as mg of quercetin equivalents per
g of oil (mg Q eq/g oil).

2.6. Total Carotenoid and Chlorophyll Contents. Total carot-
enoid and chlorophyll contents were determined by the col-
orimetric method as described [63]. Safflower seed oil
(1.5 g) was dissolved in 5mL cyclohexane. The maximum
absorption was measured at the wavelength of 470 nm that
corresponds to the carotenoid fraction and at 670 nm which
corresponds to the chlorophyll fraction. The amounts of the
two fractions were calculated using the following formulae:

Carotenoid mg/kgð Þ = A470 × 106
2:000 × 100 × dÞ,

Chlorophyll mg/kgð Þ = A670 × 106
613 × 100 × dÞ,

ð2Þ

where A is the absorbance, d is the spectrophotometer cell
thickness = 1 cm, “2.000” is the specific extinction coefficient
of lutein (xanthophyll, major carotenoid fraction compo-
nent), and “613” is the specific extinction of chlorophyll a
(pheophytin, major chlorophyll fraction component).

2.7. In Vitro Antimicrobial Assays

2.7.1. Test Microbial Strains. Safflower extracted oil was
tested against 10 human pathogenic microorganisms
obtained from our collection at the Laboratory of Mycology,
Pathologies and Biomarkers (Faculty of Sciences of Tunis,
University of Tunis El Manar, Tunisia). This collection was
obtained after carrying out isolation and rigorous identifica-
tion from Tunisian patients’ clinical samples: 2 gram-
negative bacterial strains (Escherichia coli and Enterobacter
cloacae), 2 gram-positive bacterial strains (Staphylococcus
aureus and Streptococcus agalactiae), 3 yeast species strains
(Candida albicans, Candida parapsilosis, and Candida sake),
and 3 fungi species (Aspergillus niger, Penicillium digitatum,
and Fusarium oxysporum). Antibiotic Ceftazidime (CAZ30)
and antifungals Voriconazole (VCZ) and Amphotericin B
served as reference drugs.

2.7.2. Detection of Antimicrobial Activity. Antibacterial and
antifungal assays were performed by the agar well diffusion
method [64] and broth microdilution method using sterile
Mueller–Hinton media (Bio-Rad, France) for bacterial
strains and potato dextrose agar (Bio-Rad, France) for anti-
fungal tests. A fresh cell suspension (0.1mL) adjusted to
107 CFU/mL for bacteria and 106 spores/mL for fungus was
inoculated onto the surface of agar plates. Thereafter, wells
with 6mm in diameter were punched in the inoculated agar
medium with sterile Pasteur pipette, and 50μL of the dis-
solved oil was added to each well. Negative controls consisted
of 50μL DMSO, used to dissolve the oil (1V/2V). The plate
was allowed to stand for 2 h to permit the diffusion of the oil
followed by incubation at 37°C for 24 h for bacterial strains
and 72 h for fungi at 28°C. The antimicrobial activity was
evaluated by measuring the inhibition zones (clear areas
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around the wells) against the test microorganisms. All tests
were carried out in triplicate.

2.7.3. Determination of Minimum Inhibitory Concentration
(MIC) and Minimal Bactericidal Concentration (MBC). The
minimum inhibitory concentration (MIC) of the tested oil
against six bacterial strains was determined accordingly to
the microdilution broth method as described [64]. MIC was
estimated visually (absence of turbidity) with 3 independent
measurements. Minimal bactericidal concentration (MBC)
was determined from the microdilution plates used in the
MIC assay, according to [65] with modifications [66]. Ali-
quots (10μL) of each well without visible growth were trans-
ferred to TSA plates, incubated at 36°C for 24 h, and colony
growth was verified as previously reported [67].

2.7.4. Lysozyme Activity. The lysozyme activity of the oil was
assayed at 1/4 (v/v) by incubation at 37°C with pathogenic
gram-positive bacteria: Staphylococcus aureus and Strepto-
coccus agalactiae.

The mixed reaction was containing 0.1mL of diluted oil
(1/4) and 0.1mL of suspension bacterial cell prepared in
phosphate buffer after incubation for 60min at 37°C. The
activity was tested turbidimetrically by measuring the
decrease in absorbance at 660nm of the bacterial strain sus-
pensions [66, 67]. Data were the average of three replications
and were expressed in arbitrary units per mL (AU/mL).

2.7.5. Determination of Bactericidal Activity. The antimicro-
bial activity of the tested oil was expressed in arbitrary units
per mL (AU/mL), and it was determined by an agar diffusion
assay [68]. Briefly, a serial twofold dilution of oil in DMSO
and 50μL of each dilution were spotted onto a TSB agar soft
plate seeded with 107CFU/mL of Staphylococcus aureus. The
AU/mL was calculated as

AU/mL = 1000 × D
A
, ð3Þ

where A is the volume of the tested oil spotted on an agar
plate (50μL in this case) andD is the reciprocal of the highest
dilution showing a clear inhibition of the indicator strain.

2.7.6. Oil Effects on Viability and Morphology of Fungal
Spores. All tested fungi were grown at 28°C on PDA for 10
to 15 days. Sterile water (20mL) was added to each plate,
and the surface was softly scraped with a sterile loop to
release the spores. The resulting fungal spore suspension
was filtered through a sterile 30μm filter to remove the myce-
lial fragments. The conidial suspension of each fungus was
adjusted to a concentration of 105 spores/mL by counting
with a haemocytometer. To investigate the effects of the
described oil on spore germination, 50μL of conidial suspen-
sions (105 spores/ml) and 50μL of the oil (1 : 2, v/v) were
pipetted into an Eppendorf tube containing 1mL with 5%
glucose in sterile distilled water; the mix was then incubated
at 25°C for 24 h. Control tubes were inoculated only with fun-
gal spores of each tested fungus. Spore’s germination inhibi-
tion percentage (I%) was determined by microscopic
examination of spores in the presence of the oil (E), com-

pared to the control tube containing only the spore suspen-
sions (C) [69]. The used formula was

I %ð Þ: C − E
C

× 100: ð4Þ

To determine the effect of the tested oil on the morpho-
logical spore’s germination, 100μL from each tube was
directly observed with optical microscopy (CETI) at 40x.

2.8. Statistical Analysis. The statistical data analysis was per-
formed using SPSS statistics 20.0 (SPSS Inc., Chicago, Illinois,
USA) followed by t-test to assess the effect of treatments. The
results were expressed as mean values ± SEM. A difference
was considered significant if p < 0:05.

3. Results

3.1. Physicochemical Properties of Safflower Seed Oil. The
physicochemical properties of the tested oil are reported in
Table 1. The moisture ratio of the dried seeds was of 4:71 ±
0:03%. Safflower seed oil extracted by first cold pressing is a
bright yellowish-amber fluid oil with characteristic vegetal
smell. It is a natural, free of solvents, dry, and noncomedo-
genic oil. It has a density of 0:921 ± 0:002 at 20°C (g/cm3),
a refractive index at 20°C of 1:477 ± 0:001, a saponification
value of 191:2 ± 0:350mg KOH/g oil, an iodine index of
137:5 ± 0:450 g I2/100 g oil, a peroxide value of 1:985 ±
0:043meq O2/kg oil, and an acidity index of 1:523 ± 0:041
mg KOH/g oil.

3.2. Antioxidant Activities of Safflower Seed Oil. The results
have shown that safflower seed oil exhibited high scavenging
effects against DPPH and ABTS free radicals. We registered a
percentage of inhibition compared to Vit. C 89:41 ± 0:38 Vit.
C eq/g oil and 88:52 ± 0:45 Vit. C eq/g oil, respectively. The
FRAP value of safflower seed oil was estimated at 247:5 ±
0:034μmol Fe2+/kg oil (Table 2).

3.3. Total Phenolic, Total Flavonoid, Total Carotenoid, and
Total Chlorophyll Contents. Table 3 presents the data of the
total phenolic, total flavonoid, total carotenoid, and total
chlorophyll amounts measured in the safflower oil sample.
They were, respectively, of 98:52 ± 0:80 GA eq/g oil, 35:79
± 0:34 Q eq/g oil, 18:43 ± 0:020mg/kg oil, and 3:9 ± 0:10
mg/kg oil.

3.4. Antimicrobial Activity of Safflower Seed Extracted Oil

3.4.1. Antibacterial Activity. The tested oil dissolved in
DMSO at 1/3 (v/v) proved high antibacterial activity since
it was active against three bacterial species Escherichia coli,
Streptococcus agalactiae, and Enterobacter cloacae from a
total of four bacterial species. The diameter inhibition values
vary with the bacterial species from 13.0mm to 15.0mm
(Table 4).

In order to determine the bacteriostatic and/or bacteri-
cidal effects of the described oil, a volume from each well
without visible growth was transferred to TSA plates, incu-
bated at 37°C for 24 h, and colony growth was examined.
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The obtained results showed that our oil has a bacteriostatic
effect against all tested bacterial species since we observed a
bacterial colony after incubation. MIC and MBC obtained
values were, respectively, 1/16 and 1/32 for Escherichia coli
and Streptococcus agalactiae.

The highest antibacterial activity was observed against
Enterobacter cloacae by giving the maximum diameter of
inhibition of 15mm and the high MIC and MIB values,
respectively, of 1/32 and 1/64. This data was also confirmed
by its most activity than the antibiotic used here Ceftazidime
(CAZ30) compared to other antibacterial activity against
other species which were less than those exhibited by Ceftaz-
idime (CAZ30) (Figure 1).

The bactericidal activity expressed in AU/mL was of 320
AUmL-1 against Escherichia coli and Streptococcus agalactiae
and 640 against Enterobacter cloacae (Table 4).

A low value of lysozyme activity was also detected against
two tested gram-positive pathogenic strains Streptococcus
agalactiae and Staphylococcus aureus. We found 11.5 and
6.5AU, respectively (Figure 2).

3.4.2. Antifungal Activity. The obtained results have shown
that safflower oil exhibited a significant antifungal activity
against two Candida species, with a diameter zone inhibition
of 15.5mm for Candida parapsilosis and 15.0mm for Can-
dida sake. No growth-inhibitory action on Candida albicans
was observed. Fungicidal activity was obtained on the three
fungal species (Aspergillus niger, Penicillium digitatum, and
Fusarium oxysporum) with an inhibition zone diameter of
ranging from 11 to 12.5mm (Table 5).

Comparing the antifungal activity of safflower oil with
that of two antifungal drugs, we could note that it has anti-
fungal effects on all the tested fungal strains. Its effectiveness
was quite similar to that of Amphotericin B against Aspergil-
lus niger. Nonetheless, its antifungal efficiency was weaker
than that of Voriconazole (VCZ) except for Fusarium oxy-
sporum where safflower exhibited antifungal effect as well
as Amphotericin B where VCZ had no effect on this strain
(Figure 3).

From our data, it appeared that safflower oil was able to
reduce spores’ germination of the three tested fungi with a
high percentage of inhibition of 84.8% for Aspergillus niger
and more than 88% for the other tested fungi, compared to
untreated controls.

Microscopic observation of spore germination morphol-
ogy of conidial suspensions treated with safflower oil at 1/4
(v/v) compared to conidial suspension in the absence of the
oil has shown a marked reduction of the length of the germi-
native tube and the ramification rate of the spores. For
instance, Figure 4 shows the observation of Aspergillus niger’s
spore germination in the absence of any treatment
(Figure 4(a)) and after treatment with safflower oil
(Figure 4(b)). Similar effects were observed for Penicillium
digitatium and Fusarium oxysporum spores.

4. Discussion

Our results have shown that the oil extracted from safflower
seeds under cold pressing exhibited high antioxidant activities
through its scavenging activities on free radicals DPPH and
ABTS and its strong ferric reducing antioxidant power (FRAP).
Moreover, we registered notable antimicrobial effects of saf-
flower oil against human skin opportunistic pathogenic bacte-
ria, yeast, and fungi, which commonly alter the healing of skin
wounds. These properties would allow the tested oil to promote
the healing process of cutaneous injuries by topical application.

Skin injury can be considered as an oxidative stress-
inducing factor. The wound repair process requires an
increase in the consumption of oxygen O2 which is a para-
mount factor in the mitochondrial production of adenosine
triphosphate (ATP), the energetic molecule used by all actors
in the healing process, especially during the early phases,
hemostasis and inflammation. Although the rupture of the
blood vessels caused by the skin injury induces a state of hyp-
oxia, it seems that the lack of O2 starts to jump the healing
process via the release of HIF-1 [70] and huge amounts of
oxygen reactive species (ROS) in the wound site [34, 71].
Oxygen- (O2-) derived molecules are known as reactive oxy-
gen species (ROS) such as H2O2.

When the platelets and neutrophils are exposed to the
cutaneous ECM and collagen after the capillary rupture, they
get activated and release chemical mediators in the wound
bed and a large amount of ROS. At homeostatic low doses,
these compounds are beneficial and intervene since the first
minutes after skin trauma in several ROS-signaling pathways
[35, 36]. First of all, ROS stimulate the constriction of the ves-
sels surrounding the wound to reduce blood loss, in parallel
with the activation of the hemostatic cascade, the formation
of thrombin, and as a result a thrombus that can stop local
hemorrhage.

They also provide further signals within the intercellular
network that supports the wound healing process and acti-
vate the recruitment of immunocytes to migrate to the
wound site to fight invading pathogens [72, 73]. It has been
reported that during the inflammatory phase, neutrophils
intervene first, because of their abundance in the blood,
followed by some innate immune cells like mast cells and
dendritic epidermal T cells (DETCs) and by monocytes

Table 1: Physicochemical properties of first cold pressed safflower
seed oil.

Parameters

Physical state at room temperature Liquid

Colour Bright yellowish-amber

Odour Characteristic vegetal smell

Texture Dry oil

Property Fluid, noncomedogenic

Density at 20°C 0:921 ± 0:002
Refractive index at 20°C 1:477 ± 0:001
Saponification value (mg KOH/g oil) 191:2 ± 0:350
Iodine index (g I2/100 g oil) 137:5 ± 0:450
Peroxide value (meq O2/kg oil) 1:985 ± 0:043
Acidity index (mg KOH/g oil) 1:523 ± 0:041
∗Values given are the means of three measurements ± standard error.
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which then differentiate into mature macrophages which are
strongly activated in the wound bed during the acute inflam-
matory process. These cells then release a plethora of inter-
acting molecules, active mediators such as chemotactic, and
growth factors, cytokines, and chemokines (IL-1, IL-6,
VEGF, TNF-α,…) with proinflammatory and proteolytic
enzymatic properties [71–73]. PDGF and TGF-β are released
by the recruited platelets to attract more platelets, fibroblasts,
and inflammatory cells. TNF-α has been reported to be an
essential factor in promoting centripetal migration of kerati-
nocytes from the edges to the center of the wound site and
allowing reepithelialization and closure of the epidermis [74].

Furthermore, other amounts of ROS are released during
phagocytosis to stunt bacterial and fungus proliferation via
bacteriostatic and fungistatic actions. Skin wounds get some-
times worse if not well managed, especially under bad care
conditions that lead to infections and the extension of the
inflammatory phase, with an enhancement of ROS and free
radical production which are detrimental to wound healing
[36, 70]. In addition, it should be noted that under normal
healing conditions, endogenous antioxidants such as SOD,
GPx, and Trx-1 and Trx-2 are secreted and released in the
wound bed to counteract the oxidative stress damages induced
by the free radicals produced during the inflammatory phase
[36]. It is therefore the physiologic balance between prooxi-
dant factors and antioxidant agents that would be one of the
keys to efficient tissue repair. But in case of reduction of secre-
tion of endogenous antioxidants in certain patients especially
the elderly with underlying pathologies such as immunological
depressed status, diabetes mellitus, hemiplegia, and tetraplegia
that impair autonomicmobility, the damages caused by oxida-
tive stress are amplified, leading to wound infections, delayed
healing, and chronicity of wounds. This is of a great concern
in nursing and wound care.

Supplementation by topical application on the wound
bed with exogenous compounds which have antioxidant
potential, such as safflower oil, would be an effective strategy
in wound management. The antioxidant properties of saf-
flower oil could be attributed to its richness in several bioac-
tive compounds such as polyphenols, flavonoids,
carotenoids, and chlorophylls which were detected in our
oil extract. In fact, various studies have proven the very
potent antioxidant potential of these compounds [69, 71–
73] and their protective effects in human health against
oxidative-stress-induced diseases and physiological disrup-
tions [75–77]. Moreover, it has been shown that safflower
seeds’ oil is particularly rich in α tocopherol-vitamin E [78]
and in phytosterols such as campesterol, stigmasterol, and
β-sitosterol which have strong potential antioxidant effects
[79]. Topical management of skin wounds by this oil could
promote the healing process as it is mainly composed at a
high percentage by unsaturated fatty acids [80] especially
linoleic acid (C18:2n-6) and oleic acid (C18:1 n-9) which
are important components of the cell membranes [81].

Additionally, it is known that linoleic acid is a precursor in
the synthesis pathways of several bioactive mediators (throm-
boxanes, prostaglandins, and leukotrienes) which are very
active in the neoangiogenesis and dermal regeneration [82].
In addition, the tested oil was described to be very rich in
phospholipids such as phosphatidylethanolamine, phosphati-
dylcholine, and phosphatidylinositol which are major compo-
nents of the cell membranes. So, safflower oil may provide
crucial lipid elements for the genesis of the cells which are
newly formed during the healing process [83, 84, 85].

Another criterion seems to be necessary during the early
stages of the healing process, namely, a good level of hydra-
tion in the wound. In some cases like deep wounds, burns,
bedsores, and skin ulcers, wound management requires the

Table 2: Antioxidant activities of safflower seed oil.

Scavenging activity against DPPH radical
% inhibition (Vit. C eq/g oil)

Scavenging activity against ABTS radical
% inhibition (Vit. C eq/g oil)

FRAP value
(μmol Fe2+/kg oil)

89:41 ± 0:38 88:52 ± 0:45 247:5 ± 0:034
∗Values given are the means of three measurements ± standard error.

Table 3: Total phenolic, total flavonoid, total carotenoid, and total chlorophyll contents of safflower seed oil.

Total phenolics (GA eq/g oil) Flavonoids (mg Q eq /g oil) Carotenoids (mg/kg oil) Total chlorophylls (mg/kg oil)

98:52 ± 0:80 35:79 ± 0:34 18:43 ± 0:020 3:9 ± 0:010
∗Values given are the means of three measurements ± standard error.

Table 4: Antibacterial activity of safflower seed oil on the tested bacterial strains.

Microorganisms MIC MBC Diameter zone inhibition (mm) Bactericidal activity (AU/mL)

Bacteria

Escherichia coli 1/16 1/32 13:0 ± 1:4 320

Streptococcus agalactiae 1/16 1/32 13:5 ± 0:7 320

Enterobacter cloacae 1/32 1/64 15:0 ± 0:0 640

Staphylococcus aureus - - - -

Values given are the means of three measurements ± standard error. -: absence of activity.
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use of a variety of products such as hydrogel dressings that
provide both hydration and the removal of debris and waste
from the wound bed. Safflower extracted oil could ensure a
good level of wound hydration by providing an insulating
barrier between the external environment and the exudate
in the wound bed, thus preserving it from dryness and pro-
moting the effectiveness of the healing actors.

Our study showed that the oil extracted by cold pressing
from safflower seeds had high antibacterial activities by both
bacteriostatic and bactericidal ways of action against the

tested pathogenic bacterial strains (Enterobacter cloacae,
Escherichia coli, and Streptococcus agalactiae). Under the
same conditions of extraction and experimentation, Opuntia
ficus indica oil was less efficient than safflower oil as we noted
antibacterial activity only against Enterobacter cloacae [66].
An antifungal potential against the fungal-tested strains
(Candida parapsilosis, Candida sake, Aspergillus niger, Peni-
cillium digitatum, and Fusarium oxysporum) was noted.
However, no activity has been detected against Candida albi-
cans and Staphylococcus aureus based on diameter inhibition
zone measurement. On another hand, we registered a lyso-
zyme activity. Due to its muramidase activity, lysozyme has
long been known to exert its antimicrobial action by specially
hydrolyzing the 1,4-D-linkage between N-acetylmuramic
acid and N-acetyl-D-glucosamine of cell wall peptidoglycan
which is the major component of the gram-positive bacterial
cell wall [86], hence inducing bacterial lysis and providing
some protection against bacterial infection. It is likely oil
lysozyme activity against the tested Staphylococcus aureus
strain was not sufficient to inhibit its growth on the agar
plates. This lysozyme activity of safflower oil may enhance
its potency to inactivate some bacterial strains and allows
the understanding of one of its ways of action.

Our results corroborate other findings on the antimicro-
bial effects of Carthamus tinctorius. A recent study showed
that methanolic and aqueous extracts from the seeds of this
species had antibacterial activities against Escherichia coli
and Acinetobacter baumanii with inhibition diameters of
3mm and 5mm, respectively, while based onMICs, the same
extracts exhibited antibacterial effects against Escherichia
coli, Staphylococcus aureus, Acinetobacter baumanii, Klebsi-
ella pneumonia, and Pseudomonas aeruginosa [87]. In addi-
tion, it has been proven that flower extracts from
Carthamus tinctorius L. harvested at the latter stage of flow-
ering have significant antimicrobial effects against a fungal
strain (Candida albicans) and some bacterial strains (Escher-
ichia coli (ATCC 25218), methicillin-resistant Staphylococcus
aureus (ATCC 25923), Pseudomonas aeruginosa (ATCC
27853), Bacillus cereus (ATCC 14759)). The most potent
activity has been against Escherichia coli with an inhibition
zone of 26mm [87].
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Figure 1: The antibacterial effect of safflower oil on used bacterial
species compared to the antibiotic used standard Ceftazidime
(CAZ30). Values measured represent the diameters of bacterial
growth inhibition zone expressed in mm. Safflower oil showed
lower bactericidal activity against Escherichia coli and Enterobacter
cloacae than Ceftazidime (CAZ30). However, its effect against
Streptococcus agalactiae was greater than that of CAZ30.
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Figure 2: Lysozyme activity of safflower oil tested at 1/4 (v/v) by
incubation at 37°C with pathogenic gram-positive bacteria:
Streptococcus agalactiae and Staphylococcus aureus. Data are the
average of three replications, and bars present the standard error
of the means. A lysozyme activity was greater on Streptococcus
agalactiae rather than on Staphylococcus aureus.

Table 5: Antifungal activity of safflower seed oil on the tested fungal
species.

Microorganisms Diameter zone inhibition (mm)

Yeasts

Candida albicans -

Candida parapsilosis 15:5 ± 0:7
Candida sake 15:0 ± 1:4

Fungi

Aspergillus niger 11:0 ± 1:4
Penicillium digitatum 11:0 ± 0:0
Fusarium oxysporum 12:5 ± 0:7

Values given are the means of three measurements ± standard error. -:
absence of activity.
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Several studies outlined that antimicrobial activities of
plant extracts are due to their phenolic contents which cause
cell membrane disruption, thus inducing cytoplasmic element
spillage and cell necrosis [88–90]. Safflower oil phenolics may
contribute by this way to inactivate bacterial growth. More-
over, as it is rich with polyunsaturated fatty acids (oleic and
linoleic acids), safflower oil could act against both bacteria
and fungi. Fatty acids were reported to inhibit some mem-
brane enzymes like glucosyltransferase and to activate auto-
lytic cell wall enzymes, leading to cell death (bactericidal or
fungicidal effects). Moreover, they were cited to reduce energy
pathway production in the mitochondria, hence inhibiting

bacterial (bacteriostatic effect) or fungal growth (fungistatic
action) [87]. This is in line with our results since we found a
slowdown in fungal spore germination. In addition, these fatty
acid-related antimicrobial effects could be combined with
those of the phytosterols present in safflower seed extracted
oil to enhance its effectiveness against microbial infections.

5. Conclusion

The present study revealed that the oil extracted by cold
pressing from the seeds of safflower (Carthamus tinctorius
L.) exhibited high antioxidant effects and antimicrobial
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Figure 3: Comparison of the antifungal activities between antifungal drugs and safflower oil on the tested fungal species. Values measured
represent diameters of fungal growth inhibition zone (mm). Voriconazole (VCZ) and Amphotericin B were used as positive controls.
Safflower oil treatment significantly reduced the percentage of spores’ germination and branching of the germ tubes of the tested fungal strains.
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Figure 4: Microscopic morphology (×400) of Aspergillus niger spores’ germination under normal conditions (a) and after treatment with
safflower oil (b). The arrows indicate the spores’ germinative tubes. Safflower oil reduced markedly the length of Aspergillus niger spores’
germination tube compared to the controls.
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potentialities against several opportunistic skin pathogens. It
seemed to act by bacteriostatic and bactericidal pathways as
well as a strong antifungal growth inhibition.

A judicious strategy for the management of acute and
especially chronic skin injuries would be to administer topi-
cally a multitherapy composed of antioxidants, one or more
antimicrobials (antibiotics and antifungals depending on
the patient’s condition), and skin regenerating and restruc-
turing compounds, safe from health side effects. The bioac-
tive components of Carthamus tinctorius L. seed oil
extracted by cold pressing may allow it to be considered as
a good alternative natural therapeutic for the management
of skin injuries, and the prevention of skin infections.

Abbreviations

CFU: Colony-forming unit
DMSO: Dimethylsulfoxide
MIC: Minimum inhibitory concentration
MBC: Minimal bactericidal concentration
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TSA: Trypticase soy agar
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AU/mL: Arbitrary unit per mL
FRAP: Ferric reducing antioxidant power
PDGF: Platelet-derived growth factor
TNF-α: Tumor necrosis factor alpha
IL-1: Interleukin 1
IL-6: Interleukin 6
VEGF: Vascular endothelial growth factor
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Background. Skin wounds are closely correlated with opportunistic infections and sepsis risk. Due to the need of more efficient
healing drugs, animal peptides are emerging as new molecular platforms to accelerate skin wound closure and to prevent and
control bacterial infection. Aim. The aim of this study was to evaluate the preclinical evidence on the impact of animal peptides
on skin wound healing. In addition, we carried out a critical analysis of the studies’ methodological quality. Main Methods. This
systematic review was performed according to the PRISMA guidelines, using a structured search on the PubMed-Medline,
Scopus, and Web of Science platforms to retrieve studies published until August 25, 2020 at 3 : 00 pm. The studies included were
limited to those that used animal models, investigated the effect of animal peptides with no association with other compounds
on wound healing, and that were published in English. Bias analysis and methodological quality assessments were examined
through the SYRCLE’s RoB tool. Results. Thirty studies were identified using the PRISMA workflow. In general, animal peptides
were effective in accelerating skin wound healing, especially by increasing cellular proliferation, neoangiogenesis,
colagenogenesis, and reepithelialization. Considering standardized methodological quality indicators, we identified a marked
heterogeneity in research protocols and a high risk of bias associated with limited characterization of the experimental designs.
Conclusion. Animal peptides show a remarkable healing potential with biotechnological relevance for regenerative medicine.
However, rigorous experimental approaches are still required to clearly delimit the mechanisms underlying the healing effects
and the risk-benefit ratio attributed to peptide-based treatments.

1. Introduction

Due to the disruption of innate defense mechanisms, skin
wounds are a serious risk factor for opportunistic infections,
bacteremia, and sepsis [1–3]. In the United States, recent esti-
mates indicate that at least US$25 billion are spent annually
in the treatment of 6.5 million patients with chronic wounds
[4]. The treatment of skin wounds is a challenging task, espe-

cially considering that the available treatments have limited
spectrum of action on cellular and molecular mechanisms
involved in tissue repair [5–9]. Skin wound healing requires
a series of cellular and molecular interdependent events in
order to restore tissue integrity after trauma [5]. This process
is mediated by growth factors, cytokines, and resident and
transitory cells and is organized in phases involving inflam-
mation, cell proliferation, and tissue remodeling/maturation
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[6]. In the inflammatory phase, immune cells such as neutro-
phils and macrophages migrate to the lesion area to remove
tissue debris, promote antimicrobial defenses, and trigger cell
proliferation [7]. The proliferative phase is marked by intense
cellular activity and different cell migration to the wound
bed. At this stage, fibroblasts form the granulation tissue,
composed of cells and a network of blood vessels, reestablish-
ing regional circulation [8]. The remodeling phase corre-
sponds mainly to changes in the extracellular matrix of the
scar tissue, where most type III collagen fibers are progres-
sively replaced by type I fibers, which are more resistant
and abundant in intact skins [9]. Two subsets of macro-
phages (M1 or M2) are commonly identified in this process,
exerting complementary effects in early and late stages of tis-
sue repair [10]. M1 macrophages are activated by interferon-
gamma (IFN-γ), exerting potent nitric oxide-mediated anti-
microbial effects and proinflammatory responses in the ini-
tial stages of tissue repair [11]. As an overlapping event
between proliferative and remodeling phases, M2 macro-
phages are activated by cytokines such as IL-4, IL-10, or IL-
13 [11]. These cells play an essential role on the effective res-
olution of the inflammation, mainly through angiogenesis
and extracellular matrix resorption and remodeling [10, 11].

Wound healing is a complex and time-sensitive process
often impaired by several factors such as infections, meta-
bolic comorbidities (i.e., diabetes, dyslipidemia, malnutri-
tion, and circulation disorders such as thrombosis,
atherosclerosis, and hemorrhage), as well as the presence of
foreign bodies that may delay wound healing by stimulating
a chronic inflammatory response [1]. In a continuous effort
to improve the pharmacological management of skin
wounds, the screening of natural molecules capable of
modulating the biological processes involved in tissue repair
is proposed as a rational and promising strategy for the bio-
technological development of more efficient healing drugs
[12]. In order to achieve greater therapeutic efficacy, the
search for newmolecules also is aimed at overcoming current
limitations of healing drugs, especially the technical difficulty
in obtaining the active metabolites, the high cost of drug pro-
duction, the formation of hypertrophic scars, and the risk of
selecting treatment-resistant microorganisms, an aspect that
represents a global concern [13, 14].

Due to its antimicrobial, immunomodulatory, promito-
tic, colagenogenic, and neoangiogenic potential, animal pep-
tides are suggested as promising agents for new therapeutic
approaches in skin wound treatment [1, 12, 15, 16]. Besides,
their molecular abundance, low cost of isolation techniques,
high molecular stability, and their broad spectrum of biolog-
ical properties are also encouraging characteristics. However,
the main animal peptides, physicochemical characteristics of
the bioactive molecules, effective doses, and routes of admin-
istration are not completely understood. Considering that
current evidence is based on fragmented data, it is unclear
whether and to what extent animal peptides are effective in
the skin wound treatment. In addition, it is currently difficult
to understand the metabolic pathways and mechanisms of
actions activated by these peptides during skin repair. Thus,
we used the systematic review framework to evaluate preclin-
ical evidence on the impact of animal peptides on skin wound

healing. In addition to characterize the biological sources of
these peptides and its chemical sequences, the methodologi-
cal quality of all studies reviewed was critically evaluated.

2. Methodology

2.1. Retrieval of Research Records. This systematic review
followed the Preferred Reporting Items for Systematic
Reviews andMeta-Analyses (PRISMA) workflow [17], which
is used as a guide for study selection, screening, and eligibil-
ity. Studies were selected through an advanced search on the
platforms PubMed-Medline (https://www.ncbi.nlm.nih.gov/
pubmed), Scopus (https://www.scopus.com/home.uri) and
Web of Science (https://www.webofknowledge.com), on
August 25, 2020, at 3 : 00 pm. We used a comprehensive
search strategy for retrieving all relevant studies, with a pri-
mary search in electronic databases and a secondary search
in the reference lists from all relevant studies identified in
the primary search. For all databases, the search filters were
based on three complementary levels: (i) intervention: ani-
mal peptides; (ii) biological process: wound healing; and
(iii) target organ: skin. The PubMed-Medline platform filters
were built using the hierarchical distribution of MeSH (Med-
ical Subject Headings) terms to retrieve the indexed studies.
Non-MeSH descriptors were characterized by the TIAB algo-
rithm (Title and Abstract). To identify preclinical studies, a
standardized experimental animal filter was applied [18].
The search filters used for the PubMed-Medline search plat-
form were adapted to Scopus and Web of Science databases,
except for the experimental animal filter used in Scopus,
which was provided by the site. The complete search strategy
is shown in the supplementary file (S1 Table).

2.2. Selection of Relevant Studies.Only studies that met all the
inclusion criteria as described below were selected: (i) in vivo
studies using animal models; (ii) studies that investigated the
effect of animal peptides with no association with other com-
pounds on wound healing; and (iii) original studies pub-
lished in English. The following studies were excluded: (i)
nonanimal peptides; (ii) unreported origin of peptides; (iii)
investigations of other organs, pathologies, or therapies; (iv)
sutured wounds; (v) in vitro and ex vivo studies; (vi) unreach-
able studies; (vii) secondary research (i.e., literature reviews,
comments, letters, and editorials); and (viii) gray literature
(i.e., video-audio media). When it was difficult to obtain the
full-text papers, the authors were requested to provide it by
email.

2.3. Data Extraction and Management. Two independent
reviewers (RSA and LSA) conducted the literature search,
removed duplicated articles, and screened titles and abstracts
with respect to eligibility criteria. After initial screening, full-
text articles of potentially relevant studies were indepen-
dently assessed for eligibility by two reviewers (RSA and
LSA). The kappa test was done for the selection and data
extraction (kappa = 0:922). Selections were then compared,
and inconsistencies were resolved in consultation with three
other reviewers (MMS, RDN, and RVG). Data from each
study were extracted using well-defined data as follows: (i)
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publications characteristics (author, year of publication, and
country of origin); (ii) animal models (animal, strain, sex,
age, weight, and associated pathology); (iii) cutaneous
wounds (type of lesion, site, initial area, number, and pres-
ence of infection); (iv) peptide characteristics (name, origin,
and amino acid sequence); (v) intervention characteristics
(route of administration, concentration, vehicle, frequency,
and duration); (vi) primary outcome (wound closure); and
(vii) secondary outcomes (cell proliferation and differentia-
tion, synthesis of extracellular matrix components, recruit-
ment of inflammatory cells, neoangiogenesis, inflammatory
mediators, and oxidative markers). Quantitative data related
to the wound area were directly collected from the tables or
the main text provided in each study. When these data were
graphically represented, the values of the wound area were
obtained using the Image-Pro Plus 4.5 image analysis soft-
ware (Media Cybernetics, MD, USA). The wound area was
compared amongst experimental groups, and the results
were expressed in percentage of wound closure.

2.4. Bias Analysis. The risk of bias was analyzed using the
SYstematic Review Centre for Laboratory animal Experi-
mentation (SYRCLE) Risk of Bias (RoB) tool [19]. This
instrument is based on the Cochrane Collaboration RoB
Tool, which is adjusted for aspects of bias that play a specific
role in animal intervention studies. The goal was to avoid dis-
crepancies in the assessment of methodological quality in the
field of animal experimentation. To increase transparency
and applicability, signaling questions were answered to facil-
itate judgment based on the following domains: (i) sequence
generation; (ii) baseline characteristics; (iii) allocation con-
cealment; (iv) random housing; (v) blinding; (vi) random
outcome assessment; (vii) incomplete outcome data; (viii)
selective outcome; and (ix) other sources of bias. Two
reviewers (RSA and RVG) independently assessed the risk
of bias for each study; any disagreements were resolved by
discussion and consensus with two other reviewers among
the authors (MMS and RDN). The SYRCLE chart was built
using the Review Manager 5.3 program (Copenhagen: The
Nordic Cochrane Centre, The Cochrane Collaboration).

3. Results

3.1. Included Studies. We found 1734 articles, of which 376
were duplicated and 1220 studies were excluded due to inad-
equate research theme. Among the excluded studies, 502 did
not use peptides; 458 were related to other tissues, patholo-
gies, or therapies; 108 were reviews; 68 did not evaluate the
wound healing process; 57 used peptides of nonanimal ori-
gin; 10 were unreachable; 9 were not written in English;3
were studies in vitro; 2 were comments; 1 was an ex vivo
study; 1 was a letter; 1 was a video-audio media. The remain-
ing 138 articles were carefully analyzed, of which 108 were
excluded for not meeting the eligibility criteria (S2 Table).
Thus, 30 relevant articles were selected. After reading the
reference list of all selected articles, no relevant article was
found. PRISMA diagram indicates the study selection
process (Figure 1). The selected studies were conducted in 7
different countries, mainly China (n = 18, 60%), followed by

Taiwan and United States of America (n = 4, 13% each),
Portugal, Korea, India, and Saudi Arabia (n = 1, 3% each).

3.2. Characteristics of Preclinical Models. The most used ani-
mal model was mice (n = 20, 67%), followed by rat (n = 8,
27%), pig, and rabbit (n = 1, 3% each). The most used strain
was Balb/C for mice (n = 6, 30%) and Sprague-Dawley for
rat (n = 6, 75%), but 30% of the studies did not report this
information (n = 9). Most studies included only males
(n = 19, 63%), 17% used only females (n = 5), 3% used both
(n = 1), and 17% did not report this data (n = 5). The age of
the animals ranged from 6 to 12 weeks for mice, 6 to 43 weeks
for rats, and 6 weeks for pigs. This information was not
reported in 57% of the studies (n = 17). Animal weight
ranged from 20 to 26 g for mice, 150 to 600 g for rats, and
10 to 13 kg for pigs. This information was underreported in
most studies (n = 14, 47%). Most studies were performed
on health animals (n = 26, 87%), 10% used diabetic models
(n = 3), and 3% used ischemic model (n = 1). The main
characteristics related to animal models are described in
detail in S3 Table.

3.3. Characteristics of Skin Wounds. Most studies investi-
gated excisional wounds (n = 27, 90%), followed by burns
(n = 2, 7%) and incisional wounds (n = 1, 3%). The most used
site for wounds was the back of the animal (n = 29, 97%) and
3% performed the injury on the abdomen (n = 1). The initial
wound area was reported in all studies (n = 30, 100%). The
number of wounds ranged from 1 to 6 per animal (n = 27,
90%), and 10% did not report this information (n = 3). Staph-
ylococcus aureus and Escherichia coli were the microorgan-
isms used in experiments with infected wounds (n = 5,
17%), and bacterial load concentration ranged from 2 × 105
to 1010 Colony Forming Unit (CFU). The main characteris-
tics related to skin wounds are detailed in S4 Table.

3.4. Characteristics of Animal Peptides and Treatments. The
name and origin of the peptides used were reported in all
studies (n = 30, 100%). Most of the peptides originated from
amphibians (n = 11, 37%), followed by mammals and fishes
(n = 8, 27% each), jellyfish, mollusk, and insect (n = 1, 3%
each). The amino acid sequences in these peptides were
described in 63% of the studies (n = 19). The most commonly
used route of peptide administration was topical (n = 20,
67%), followed by oral (n = 6, 20%), subcutaneous (n = 2,
7%), intravenously (n = 1, 3%), and 3% evaluated two routs
(topic and intraperitoneal) (n = 1). The most used vehicle
was saline solution (n = 13, 43%), followed by phosphate-
buffered saline (n = 10, 33%), Dulbecco’s phosphate-
buffered (n = 2, 7%), water (n = 2, 7%), and 10% did not
report this information (n = 3). Most studies applied the
intervention twice a day (n = 10, 33%), followed by once a
day (n = 8, 27%), single application (n = 2, 7%), three times
per day, continuous intervention, every three days, and twice
or every two days (n = 1, 3% each). In 20% of the studies, this
information was underreported (n = 6). Duration of inter-
vention ranged from 5 to 11 days in 27% of studies (n = 8),
12 to 16 days in 10% of studies (n = 3), 22 to 26 days in 3%
of the studies (n = 1), 27 to 31 days in 3% of the studies
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(n = 1), and 57% did not report this data (n = 17). The
peptide-related characteristics and treatment protocols are
described in S5-S6 Tables, respectively. Main outcome
(reduction in wound size) in the treatment of skin wounds
using peptides of animal origin is described in Table 1.

3.5. Main Biological Outcomes. In general, studies identified
in this review support the evidence that animal peptides exert
healing properties on skin wound. Although the reports are
heterogeneous, all studies (n = 30, 100%) show that animal
peptides are effective in accelerating wound closure. Most
studies that performed histological analysis (n = 23; 77%)
reported improvement in the processes of reepithelialization
and dermal regeneration, inflammatory cell recruitment, and
blood vessel and collagen fiber formation. Immunohisto-
chemical analyses were performed in 50% of the studies
(n = 15), which showed the effects of peptides in the quanti-
tative increase of myofibroblasts, inflammatory cells, blood
vessel density, and growth factors such as factors β-fibroblast
growth factor (β-FGF), vascular endothelial growth factor
(VEGF), and transforming growth factor-β1 (TGF-β1), as

well as the reduction of proinflammatory cytokines such as
interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor
necrosis factor-α (TNF-α). Enzyme-linked immunosorbent
assay (ELISA) was performed in 33% of the studies (n = 10
), which reported a reduction in proinflammatory cytokines
such as IL-6 and TNF-α, as well as an increase in growth fac-
tor VEGF and TGF-β1. Reverse transcription-polymerase
chain reaction (RT-PCR) was performed in 10% of the stud-
ies (n = 3), which highlighted the influence of peptides on the
upregulation of growth factor-related genes such as epider-
mal growth factor (EGF), transforming growth factor-β
(TGF-β), and VEGF, and also on the gene related to macro-
phage migration inhibition factor (MIF), and downregula-
tion of genes related to proinflammatory cytokines such as
IL-6 and TNF-α, as well as the expression of the CXCL5 gene.
The Western blot technique was performed in 7% of the
studies (n = 2), which highlighted the increased expression
of angiogenic proteins such as hypoxia-inducible factor-1α,
endothelial nitric oxide synthase, and inducible nitric oxide
synthase, as well as VEGF and TGF-β1. Oxidative stress anal-
ysis was performed in 7% of the studies (n = 2), in which
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synthesis (n=30)

Association with other
compounds (n=77)

Peptides of unreported
origin (n=13)
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Figure 1: PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram. The flowchart indicates the
research records obtained at all standardized stages of the search process required for the development of systematic reviews and meta-
analyses. Based on the PRISMA statement (http://www.prisma-statement.org).

4 Oxidative Medicine and Cellular Longevity

http://www.prisma-statement.org


Table 1: Main outcome in the treatment of skin wounds using peptides of animal origin.

Intervention
Main outcome∗

Normal
wound

Infected
wound

Diabetic
wound

Ischemic
wound

Radiation +
wound

RF P R A C
RWS
(%)

DA
(PI)

RWS
(%)

DA
(PI)

RWS
(%)

DA
(PI)

RWS
(%)

DA
(PI)

RWS
(%)

DA
(PI)

[20] Thymosin β4
Topic Twice 5 μg/50μl 62%

7 ? ? ? ? ? ? ? ?
I.p.

Every two
days

60 μg/300μl 61%

[21] TP508 Topic Single

0.03 μg 47% 7

? ? ? ? ? ? ? ?

0.1 μg 39% 10

0.3 %g 79% 7

0.4 μg 37% 10

1 μg 43% 10

1 μg 78% 7

3 μg 22% 7

5 μg ? ?

[22] TP508 Topic Single 0.1 μg ? ? ? ? ? ? 53% 14 ? ?

[23] HB-107 Topic
Three times
per day

100 μg/ml 63% 11 ? ? ? ? ? ? ? ?

[15]
Marine collagen
peptides (MCP)

Oral Once daily 2 g/kg 76% 16 ? ? ? ? ? ? ? ?

[24] LL37 Topic Twice daily 10 μg ? ? ? ? ? ? ? ? ? ?

[25] AH90 Topic Twice daily 250 μg/ml 64% 10 ? ? ? ? ? ? ? ?

[26] Pardaxin (GE33) Topic ? 8 mg/ml 58% 21 85% 17 ? ? ? ? ? ?

[27] Tylotoin Topic Twice daily 20 μg/ml 89% 10 ? ? ? ? ? ? ? ?

[28] CW49 Topic Twice daily 200 μg/ml 64% 8 ? ? 23% 8 ? ? ? ?

[29] E1 Topic Once daily 60 μM 92% 12 ? ? ? ? ? ? ? ?

[30]
Tilapia piscidin 4

(TP4)
Topic ? 2 mg/ml 27% 19 29% 19 ? ? ? ? ? ?

[12]
Tilapia piscidin 3

(TP3)
Topic ? 2 mg/ml 23% 19 44% 19 ? ? ? ? ? ?

[31] Proinsulin C S.c. Continuous
35 pmol/kg per

minute
? ? ? ? 67% 10 ? ? ? ?

[32]
Camel milk peptide

(CMP)
Oral Once daily 25 mg/kg ? ? ? ? 37% 7 ? ? ? ?

[33] Ghrelin S.c. Once daily

50 nmol/kg 17%

14 ? ? ? ? ? ?

0%

14100 nmol/kg 0% 50%

200 nmol/kg 0% 67%

[34] Epinecidin-1 (Epi-1) Topic
Every three

days

90 μg/ml

? ?

65%

25 ? ? ? ? ? ?900 μg/ml 65%

9 mg/ml 71%

[35]
Marine collagen
peptides (MCP)

Topic Once daily ? 86% 21 ? ? ? ? ? ? ? ?

[1] OM‒LV20 Topic Twice daily

0.5 nM ?

10 ? ? ? ? ? ? ? ?

1 nM ?

2.5 nM ?

5 nM ?

10 nM ?

20 nM 50%

[13] Cathelicidin-OA1 Topic Twice daily

10 μM 6%

10 ? ? ? ? ? ? ? ?20 μM 53%

40 μM 66%
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peptides increased glutathione (GSH) level and the activity of
antioxidant enzymes such as superoxide dismutase (SOD)
and catalase (CAT); as well as reduced the level of malondial-
dehyde (MDA), a lipid peroxidation marker. All relevant
results involving the use of animal peptides in the treatment
of skin wounds are described in Table 2.

3.6. Reporting Bias. Regarding the analysis of bias obtained
with SYRCLE’s RoB tool, the highest risks of bias found in
the studies were related to the methods used in the genera-
tion and application of the animal allocation sequence, hous-
ing procedures, and animal selection for outcome
assessment. Regarding baseline similarities, 10% of the stud-
ies reported sufficient information to conclude that the distri-
bution was balanced among the intervention and control
groups at the beginning of the experiment (n = 3), and 90%
did not report sufficient information on the homogeneity of
the experimental models (n = 27). Regarding the measures
used to blind caregivers and/or investigators, only 3%
reported this information (n = 1). Considering the evalua-

tors, two studies (7%) reported that the outcomes were col-
lected in a blind manner, 10% reported that the evaluation
was performed by independent researchers, but does not pro-
vide information on blinding (n = 3), and 83% did not report
this information at all (n = 25). Regarding incomplete results
adequately addressed, 77% did not report or showed unclear
information (n = 23). Considering the item that evaluates
whether the study is free of selective outcome reports, 50%
did not make clear the expected results (n = 15). Other
potential risks of bias that could compromise the evidence
(i.e., additional treatment or drugs and interventions applied
to different parts of the body within one participant) were
found in 50% of the studies (n = 15). Results from bias anal-
ysis are shown in Figure 2.

4. Discussion

In order to meet a comprehensive interpretation of the evi-
dence reported in this systematic review, in addition to the
research outcomes, we conducted an analysis of the

Table 1: Continued.

Intervention
Main outcome∗

Normal
wound

Infected
wound

Diabetic
wound

Ischemic
wound

Radiation +
wound

RF P R A C
RWS
(%)

DA
(PI)

RWS
(%)

DA
(PI)

RWS
(%)

DA
(PI)

RWS
(%)

DA
(PI)

RWS
(%)

DA
(PI)

[16] OA-GL21 Topic Twice daily

1 μg/ml -3%

9 ? ? ? ? ? ? ? ?10 μg/ml 44%

100 μg/ml 53%

[36] Cathelicidin-NV Topic Twice daily 200 μg/ml 91% 10 ? ? ? ? ? ? ? ?

[37]
Pollock Collagen
Peptide (PCP)

Oral ?
0.5 g/kg 27%

12 ? ? ? ? ? ? ? ?
2 g/kg 48%

[38] OA-FF10 Topic Twice daily

1 μM 52%

8 ? ? ? ? ? ? ? ?10 μM 52%

100 μM 68%

[39]
Collagen peptides

(CP1/CP2)
Oral Once daily

0.3 g/kg
-27%/-
92%

7 ? ? ? ? ? ? ? ?0.6 g/kg
-20%/-
71%

0.9 g/kg
47%/-
17%

[40] OA-GL12 Topic Twice daily

0.1 nM 13%

10 ? ? ? ? ? ? ? ?1 nM 44%

10 nM 63%

[41] Ot-WHP Topic Once daily 200 μg/ml 63% 8 ? ? ? ? ? ? ? ?

[42] Active peptides (APs) Oral ?
0.5 g/kg 60%

14 ? ? ? ? ? ? ? ?
2 g/kg 80%

[43]
Skin collagen peptide

(Ss-SCP/
Tn-SCP)

Oral ? 2 g/kg 59%/45% 12 ? ? ? ? ? ? ? ?

[44] Cathelicidin-DM I.v. Once daily 10 mg/kg ? ? ? ? ? ? ? ? ? ?
∗Results shown as a percentage of reduction in the average wound area of the groups treated with peptide compared to the control group on a given postinjury
day. RF: reference; P: peptides; R: route; A: application; C: concentration; RWS: reduction in wound size; DA: day analyzed; PI: postinjury; ?: not reported or
unclear; I.p.: intraperitoneal; S.c.: subcutaneous; I.v.: intravenously; CP1: collagen peptides bands at 10-15 kDa; CP2: collagen peptides <25 kDa; Ss-SCP: Salmo
salar skin collagen peptides; Tn-SCP: Tilapia nilotica skin collagen peptides.
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Table 2: All relevant results reported in all studies included in the systematic review on peptides of animal origin applied in the treatment of
skin wounds.

Peptide source
Outcomes

Increased Reduced

Human [21, 22, 24, 31]

Wound closure [21, 22, 24, 31]
Reepithelialization [24]

Inflammatory cells [21, 22]
Blood vessels [21, 22, 24, 31]

Tensile strength [21]

Wound area [21, 22, 24, 31]
Inflammatory cells [31]

IL-1β, IL-6, and TNF-α [31]

Other mammals [20, 29, 32, 33]

Wound closure [20, 29, 32, 33]
Reepithelialization [20, 29]
Dermal regeneration [20, 32]

Inflammatory cells [32]
Blood vessels [20, 32, 33]
Collagen [20, 29, 32, 33]

SOD, CAT, GSH, and MIF [32]
Hexosamine [29, 33]

Ascorbate and Proteins [29]
Tensile strength [29]

Collagen contraction temperature [29]
DNA, NO, VEGF, and TGF-β1 [33]

Wound area [20, 29, 32, 33]
MDA, TNF-α, and NF-kB [32]

Lipid peroxidation [29]

Amphibian [1, 13, 16, 25, 27, 28,
36, 38, 40, 41, 44]

Wound closure [1, 13, 16, 25, 27, 28, 36, 38, 40, 41, 44]
Reepithelialization [13, 16, 25, 27, 28, 36, 40, 41]
Dermal regeneration [13, 16, 25, 27, 28, 36, 40, 41]

Inflammatory cells [13, 27, 41]
Blood vessels [28]
Collagen [36, 41]

Myofibroblasts [25, 27, 36, 41]
MCP-1 and VEGF [36]

TNF-α [36, 41]
TGF-β [41]

TGF-β1 [13, 27, 36]
CXCL1 and CCL2 [41]

HIF-1α, eNOS, and iNOS in diabetic wounds [28]

Wound area [1, 13, 16, 25, 27, 28,
36, 38, 40, 41, 44]

Inflammatory cells [28]
IL-6 and TNF-α in diabetic

wounds [28]

Fish [12, 15, 26, 30, 34, 35, 37,
43]

Wound closure [12, 15, 26, 30, 34, 35, 37, 43]
Reepithelialization [12, 26, 34, 35, 37, 43]
Dermal regeneration [12, 26, 34, 35, 37, 43]

Inflammatory cells [26, 34]
Collagen [34, 37, 43]
VEGF [26, 30, 43]

EGF and TGF-β [30, 37]
FGF [43]
bFGF [37]
TβRII [37]
IL-1 [30]
IL-10 [43]

NOD2 and BD14 [43]
Hydroxyproline [37]

Wound area [12, 15, 26, 30, 34,
35, 37, 43]

Inflammatory cells [12]
IL-6 [12, 26, 30, 34]

TNF [30]
MCP-1 [26]

TNF-α [12, 26]
CRP [34]

CXCL5 [12]
Bacterial loads [12, 26, 34]

Jellyfish [39]
Wound closure, Reepithelialization, Dermal regeneration, Collagen,

β-FGF, and TGF-β1
Wound area

Mollusk [42]
Wound closure, Reepithelialization, Dermal regeneration, CD31,

EGF, FGF, TGF-β, TβRII, IL-1, and IL-10
Wound area, Inflammatory cells,

and Smad7

Insect [23] Wound closure, Reepithelialization, and Inflammatory cells Wound area

IL: interleukin; TNF: tumor necrosis factor; SOD: superoxide dismutase; CAT: catalase; GSH: glutathione; MIF: macrophage migration inhibitory factor; DNA:
deoxyribonucleic acid; NO: nitric oxide; VEGF: vascular endothelial growth factor; TGF: transforming growth factor; MDA: malondialdehyde; NF-κB:
transcription factor kappa-B; MCP: monocyte chemoattractant protein; HIF: hypoxia-inducible factor; eNOS: endothelial nitric oxide synthase; iNOS:
inducible nitric oxide synthase; EGF: epidermal growth factor; CRP: C-reactive protein; FGF: fibroblast growth factor; TβR: transforming growth factor-β
receptor.
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experimental models used in the selected studies to investi-
gate the impact of animal peptides on skin wound healing.
In our view, mapping these peptides and selecting well-
designed animal models are critical for assessing the effec-
tiveness of new molecules with healing potential. These
aspects can contribute to clarify the potential biotechnologi-
cal applicability of peptide-based strategies in regenerative
medicine, an essential assumption to support clinical trials
[45].

4.1. Relevance of Animal Models in Studies on Skin Wound
Healing.Although pigs were used in only one study identified
in the systematic review, this is the animal model whose skin
is more similar to humans, which makes them an interesting
model for preclinical studies on wound healing [46]. How-
ever, as these animals demand high husbandry costs and
more restrictive ethical issues, their use has been increasingly
limited. In contrast, mice and rats were the most used animal
models, an aspect potentially associated with its greater avail-
ability, low cost, and easy handling. In addition, mice, rats,
and humans exhibit the same stages of wound healing, with
immunoinflammatory and microstructural convergences
mainly based on similar profiles of regulatory molecules
(i.e., cytokines and growth factors) and composition of extra-
cellular matrix (i.e., glycosaminoglycan’s, collagen and non-
collagen proteins) [47].

Rodents, especially mice and rats, are also often useful to
investigate the effect of healing agents in pathological condi-
tions such as diabetes [28, 31, 32], which was the associated
disease most investigated in the studies reviewed. While
streptozotocin was used to induce type I diabetes [31, 32],
type II diabetes was studied using db/db mice model [28].
Although diabetes develops from different physiopathologi-
cal mechanisms in streptozotocin-induced and db/db ani-
mals, both models are valid to investigate the human
disease. In this sense, induced-animals and diabetic humans
share similar metabolic abnormalities, especially hyperglyce-
mia, vasculopathy, and neuropathy [48]. As these are distur-
bances associated with delayed wound healing in diabetes
[49], chemically-induced and genetic models represent
robust and realistic experimental constructs, which exhibits
marked relevance and applicability in studies on healing
products [28, 31, 32].

4.2. Relevance of Wound Models. The frequent use of rodents,
excision wounds were consistently investigated in the studies
reviewed. However, the number and size of the wounds were
highly variable. Due to the complete skin removal, all phases
of tissue repair are more pronounced in excisional than in
incisional wounds [50]. Thus, excisional injuries are widely
used in second intention healing models [22, 26, 31, 40]. In
these cases, the intense inflammatory process and the marked
tissue remodeling favor the analysis of the effectiveness of
healing products [26]. In addition to the type (first vs. second
intention), the number of wounds exerts a relevant impact on
the therapeutic outcome. Although most studies evaluated
the healing potential of animal peptides on 1 or 2 wounds
produced in each animal, 4 and 6 wounds were also reported.
The main limitations of models based on multiple wounds

are related to repeated biopsies on nearby wounds [22, 51].
As wound tissue collection creates additional damage to the
skin, the acute inflammatory process is reactivated [51]. In
this case, the upregulation of cytokine and growth factors
might influence the adjacent wound repair [52]. Thus, it
would be ideal to investigate changes in only 1 wound per
animal, to reduce the construct bias and its impact on the evi-
dence. However, as models with 2 or more wounds are often
required in time-dependent analysis of the healing process,
the selection of these models should be carefully considered.

Regarding investigations on infected wounds, S. aureus
was consistently used to induce wound infection. As S.
aureus is an important human pathogen often associated to
bacterial skin infections [53], preclinical models based on this
bacteria are relevant and realistic. The emergence of
multidrug-resistant microorganisms stimulates an important
challenge in regenerative medicine: the development of more
efficient products to treat infected wounds [14]. Efficient
antimicrobial products are also relevant since the coloniza-
tion of wounds by microorganisms amplifies inflammation
and oxidative tissue damage, slowing or inhibiting the pro-
gression of the healing process [12, 26, 34]. Thus, studies
on the treatment of infected wounds are urgent, especially
considering that controlling infection is essential to reduce
the risk of developing chronic wounds [54].

4.3. Relevance of Therapeutic Protocols. Although most stud-
ies used a diluted aqueous solution and applied the peptides
topically, the number of applications and the treatment
period was highly variable. The use of water, saline, or
sodium phosphate buffer as a vehicle indicated that animal
peptides exhibit an interesting hydrophilic characteristic.
These vehicles are relevant to avoid the development of cyto-
toxicity, which can occur with the use of organic solvents
such as ethanol and dimethyl sulfoxide [55]. Unlike recom-
mendations for different types of vehicles, there is no consen-
sus on the dose and duration of treatment. Essentially, these
aspects of dosimetry depend on the biological effect and the
organic tolerability of each molecule. Thus, although the
therapeutic effects are influenced by the dose and time of
treatment, generalizations cannot be established for mole-
cules with potentially different chemical and biological
properties.

4.4. Effect of Animal Peptides on Wound Healing. Currently,
identifying animal peptides with healing properties opens a
new perspective for the treatment of skin wounds [16, 32,
34]. In general, reviewed studies indicate that peptides origi-
nating from mammals, amphibians, fishes, jellyfish, mollusk,
and insect exert beneficial effects in stimulating wound clo-
sure. However, peptides obtained from the fish species Par-
dachirus marmoratus [26] and Oreochromis niloticus [12,
30] demonstrated positive effects only in infected wounds,
suggesting that some peptides facilitate wound recovery by
exerting antimicrobial effects and controlling opportunistic
infections. This feature might be associated with the peptides’
biochemical characteristics, since the peptides tilapia piscidin
3 (TP3) and tilapia piscidin 4 (TP4), both originating from
Oreochromis niloticus, have similar amino acids sequence
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and share the same antibacterial action. Studies that evalu-
ated mainly the antibacterial characteristics of the animal
peptides showed a reduction of bacterial load on the wound
area after treatment [12, 26].

Animal peptides have been shown to act on the activation
and proliferation of different cells involved in the wound
healing process. The increase in fibroblasts, myofibroblasts,
and endothelial cells potentiate the processes of dermal
regeneration and wound closure, acting on the formation,
contraction, and nutrition of granulation tissue, respectively
[25, 27, 36, 41]. Several peptides were found to increase blood
vessel density, in order to adequate nutrient and oxygen
delivery to newly formed tissue [20, 21, 24, 33]. There is evi-
dence that animal peptides may increase VEGF biosynthesis
and stimulate neoangiogenesis, which is essential for a more
efficient healing due to the influx of molecules required for
the proper morphofunctional organization of the scar tissue
[26, 30, 33, 36]. TGF-β1 was additionally increased in
response to animal peptides, which is a growth factor effec-
tive in stimulating cell proliferation, differentiation, and
migration; as well as colagenogenesis in the granulation tis-
sue [13, 27, 36, 39]. In addition, peptides obtained from

mammals, amphibians, fishes, and insect increased the
recruitment of inflammatory cells, which contributes to the
removal of damaged cells and matrix debris in the injured tis-
sue and protects against local infections during the inflam-
matory phase, accelerating wound closure [13, 21, 23, 26,
27, 34]. Several cells of the immune system are involved in
wound healing, such as neutrophils, monocytes/macro-
phages, mast cells, and lymphocytes [21]. Most studies have
evaluated the effect of peptides on the recruitment of macro-
phages due to their critical roles in the healing process, coor-
dinating complex processes of cell proliferation and
extracellular matrix biosynthesis [12, 13, 21, 26, 27]. How-
ever, the peptide TP3, originating from the fish Oreochromis
niloticus, was effective in reducing the number of inflamma-
tory cells in infected wounds, an effect related to the peptide’s
antimicrobial action in directly attenuating tissue bacterial
load, reducing the antigenic load and immunological activa-
tion [12]. Although it remains poorly understood, these
results help to clarify potential mechanisms of action of the
peptides and their modulating action in skin wound healing.

Some studies included in this review have evaluated the
skin healing effect of animal peptides when comorbidities
also occur, such as ischemia and diabetes. In the ischemic
animal model, TP508 peptide from human thrombin signif-
icantly accelerated wound closure by stimulating anti-
inflammatory processes and increasing tissue vascularization
[22]. Diabetes was a condition widely studied, since the skin
wound healing is often interrupted or delayed by abnormal
glycation products and microvascular disturbances, contrib-
uting to the development of chronic wounds [56–59]. In
addition, diabetic wounds often remain in the inflammatory
stage for a long time, impairing the healing process due to the
release of proinflammatory cytokines such as IL-6 and TNF-
α [60]. Thus, studies evaluating the relevance of animal pep-
tides on skin wound healing in diabetic animals are required,
especially considering essential parameters such as immuno-
logical effectors, neoangiogenesis, and wound closure to
characterize the effect of the treatments. In diabetic models,
most peptides identified significantly stimulated wound clo-
sure compared to untreated animals, increasing vasculariza-
tion [31, 32], colagenogenesis, and dermal regeneration
[32]. In addition, the human proinsulin C peptide reversed
the increase of inflammatory cells in diabetic wounds, pre-
venting an excessive inflammatory response and extensive
secondary tissue damage, and consequently stimulating the
rapid progression from the inflammatory to the proliferative
phase [31]. These effects were associated with decreased pro-
inflammatory cytokine production. Camel milk peptide
increased the activity of antioxidant enzymes such as SOD,
CAT, and GST, reducing the negative effects of excessive
reactive oxygen species formation and lipid peroxidation
[32]. However, a study testing CW49 peptide originating
from the amphibianOdorrana grahami indicated a moderate
effect on the healing process in a diabetic model [28]. In this
study, wound closure was improved only in the early stages
in the healing progression, when increased reepithelialization
and dermal regeneration rates, blood vessel density, proan-
giogenic proteins, and reduced recruitment of inflammatory
cells and proinflammatory cytokines were reported.

Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9

Q10

0%

Low risk of bias
Unclear risk of bias
High risk of bias

25% 50% 75% 100%

Figure 2: Results of the risk of bias for all studies included in the
systematic review. The items in the SYstematic Review Centre for
Laboratory animal Experimentation (SYRCLE) Risk of Bias
assessment (Q1–Q10) were scored with “yes” indicating low risk
of bias, “no” indicating high risk of bias, or “unclear” indicating an
unclear risk of bias. Q1–Q3 consider selection bias, Q4–Q5
consider performance bias, Q6–Q7 consider detection bias, Q8
considers attrition bias, Q9 considers reporting bias, and Q10
considers other biases. Q: Question. Q1: Was the allocation
sequence adequately generated and applied?; Q2: Were the groups
similar at baseline or were they adjusted for confounders in the
analysis?; Q3: Was the allocation adequately concealed?; Q4: Were
the animals randomly housed during the experiment?; Q5: Were
the caregivers and/or investigators blinded from knowledge which
intervention each animal received during the experiment?; Q6:
Were animals selected at random for outcome assessment?; Q7:
Was the outcome assessor blinded?; Q8: Were incomplete
outcome data adequately addressed?; Q9: Are reports of the study
free of selective outcome reporting?; and Q10: Was the study
apparently free of other problems that could result in high risk of
bias?
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4.5. Limitations. Systematic reviews are essential tools for
summarizing evidence accurately and reliably, assisting risk
assessment, and providing evidence of the benefits of
health-related interventions [61]. However, the methodolog-
ical quality of the studies included in this review was predom-
inantly classified as high risk or unclear risk of bias,
indicating that most features needed for a bias study evalua-
tion were not sufficiently reported. Incomplete characteriza-
tion of animal models, peptide acquisition and
characterization, treatment protocols, outcome measures,
and mechanisms involved in the healing process all contrib-
uted to the increased risk of bias. Along with these limita-
tions, results were presented only as graphics in most
studies, which made it difficult to assess the absolute values
related to the wound area. We hope that our critical analysis
helps accelerating preclinical research and reducing method-
ological bias by improving experimental control and accu-
racy of research reports.

5. Conclusion

In general, we identified that the evidence on the healing
potential of animal peptides is mainly based on valid and
realistic preclinical models that share similar tissue repair
phases with those observed in humans. From studies using
these models, we identified that animal peptides are poten-
tially effective in accelerating the skin wound healing. For
most of the identified peptides, the beneficial effect is mainly
associated with cell proliferation stimulation, neoangiogen-
esis, colagenogenesis, reepithelization, and wound contrac-
tion. However, the healing property of a small group of
tilapia-derived peptides (TP3 and TP4) is potentially related
to the antibacterial effects of these molecules. Despite the
beneficial healing effects, the risk of bias and methodological
divergences observed in some studies make the current evi-
dence limited to the experimental contexts applied to the ani-
mal models analyzed. Considering that research papers on
animal peptides promoting wound healing are relatively
recent, there is a growing need to increase the number of
investigations and improve the experimental protocols and
research reports. We hope that our critical analysis helps
accelerating preclinical research and reducing methodologi-
cal bias by improving experimental control and accuracy of
the research reports in this area.
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