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Abstract: The skin produces a plethora of antimicrobial peptides that not only show antimicrobial
activities against pathogens but also exhibit various immunomodulatory functions. Human β-
defensins (hBDs) are the most well-characterized skin-derived antimicrobial peptides and contribute
to diverse biological processes, including cytokine production and the migration, proliferation, and
differentiation of host cells. Additionally, hBD-3 was recently reported to promote wound healing
and angiogenesis, by inducing the expression of various angiogenic factors and the migration and
proliferation of fibroblasts. Angiogenin is one of the most potent angiogenic factors; however, the
effects of hBDs on angiogenin production in fibroblasts remain unclear. Here, we investigated the
effects of hBDs on the secretion of angiogenin by human dermal fibroblasts. Both in vitro and ex vivo
studies demonstrated that hBD-1, hBD-2, hBD-3, and hBD-4 dose-dependently increased angiogenin
production by fibroblasts. hBD-mediated angiogenin secretion involved the epidermal growth factor
receptor (EGFR), Src family kinase, c-Jun N-terminal kinase (JNK), p38, and nuclear factor-kappa B
(NF-κB) pathways, as evidenced by the inhibitory effects of specific inhibitors for these pathways.
Indeed, we confirmed that hBDs induced the activation of the EGFR, Src, JNK, p38, and NF-κB
pathways. This study identified a novel role of hBDs in angiogenesis, through the production of
angiogenin, in addition to their antimicrobial activities and other immunomodulatory properties.
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1. Introduction

The skin is the primary interface between the body and the surrounding environment.
To defend against pathogens, skin produces hundreds of antimicrobial peptides that exhibit
antimicrobial activity against bacteria, fungi, and viruses. In addition to their antimicrobial
activity, antimicrobial peptides regulate inflammatory responses, cytokine/chemokine
secretion, and cell migration and proliferation, and improve skin barrier function [1,2]. Two
major groups of antimicrobial peptides, defensins and cathelicidins, have been well charac-
terized in human skin [3]. Based on sequence homology and the connectivity of conserved
cysteine (Cys) residues, human defensins are classified into α-defensins and β-defensins.
The characteristic connection of disulfide bridges in human α-defensins is Cys1–Cys6, Cys2–
Cys4, and Cys3–Cys5, while that in human β-defensins (hBDs) is Cys1–Cys5, Cys2–Cys4,
and Cys3–Cys6 [4]. Human α-defensin-1, -2, -3, and -4 are also termed human neutrophil
peptides (HNPs), because they are mainly expressed in neutrophils. HNP-1, -2, and -3 differ
only in the first amino acid, whereas HNP-4 has a distinct amino acid sequence [5,6]. hBDs
are some of the most important skin-derived antimicrobial peptides and are well known
for their wide range of microbicidal activities and immunomodulatory properties [7]. Six
hBDs have been identified, among which hBD-1, hBD-2, hBD-3, and hBD-4 are primarily
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found in the epithelium of the skin, eyes, and oral, respiratory, and urogenital tracts, while
hBD-5 and hBD-6 are exclusively expressed in the epididymis [7]. In normal skin, hBD-1 is
constitutively expressed, whereas the expression of hBD-2, hBD-3, and hBD-4 is induced
in lesional skin by injury, infection, or inflammation [7]. As hBDs activate various types
of host cells, such as keratinocytes, fibroblasts, mast cells, neutrophils, and macrophages,
hBDs greatly contribute to biological processes. It has been reported that hBDs are involved
in pro- and anti-inflammatory responses, neutralization of lipopolysaccharides, chemoat-
traction, activation of autophagy, maintenance of the skin barrier, and promotion of wound
healing [1,3,7–9]. In cutaneous wound healing, which occurs in healthy subjects, hBD-2
and hBD-3 are especially expressed by keratinocytes at wound sites [8]. hBD-3 was recently
reported to promote wound healing by modulating inflammatory responses, angiogenesis,
and cell proliferation and migration in dermal fibroblasts [10]. Angiogenesis, which is the
formation of new blood vessels, is orchestrated by angiogenic factors and is an important
process in development, as well as wound healing [11]. A recent study showed that hBD-3
induced the production of angiogenic factors, including vascular endothelial growth factor
(VEGF), platelet-derived growth factors (PDGF), and fibroblast growth factor (FGF), by
dermal fibroblasts [10]. Angiogenin (ANG), a member of the RNase family that was initially
discovered to be a tumor angiogenesis factor, is one of the most potent angiogenic factors
and promotes the growth, survival, migration, and invasion of endothelial cells [12].

Although antimicrobial peptide derived from insulin-like growth factor-binding pro-
tein 5 (AMP-IBP5) was recently reported to increase ANG production by human epidermal
keratinocytes [13], there have been no reports on hBD-induced secretion of ANG. Therefore,
this study investigated the effects of the antimicrobial peptides hBD-1, hBD-2, hBD-3, and
hBD-4 on the production of ANG in human dermal fibroblasts, with both in vitro and
ex vivo models. The secretion of angiogenin was dose-dependently increased by hBD-1,
hBD-2, hBD-3, and hBD-4, and this secretion was mediated by activation of the epidermal
growth factor receptor (EGFR), Src family kinase, c-Jun N-terminal kinase (JNK), p38, and
nuclear factor-kappa B (NF-κB) signaling pathways. These findings identified a novel role
of hBDs in angiogenesis, through the production of ANG in dermal fibroblasts.

2. Results
2.1. hBDs Induce ANG Production by Human Dermal Fibroblasts in Both In Vitro and Ex
Vivo Models

Normal human dermal fibroblasts were incubated with 10–20 µg/mL hBD-1, hBD-2,
hBD-3, and hBD-4, and both the mRNA expression and extracellular secretion of ANG at
different time points were examined. The mRNA expression of ANG and the amounts of
ANG secreted in the cell-free culture supernatants were evaluated by quantitative real-time
polymerase chain reaction (PCR) and enzyme-linked immunosorbent assay (ELISA), respec-
tively. We observed that incubation with hBDs had little effect on the mRNA expression of
ANG (Supplementary Figure S1), whereas all hBDs dose- and time-dependently enhanced
the secretion of ANG by fibroblasts (Figure 1a). A five-fold increase in ANG levels was
observed at 6 h poststimulation, whereas a 10-fold increase was observed at 12 h. hBD-1,
hBD-3, and hBD-4 significantly induced the production of ANG as early as 3 h, and hBD-3
displayed the strongest effect at concentrations as low as 10 µg/mL (Figure 1a).

Fibroblasts in vivo reside in a three-dimensional context. The three-dimensional
matrix culture allows fibroblasts to grow into tissues that closely resemble their in vivo
counterparts [14]. To determine whether hBDs induce ANG production under physiological
conditions, normal human dermal fibroblasts were cultured in an ex vivo model for two
days using type I collagen gels as scaffolds [15–17]. Fibroblasts were then stimulated with
20 µg/mL hBD-1, hBD-2, hBD-3, and hBD-4, and the amounts of ANG in the cell-free
culture supernatants were evaluated using ELISA. The secretion of ANG by ex vivo-
cultured fibroblasts was significantly increased following the addition of hBD-1, hBD-2,
hBD-3, and hBD-4 (Figure 1b). The hBD-1-mediated stimulatory effect was only observed
at 6 h poststimulation, whereas stimulation with hBD-2, hBD-3, and hBD-4 resulted in
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a time-dependent secretion of large amounts of ANG as early as 3 h after stimulation
(Figure 1b). These findings suggested that hBDs are potent inducers of ANG secretion by
human dermal fibroblasts, both in vitro and ex vivo.
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Figure 1. hBDs induce the secretion of the angiogenic factor ANG by human dermal fibroblasts.
(a) Normal human dermal fibroblasts were stimulated with 10–20 µg/mL hBDs or vehicle (0 µg/mL
hBDs) for 3–24 h, and the amounts of ANG in the culture supernatant were determined by ELISA.
(b) Normal human dermal fibroblasts were cultured in a three-dimensional context using type I
collagen gels and then stimulated with 20 µg/mL hBDs or vehicle (0 µg/mL hBDs) for 3–24 h. The
amounts of ANG in the culture supernatant were determined by ELISA. The data represent the
means ± SDs of 4–5 separate experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with the
vehicle at each time point by one-way ANOVA with Tukey’s multiple comparisons test.

The observation that all hBDs displayed an ANG-inducing effect prompted us to
examine whether the ANG production was limited to hBDs. Therefore, we treated human
fibroblasts with human α-defensins, whose disulfide linkages are different from those in
hBDs. Among the human α-defensins tested, only HNP-4 induced ANG production. The
effect of HNP-4 was dose- and time-dependent and was observed as early as 3 h after
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stimulation (Figure 2a). Other α-defensins, such as HNP-1, -2, and -3, did not show any
effect (data not shown). In addition to defensins, we examined the ANG-inducing effect of
cathelicidin LL-37, which does not contain disulfide linkages in its sequence. We found that
LL-37 also significantly induced ANG secretion. Therefore, it appears that hBD-mediated
ANG production is not dependent on the presence of disulfide bridges in hBDs, and that
among antimicrobial peptides, ANG production is not limited to hBDs.
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Figure 2. The production of ANG is promoted by HNP-4 and LL-37. Normal human dermal
fibroblasts were cultured with 10–20 µg/mL HNP-4 (a) or 1–20 µg/mL LL-37 (b) for 3–24 h. The
concentration of ANG in the culture supernatant was determined by ELISA. The data represent the
means ± SDs of 3–4 separate experiments. * p < 0.05 and ** p < 0.01 compared with the vehicle at
each time point by one-way ANOVA with Tukey’s multiple comparisons test.

2.2. EGFR and Src Family Kinase Activation Is Necessary for the hBD-Mediated Production of
ANG in Dermal Fibroblasts

The EGFR signaling pathway regulates fundamental cellular functions, including cell
survival, proliferation, and migration [18]. Since hBDs have been shown to activate hu man
keratinocytes via EGFR [19], we examined the role of EGFR signaling in the hBD-mediated
ANG production by human dermal fibroblasts. First, we confirmed that hBDs activate
EGFR. As shown in Figure 3a, the phosphorylation of EGFR increased between 30 and
120 min after stimulation with hBD-1, hBD-2, hBD-3, and hBD-4. To examine whether
increased EGFR activation was indeed necessary for hBD-mediated ANG production,
fibroblasts were preincubated with an EGFR-specific inhibitor, AG1478, for 2 h before
stimulation with each hBD. As shown in Figure 3a, the ANG secretion induced by hBDs
was suppressed by pretreatment with AG1478, confirming that hBDs enhanced ANG
production via the EGFR pathway.

It has been reported that the Src family tyrosine kinases are activated by tyrosine
kinase receptors and promote signaling through various growth factor receptors, including
EGFR [20–22]. As hBDs promoted the activation of EGFR, we examined the effects of hBDs
on the Src signaling pathway in fibroblasts. Figure 4a shows that all hBDs induced Src
phosphorylation. This activation was first observed at 30 min poststimulation and peaked
at 120 min. Moreover, pretreating fibroblasts with the Src family tyrosine kinase inhibitor
PP2 significantly suppressed hBD-induced ANG production (Figure 4b), indicating the in-
volvement of the Src signaling pathway in hBD-mediated ANG secretion. The observation
that treatment of fibroblasts with either EGFR inhibitor (AG1478) or Src inhibitor (PP2) only
partially inhibited hBD-induced ANG production suggests that pathways other than EGFR
and Src may be involved in hBD-induced secretion of ANG by human fibroblasts. We con-
firmed that both AG1478 (Supplementary Figure S2) and PP2 (Supplementary Figure S3)
completely inhibited EGFR and Src phosphorylation, respectively, indicating that the incu-
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bation time and doses of inhibitors used in this study were sufficient to inhibit the EGFR
and Src pathways.
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Figure 3. hBDs induce ANG production by activating the EGFR pathway. (a) Human dermal
fibroblasts were stimulated with 20 µg/mL hBD-1, 20 µg/mL hBD-2, 10 µg/mL hBD-3, or 20 µg/mL
hBD-4 for 30–120 min, and the levels of phosphorylated and unphosphorylated EGFR in whole
cell lysates were analyzed by Western blotting. * p < 0.05 and *** p < 0.001 compared between the
unstimulated (0 min) and the hBD-stimulated groups by one-way ANOVA with Tukey’s multiple
comparisons test. (b) Fibroblasts were preincubated with 100 nM AG1478 (AG, EGFR inhibitor)
or solvent (-) for 2 h. Cells were then stimulated for 6 h with 20 µg/mL hBD-1, 20 µg/mL hBD-
2, 10 µg/mL hBD-3, or 20 µg/mL hBD-4. The concentrations of ANG in cell-free supernatants
were determined by ELISA. *** p < 0.001 compared between the presence and absence of hBDs
without inhibitors; ## p < 0.01 compared between the inhibitor-treated and untreated group with
hBD stimulation by one-way ANOVA with Tukey’s multiple comparisons test. All results are the
means ± SDs of 5–6 independent experiments.
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Figure 4. hBDs induce ANG production by activating the Src pathway. (a) Human dermal fibroblasts
were stimulated with 20 µg/mL hBD-1, 20 µg/mL hBD-2, 10 µg/mL hBD-3, or 20 µg/mL hBD-4
for 30–120 min, and the levels of phosphorylated and unphosphorylated Src in whole cell lysates
were analyzed by Western blotting. * p < 0.05 and ** p < 0.01 compared between the unstimulated
(0 min) and the hBD-stimulated groups by one-way ANOVA with Tukey’s multiple comparisons test.
(b) Fibroblasts were preincubated with 20 µM PP2 (Src inhibitor) or solvent (-) for 2 h. Cells were then
stimulated for 6 h with 20 µg/mL hBD-1, 20 µg/mL hBD-2, 10 µg/mL hBD-3, or 20 µg/mL hBD-4.



Int. J. Mol. Sci. 2022, 23, 8800 6 of 12

The concentrations of ANG in cell-free supernatants were determined by ELISA. *** p < 0.001
compared between the presence and absence of hBDs without inhibitors; ## p < 0.01 and ### p < 0.001
compared between the inhibitor-treated and untreated groups with hBD stimulation using one-way
ANOVA with Tukey’s multiple comparisons test. All results are the means ± SDs of 3–6 independent
experiments.

2.3. hBD-Mediated ANG Production Requires the Activation of the Mitogen-Activated Protein
Kinase (MAPK) and Nuclear Factor-Kappa B (NF-κB) Pathways

The MAPK pathways play key roles in many biological activities, including cell sur-
vival and metabolism, and have been reported to be activated by hBDs in keratinocytes
and mast cells [23–25]. To evaluate whether hBDs could also activate MAPKs in fibrob-
lasts, cells were incubated with hBD-1, hBD-2, hBD-3, and hBD-4 for 5–60 min, and the
phosphorylation of MAPK p38, JNK, and extracellular signal-regulated kinase (ERK) 1/2
was examined using Western blotting. hBD-1, hBD-2, hBD-3, and hBD-4 increased the
phosphorylation of p38 at 5 min, and this phosphorylation was still remarkable at 60 min
after stimulation with hBD-1 and hBD-3. All hBDs also enhanced JNK and ERK1/2 phos-
phorylation, which peaked at 5 min, before decreasing (Figure 5a). The requirement for
MAPK pathways in hBD-mediated ANG production was evaluated by treating fibroblasts
with MAPK inhibitors for 2 h, before stimulation with hBDs. SB203580 (p38 inhibitor)
and JNK inhibitor II markedly decreased hBD-mediated ANG production, while U0126
(ERK inhibitor) had no effect on ANG secretion (Figure 5b). The failure of U0126 to inhibit
hBD-induced ANG production by fibroblasts was not due to the inactivity of this inhibitor,
because treatment of fibroblasts with U0126 completely suppressed both hBD-induced and
spontaneous ERK phosphorylation. Other inhibitors, SB203580 and JNK inhibitor II, also
abolished p38 and JNK phosphorylation (Supplementary Figure S4).
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fibroblasts were stimulated with 20 µg/mL hBD-1, 20 µg/mL hBD-2, 10 µg/mL hBD-3, or 20 µg/mL
hBD-4 for 5–60 min, and the levels of phosphorylated and unphosphorylated MAPKs (p38, JNK
and ERK1/2) in whole cell lysates were analyzed by Western blotting. * p < 0.05, ** p < 0.01 and
*** p < 0.001 compared between the unstimulated (0 min) and the hBD-stimulated groups by one-way
ANOVA with Tukey’s multiple comparisons test. (b) Fibroblasts were preincubated with 10 µM
SB203580 (SB, p38 inhibitor), 10 µM JNK inhibitor II (J), 10 µM U0126 (U, ERK inhibitor), or solvent (-)
for 2 h. Cells were then stimulated for 6 h with 20 µg/mL hBD-1, 20 µg/mL hBD-2, 10 µg/mL hBD-3,
or 20 µg/mL hBD-4. The concentrations of ANG in cell-free supernatants were determined by ELISA.
*** p < 0.001 compared between the presence and absence of hBDs without inhibitor; ### p < 0.001
compared between the inhibitor-treated and untreated group with hBD stimulation by one-way
ANOVA with Tukey’s multiple comparisons test. All results are the means ± SDs of 3–6 independent
experiments.

In addition, we focused on the NF-κB pathway, because this pathway has been im-
plicated in antimicrobial peptide-mediated cell activation [26,27], and hBDs have been
demonstrated to activate the NF-κB signaling pathway in human epidermal keratinocytes
and cervical cancer cells [28,29]. To determine whether hBDs activated NF-κB signaling in
fibroblasts and thereby promoted the nuclear translocation of NF-κB, NF-κB expression in
the nucleus was analyzed after hBD stimulation of fibroblasts. hBD-1, hBD-2, hBD-3, and
hBD-4 significantly increased the levels of NF-κB in the nucleus at 60 min poststimulation
(Figure 6a). The observation that hBD-mediated ANG secretion was suppressed by pre-
treatment with NF-κB activation inhibitor II suggests that the NF-κB signaling pathway
is necessary for hBD-mediated ANG secretion (Figure 6b). We confirmed that the nuclear
translocation of NF-κB was suppressed in fibroblasts following treatment of cells with
NF-κB activation inhibitor II (Supplementary Figure S5). Collectively, these data demon-
strated that the MAPK JNK and p38 and NF-κB signaling pathways are necessary for the
hBD-mediated production of ANG by fibroblasts.
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Figure 6. hBDs induce ANG production by activating NF-κB signaling. (a) Human dermal fibroblasts
were stimulated with 20 µg/mL hBD-1, 20 µg/mL hBD-2, 10 µg/mL hBD-3, or 20 µg/mL hBD-4
for 5–60 min, and the levels of NF-κB in nuclear lysates were analyzed by Western blotting. The
expression of Lamin B1 is shown as a loading control. * p < 0.05 and *** p < 0.001 compared between
the unstimulated (0 min) and the hBD-stimulated groups by one-way ANOVA with Tukey’s multiple
comparisons test. (b) Fibroblasts were preincubated with 40 µM NF-κB activation inhibitor II (NF)
or solvent (-) for 2 h. Cells were then stimulated for 6 h with 20 µg/mL hBD-1, 10 µg/mL hBD-
2, 10 µg/mL hBD-3, or 20 µg/mL hBD-4. The concentrations of ANG in cell-free supernatants
were determined by ELISA. *** p < 0.001 compared between the presence and absence of hBDs
without inhibitor; ### p < 0.001 compared between the inhibitor-treated and untreated groups with
hBD stimulation by one-way ANOVA with Tukey’s multiple comparisons test. All results are the
means ± SDs of 4–6 independent experiments.
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3. Discussion

A recent study indicated that the skin-derived antimicrobial peptide hBD-3 promoted
wound healing, angiogenesis, proliferation, and migration in fibroblasts in an in vivo mouse
model and in cultured primary human dermal fibroblasts. Furthermore, hBD-3 promoted
angiogenesis by enhancing the dermal fibroblast production of angiogenic factors, such
as VEGF, PDGF, and FGF [10]. In this study, we demonstrate that the secretion of another
angiogenic factor ANG by fibroblasts was increased not only by hBD-hBD-1, hBD-2, hBD-3,
and hBD-4. hBD-mediated ANG production involved the EGFR, Src, p38, JNK, and NF-κB
signaling pathways.

As a first line of defense against microbial invasion, human skin produces antimicrobial
peptides, which play crucial roles in both innate and adaptive immune responses during
injury and inflammation. In addition to antimicrobial properties, hBDs exhibit diverse
bioactivities and regulate cell proliferation and migration, skin barrier function, wound
healing, and angiogenesis [7]. It has been reported that hBDs also induce the production
of various cytokines, growth factors, and angiogenic factors and induce autophagy in
epidermal keratinocytes [9,10,19,23,24]. Angiogenesis plays a critical role in many biological
processes, such as development, tissue remodeling, reproduction, wound healing, and
carcinogenesis. Although ANG is one of the most potent angiogenic factors, it has not been
investigated whether hBDs regulate the production of ANG in human dermal fibroblasts.
Here, we demonstrated that ANG production was greatly induced by hBD-1, hBD-2, hBD-3,
and hBD-4 in fibroblasts cultured in both in vitro and ex vivo models.

As hBDs are induced in skin tissues following injury, infection, or inflammation,
there may be an interaction between various resident skin cells, due to impairment of
the skin structure and infiltration of inflammatory cells [8]. During the wound healing
process, cellular interactions become dominated by the interplay between keratinocytes and
fibro blasts, which gradually shift the microenvironment away from an inflammatory site
toward synthesis-driven granulation tissue [30]. Of note, the effect of hBDs on fibroblasts
has been investigated, to develop a potential agent for wound healing [31,32]. Moreover,
the possibility that hBDs may be expressed in the dermis has been reported in lesional skin
of acne vulgaris [33,34], and hBDs are upregulated in the dermis of chronic wounds [35],
where they may directly interact with fibroblasts.

Although the exact physiological concentrations of hBDs are not well known, the
doses of hBD-2 have been estimated to be 3.5–16 µM (15–70 µg/mL) in IL-1α-stimulated
epidermal cultures [36] and approximately 20 µM (87 µg/mL) in skin tissues from patients
with psoriasis [37]. Furthermore, high doses of hBDs have been detected in wound heal-
ing [38], where ANG plays a critical role [12]. Therefore, we assume that the doses of hBDs
(20 µg/mL, equivalent to 4–5 µM) used in this study are physiologically relevant.

As all hBDs increased ANG secretion, one could speculate that hBD-mediated ANG
production is dependent on hBD structure. In fact, the presence of disulfide bridges has
been shown to be important in hBD-mediated immunomodulatory activities, although
it is not indispensable for hBD-induced antimicrobial activities [39]. To investigate the
importance of disulfide bridges in hBD-induced ANG secretion, fibroblasts were treated
with α-defensins, whose disulfide linkages are different from those in hBDs. Only HNP-
4, but not HNP-1, HNP-2, or HNP-3, induced ANG production. HNP-4 has also been
previously reported to be more effective than other HNPs in protecting peripheral blood
mononuclear cells from HIV-1 infection [40]. In addition, because LL-37, which is unable to
form disulfide bonds, also induced ANG secretion by fibroblasts, it is assumed that hBD-
mediated ANG production is independent of the presence of disulfide bridges in hBDs.

hBDs have been reported to activate the EGFR and MAPK pathways in human ker-
atinocytes [19,23,28]. Accordingly, in this study, we observed that hBDs induced the
phosphorylation of EGFR, Src and MAPK p38, JNK, and ERK1/2. Although the phospho-
rylation of ERK was strongly increased by hBDs, it seems that ERK activation was not
involved in ANG production, because an ERK-specific inhibitor failed to suppress ANG
production. In addition to EGFR, Src, and MAPK, hBD-induced ANG production was also
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mediated by the NF-κB signaling pathway. This finding is consistent with previous studies
reporting that antimicrobial peptides activate the NF-κB signaling pathway [26–28,41].
However, the observation that EGFR and Src inhibitors partially suppress hBD-induced
ANG suggests the possibility of other pathways with hBD-driven activities. In fact, hBDs
have been reported to activate various physiological regulators of intracellular signaling
pathways, such as reactive oxygen species, which are involved in ANG secretion [42,43].
Further studies are needed to clarify whether these pathways are involved in hBD-mediated
ANG secretion.

The levels of angiogenic factors have been shown to be downregulated in nonhealing
chronic wounds [44]. As a recent study indicated that hBD-3 induced the production of
angiogenic factors, such as VEGF, PDGF, and FGF2, by dermal fibroblasts [10], and because
this report demonstrated that hBDs promote ANG secretion by fibroblasts, these findings
indicate that hBDs may contribute to angiogenesis, in addition to their antimicrobial
and other immunomodulatory activities. Therefore, it is hypothesized that promoting
the production or receptor activation of angiogenic factors may be a useful treatment
strategy for chronic wounds. In conclusion, hBD treatment may be effective in promoting
angiogenesis and wound healing through angiogenin secretion by fibroblasts.

4. Materials and Methods
4.1. Reagents

The antimicrobial peptides hBD-1, hBD-2, hBD-3, hBD-4, and HNP-4 were obtained
from the Peptide Institute (Osaka, Japan) and dissolved in 0.01% acetic acid. LL-37
(L1LGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES37) was synthesized by the solid-
phase method, as previously reported [24]. AG1478 was purchased from Selleck (Houston,
TX). PP2, JNK inhibitor II, U0126, SB203580, and NF-κB activation inhibitor II were obtained
from Calbiochem (La Jolla, CA, USA). Can Get Signal® Immunoreaction Enhancer Solution
(TOYOBO Co., Ltd., Osaka, Japan) was used as the diluent for the antibodies.

The primary antibodies anti-EGFR (1:2000 dilution), anti-phospho-EGFR (1:1000 dilu-
tion), anti-SAPK/JNK (1:500 dilution), anti-phospho-SAPK/JNK (1:1000 dilution), anti-p38
(1:1000 dilution), anti-phospho-p38 (1:2000 dilution), anti-p44/42 (ERK1/2) (1:2000 dilu-
tion), anti-phospho-p44/42 (ERK1/2) (1:2000 dilution), and anti-NF-κB p65 (1:1000 dilution)
were purchased from Cell Signaling Technology (Beverly, MA, USA), and anti-Lamin B1
(1:20,000 dilution) was obtained from Proteintech (Rosemont, IL, USA). Horseradish perox-
idase (HRP)-linked anti-rabbit IgG and HRP-linked anti-mouse IgG secondary antibodies
were purchased from Cytiva (Tokyo, Japan) and diluted at 1:2000.

4.2. Cell Culture and Stimulation

Primary human dermal fibroblasts isolated from neonatal foreskin were purchased
from Lifeline Cell Technology (Osaka, Japan) and cultured in FibroLife Basal Medium
(Lifeline Cell Technology) containing L-glutamine (7.5 mM), human FGF-basic (5 ng/mL),
insulin (5 µg/mL), ascorbic acid (50 µg/mL), hydrocortisone (1 µg/mL), gentamycin
(30 µg/mL), amphotericin B (15 ng/mL), and fetal bovine serum (2% vol/vol) at 37 ◦C with
5% CO2 and used within 3 passages. All experiments were performed using subconfluent
cells grown in FibroLife Basal Medium without supplements, but with antibiotics, in a
12-well cell culture plate (Greiner Bio-One, Frickenhausen, Germany).

For the ex vivo model, primary human dermal fibroblasts were suspended in Dul-
becco’s modified Eagle medium (DMEM, Sigma–Aldrich, St Louis, MO, USA) containing
0.15% atelocollagen (KOKEN, Tokyo, Japan) at a density of 5 × 105 cells/mL, and 100 µL
of cell suspension was seeded in a 96-well cell culture plate (Greiner Bio-One). After 1 h,
DMEM supplemented with 10% fetal bovine serum (Biosera, Boussens, France) was added
to the collagen gels. Two days later, the cells were used for studies to mimic ex vivo
physiological conditions, as reported previously [14–17].



Int. J. Mol. Sci. 2022, 23, 8800 10 of 12

4.3. Preparation of Total RNA and Quantitative Real-Time PCR

Total RNA was extracted from cultured fibroblasts using a RNeasy Plus Micro Kit
(Qiagen, Tokyo, Japan), according to the manufacturer’s guidelines. Samples were reverse-
transcribed with ReverTra Ace qPCR RT Master Mix (TOYOBO, Osaka, Japan), accord-
ing to the manufacturer’s protocol. Quantitative real-time PCR was performed on a
StepOne Plus Real-time PCR System (Applied Biosystems, Foster City, CA, USA) using a
QuantiNova SYBR Green PCR kit (Qiagen). Each sample was analyzed in duplicate; the
amounts of ANG mRNA in each sample were normalized to those of ribosomal protein
S18 (RPS18), and the expression of ANG mRNA was expressed relative to its expression
in untreated control cells. The pairs of specific primers for ANG (forward primer: 5′-
GTGCTGGGTCTGGGTCTGAC-3′; reverse primer: 5′-GGCCTTGATGCTGCGCTTG-3′),
and RPS18 (forward primer: 5′-TTTGCGAGTACTCAACACCAACATC-3′; reverse primer:
5′-GAGCATATCTTCGGCCCACAC-3′).

4.4. ELISA

Fibroblasts were stimulated with 10–20 µg/mL hBDs for 3–24 h, and cell-free su-
pernatants were collected. In some experiments, fibroblasts were pretreated for 2 h with
100 nM AG1478 (EGFR inhibitor), 20 µM PP2 (Src inhibitor), 10 µM SB203580 (p38 inhibitor),
10 µM JNK inhibitor II, 10 µM U0126 (ERK inhibitor), and 40 µM NF-κB activation inhibitor
II, before stimulation with 20 µg/mL hBD-1, 20 µg/mL hBD-2, 10 µg/mL hBD-3, and
20 µg/mL hBD-4 for 6 h. In the preliminary dose-dependent experiments, the abovemen-
tioned concentrations were the most effective and less toxic (data not shown). ANG was
quantified using DuoSet ELISA kits obtained from R&D Systems (Minneapolis, MN, USA).

4.5. Western Blotting

Following stimulation, fibroblasts were lysed with RIPA buffer (Cell Signaling Tech-
nology) containing phosphatase inhibitor cocktails 2 and 3 (Sigma-Aldrich, St. Louis, MO,
USA). Nuclear lysates were prepared using a LysoPure™ Nuclear and Cytoplasmic Extrac-
tor Kit (FUJIFILM Wako Pure Chemical Corporation, Tokyo, Japan) containing protease
inhibitor cocktail Set III (FUJIFILM Wako Pure Chemical Corporation). Protein levels were
quantified using precision red advanced protein assay reagent #2 (Cytoskeleton, Denver,
CO, USA). Equal amounts of total protein were separated on 10% SDS-polyacrylamide gels.
After electrophoresis, the proteins were transferred onto an immobilon-P transfer mem-
brane (Millipore, Billerica, MA, USA) by a PoweredBLOT 2M system (ATTO, Tokyo, Japan).
The membranes were blocked with ImmunoBlock (KAC, Hyogo, Japan) for 1 h at room tem-
perature and incubated with primary antibodies at 4 ◦C overnight. The membranes were
washed with Tris-buffered saline with 0.1% Tween 20 and incubated with HRP-conjugated
secondary antibodies. After being washed, the membranes were developed with Luminata
Western HRP substrate (Millipore, Billerica, MA, USA), and the bands were detected with
ImageQuant™ LAS 4000 (FUJIFILM Wako Pure Chemical Corporation). The intensity of
the bands was quantified using ImageJ software (NIH, Bethesda, MD, USA).

4.6. Statistical Analysis

The data were analyzed using GraphPad Prism 8 (GraphPad Software Inc., San Diego,
CA, USA). The differences between means were analyzed by one-way ANOVA with Tukey’s
multiple comparison tests. In all analyses, p < 0.05 was considered statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23158800/s1.

Author Contributions: Y.U. and F.N. designed the study and wrote the manuscript. Y.U. and M.T.
performed the experiments and data analysis. H.Y., J.V.T.-P., G.P. and H.L.T.N. assisted with data
acquisition and analysis. K.O. and H.O. contributed to conceptualization and procurement of reagents
and materials. All authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/ijms23158800/s1
https://www.mdpi.com/article/10.3390/ijms23158800/s1


Int. J. Mol. Sci. 2022, 23, 8800 11 of 12

Funding: Parts of this research were supported by a Grant-in-Aid for Scientific Research from the
Ministry of Education, Culture, Sports, Science and Technology, Japan (Grant numbers 26461703 and
21K08309 to F.N.) and by the Atopy (Allergy) Research Center, Juntendo University, Tokyo, Japan.

Institutional Review Board Statement: Ethics approval was obtained from the Institutional Review
Committee of Juntendo University (no: 1387-2021255).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: The authors wish to thank Michiyo Matsumoto for secretarial assistance and the
members of the Atopy (Allergy) Research Center for discussion.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Niyonsaba, F.; Kiatsurayanon, C.; Chieosilapatham, P.; Ogawa, H. Friends or Foes? Host defense (antimicrobial) peptides and

proteins in human skin diseases. Exp. Dermatol. 2017, 26, 989–998. [CrossRef] [PubMed]
2. Rademacher, F.; Glaser, R.; Harder, J. Antimicrobial peptides and proteins: Interaction with the skin microbiota. Exp. Dermatol.

2021, 30, 1496–1508. [CrossRef] [PubMed]
3. Hancock, R.E.; Haney, E.F.; Gill, E.E. The immunology of host defence peptides: Beyond antimicrobial activity. Nat. Rev. Immunol.

2016, 16, 321–334. [CrossRef] [PubMed]
4. Niyonsaba, F.; Nagaoka, I.; Ogawa, H.; Okumura, K. Multifunctional antimicrobial proteins and peptides: Natural activators of

immune systems. Curr. Pharm. Des. 2009, 15, 2393–2413. [CrossRef] [PubMed]
5. Pundir, P.; Kulka, M. The role of G protein-coupled receptors in mast cell activation by antimicrobial peptides: Is there a

connection? Immunol. Cell Biol. 2010, 88, 632–640. [CrossRef]
6. Holly, M.K.; Diaz, K.; Smith, J.G. Defensins in viral infection and pathogenesis. Annu. Rev. Virol. 2017, 4, 369–391. [CrossRef]
7. Niyonsaba, F.; Kiatsurayanon, C.; Ogawa, H. The role of human β-defensins in allergic diseases. Clin. Exp. Allergy 2016, 46,

1522–1530. [CrossRef]
8. Mangoni, M.L.; McDermott, A.M.; Zasloff, M. Antimicrobial peptides and wound healing: Biological and therapeutic considera-

tions. Exp. Dermatol. 2016, 25, 167–173. [CrossRef]
9. Peng, G.; Tsukamoto, S.; Ikutama, R.; Le Thanh Nguyen, H.; Umehara, Y.; Trujillo-Paez, J.V.; Yue, H.; Takahashi, M.; Ogawa, T.;

Kishi, R.; et al. Human-β-defensin-3 attenuates atopic dermatitis-like inflammation through autophagy activation and the aryl
hydrocarbon receptor signaling pathway. J. Clin. Investig. 2022. [CrossRef]

10. Takahashi, M.; Umehara, Y.; Yue, H.; Trujillo-Paez, J.V.; Peng, G.; Nguyen, H.L.T.; Ikutama, R.; Okumura, K.; Ogawa, H.; Ikeda,
S.; et al. The Antimicrobial Peptide Human beta-Defensin-3 Accelerates Wound Healing by Promoting Angiogenesis, Cell
Migration, and Proliferation through the FGFR/JAK2/STAT3 Signaling Pathway. Front. Immunol. 2021, 12, 712781. [CrossRef]

11. Lee, H.J.; Hong, Y.J.; Kim, M. Angiogenesis in chronic inflammatory skin disorders. Int. J. Mol. Sci. 2021, 22, 12035. [CrossRef]
[PubMed]

12. Cucci, L.M.; Satriano, C.; Marzo, T.; La Mendola, D. Angiogenin and copper crossing in wound healing. Int. J. Mol. Sci. 2021,
22, 10704. [CrossRef] [PubMed]

13. Yue, H.; Song, P.; Sutthammikorn, N.; Umehara, Y.; Trujillo-Paez, J.V.; Nguyen, H.L.T.; Takahashi, M.; Peng, G.; Ikutama, R.;
Okumura, K.; et al. Antimicrobial peptide derived from insulin-like growth factor-binding protein 5 improves diabetic wound
healing. Wound Repair Regen. 2022, 30, 232–244. [CrossRef] [PubMed]

14. Franco-Barraza, J.; Raghavan, K.S.; Luong, T.; Cukierman, E. Engineering clinically-relevant human fibroblastic cell-derived
extracellular matrices. Cell-Deriv. Matrices Part A 2020, 156, 109–160. [CrossRef]

15. Kanke, M.; Fujii, M.; Kameyama, K.; Kanzaki, J.; Tokumaru, Y.; Imanishi, Y.; Tomita, T.; Matsumura, Y. Role of CD44 variant exon
6 in invasion of head and neck squamous cell carcinoma. Arch. Otolaryngol. Head Neck Surg. 2000, 126, 1217–1223. [CrossRef]

16. Hirabayashi, S.; Tajima, M.; Yao, I.; Nishimura, W.; Mori, H.; Hata, Y. JAM4, a junctional cell adhesion molecule interacting with a
tight junction protein, MAGI-1. Mol. Cell Biol. 2003, 23, 4267–4282. [CrossRef]

17. Li, F.J.; Surolia, R.; Li, H.; Wang, Z.; Liu, G.; Kulkarni, T.; Massicano, A.V.F.; Mobley, J.A.; Mondal, S.; de Andrade, J.A.; et al.
Citrullinated vimentin mediates development and progression of lung fibrosis. Sci. Transl. Med. 2021, 13, eaba2927. [CrossRef]

18. Pastore, S.; Mascia, F.; Mariani, V.; Girolomoni, G. The epidermal growth factor receptor system in skin repair and inflammation.
J. Investig. Dermatol. 2008, 128, 1365–1374. [CrossRef]

19. Niyonsaba, F.; Ushio, H.; Nakano, N.; Ng, W.; Sayama, K.; Hashimoto, K.; Nagaoka, I.; Okumura, K.; Ogawa, H. Antimicrobial
peptides human beta-defensins stimulate epidermal keratinocyte migration, proliferation and production of proinflammatory
cytokines and chemokines. J. Investig. Dermatol. 2007, 127, 594–604. [CrossRef]

20. Bromann, P.A.; Korkaya, H.; Courtneidge, S.A. The interplay between Src family kinases and receptor tyrosine kinases. Oncogene
2004, 23, 7957–7968. [CrossRef]

http://doi.org/10.1111/exd.13314
http://www.ncbi.nlm.nih.gov/pubmed/28191680
http://doi.org/10.1111/exd.14433
http://www.ncbi.nlm.nih.gov/pubmed/34310774
http://doi.org/10.1038/nri.2016.29
http://www.ncbi.nlm.nih.gov/pubmed/27087664
http://doi.org/10.2174/138161209788682271
http://www.ncbi.nlm.nih.gov/pubmed/19601839
http://doi.org/10.1038/icb.2010.27
http://doi.org/10.1146/annurev-virology-101416-041734
http://doi.org/10.1111/cea.12843
http://doi.org/10.1111/exd.12929
http://doi.org/10.1172/JCI156501
http://doi.org/10.3389/fimmu.2021.712781
http://doi.org/10.3390/ijms222112035
http://www.ncbi.nlm.nih.gov/pubmed/34769465
http://doi.org/10.3390/ijms221910704
http://www.ncbi.nlm.nih.gov/pubmed/34639045
http://doi.org/10.1111/wrr.12997
http://www.ncbi.nlm.nih.gov/pubmed/35092133
http://doi.org/10.1016/bs.mcb.2019.11.014
http://doi.org/10.1001/archotol.126.10.1217
http://doi.org/10.1128/MCB.23.12.4267-4282.2003
http://doi.org/10.1126/scitranslmed.aba2927
http://doi.org/10.1038/sj.jid.5701184
http://doi.org/10.1038/sj.jid.5700599
http://doi.org/10.1038/sj.onc.1208079


Int. J. Mol. Sci. 2022, 23, 8800 12 of 12

21. Zhang, S.; Yu, D. Targeting Src family kinases in anti-cancer therapies: Turning promise into triumph. Trends Pharmacol. Sci. 2012,
33, 122–128. [CrossRef] [PubMed]

22. Zheng, K.; Kitazato, K.; Wang, Y. Viruses exploit the function of epidermal growth factor receptor. Rev. Med. Virol. 2014, 24,
274–286. [CrossRef] [PubMed]

23. Niyonsaba, F.; Ushio, H.; Nagaoka, I.; Okumura, K.; Ogawa, H. The human beta-defensins (−1, −2, −3, −4) and cathelicidin
LL-37 induce IL-18 secretion through p38 and ERK MAPK activation in primary human keratinocytes. J. Immunol. 2005, 175,
1776–1784. [CrossRef] [PubMed]

24. Niyonsaba, F.; Ushio, H.; Hara, M.; Yokoi, H.; Tominaga, M.; Takamori, K.; Kajiwara, N.; Saito, H.; Nagaoka, I.; Ogawa, H.; et al.
Antimicrobial peptides human beta-defensins and cathelicidin LL-37 induce the secretion of a pruritogenic cytokine IL-31 by
human mast cells. J. Immunol. 2010, 184, 3526–3534. [CrossRef] [PubMed]

25. Chen, X.; Niyonsaba, F.; Ushio, H.; Hara, M.; Yokoi, H.; Matsumoto, K.; Saito, H.; Nagaoka, I.; Ikeda, S.; Okumura, K.; et al.
Antimicrobial peptides human β-defensin (hBD)-3 and hBD-4 activate mast cells and increase skin vascular permeability. Eur. J.
Immunol. 2007, 37, 434–444. [CrossRef] [PubMed]

26. Yanashima, K.; Chieosilapatham, P.; Yoshimoto, E.; Okumura, K.; Ogawa, H.; Niyonsaba, F. Innate defense regulator IDR-1018
activates human mast cells through G protein-, phospholipase C-, MAPK- and NF-kB-sensitive pathways. Immunol. Res. 2017, 65,
920–931. [CrossRef] [PubMed]

27. Niyonsaba, F.; Song, P.; Yue, H.; Sutthammikorn, N.; Umehara, Y.; Okumura, K.; Ogawa, H. Antimicrobial peptide derived from
insulin-like growth factor-binding protein 5 activates mast cells via Mas-related G protein-coupled receptor X2. Allergy 2019, 75,
203–207. [CrossRef]

28. Smithrithee, R.; Niyonsaba, F.; Kiatsurayanon, C.; Ushio, H.; Ikeda, S.; Okumura, K.; Ogawa, H. Human β-defensin-3 increases
the expression of interleukin-37 through CCR6 in human keratinocytes. J. Dermatol. Sci. 2015, 77, 46–53. [CrossRef]

29. Xu, D.; Zhang, B.; Liao, C.; Zhang, W.; Wang, W.; Chang, Y.; Shao, Y. Human beta-defensin 3 contributes to the carcinogenesis of
cervical cancer via activation of NF-κB signaling. Oncotarget 2016, 7, 75902–75913. [CrossRef]

30. Bickenbach, J.R.; Kulesz-Martin, M.F. Signaling to structures: Skin appendages, development and diseases–meeting report of the
55th annual Montagna Symposium on the Biology of Skin. J. Investig. Dermatol. 2007, 127, 988–990. [CrossRef] [PubMed]

31. Gomes, A.P.; Mano, J.F.; Queiroz, J.A.; Gouveia, I.C. Incorporation of antimicrobial peptides on functionalized cotton gauzes for
medical applications. Carbohydr. Polym. 2015, 127, 451–461. [CrossRef] [PubMed]

32. Van Kilsdonk, J.W.J.; Jansen, P.A.M.; van den Bogaard, E.H.; Bos, C.; Bergers, M.; Zeeuwen, P.L.J.M.; Schalkwijk, J. The effects of
human beta-defensins on skin cells in vitro. Dermatology 2017, 233, 155–163. [CrossRef]

33. Chronnell, C.M.T.; Ghali, L.R.; Quinn, A.G.; Bull, J.J.; McKay, I.A.; Philpott, M.P.; Müller-Röver, S.; Ali, R.S.; Holland, D.B.;
Cunliffe, W.J. Human β defensin-1 and -2 expression in human pilosebaceous units: Upregulation in acne uulgaris lesions. J.
Investig. Dermatol. 2001, 117, 1120–1125. [CrossRef]

34. Harder, J.; Tsuruta, D.; Murakami, M.; Kurokawa, I. What is the role of antimicrobial peptides (AMP) in acne vulgaris? Exp.
Dermatol. 2013, 22, 386–391. [CrossRef] [PubMed]

35. Butmarc, J.; Yufit, T.; Carson, P.; Falanga, V. Human beta-defensin-2 expression is increased in chronic wounds. Wound Repair
Regen. 2004, 12, 439–443. [CrossRef] [PubMed]

36. Liu, A.Y.; Destoumieux, D.; Wong, A.V.; Park, C.H.; Valore, E.V.; Liu, L.; Ganz, T. Human β-Defensin-2 Production in Keratinocytes
is Regulated by Interleukin-1, Bacteria, and the State of Differentiation. J. Investig. Dermatol. 2002, 118, 275–281. [CrossRef]
[PubMed]

37. Ong, P.Y.; Ohtake, T.; Brandt, C.; Strickland, I.; Boguniewicz, M.; Ganz, T.; Gallo, R.L.; Leung, D.Y.M. Endogenous Antimicrobial
Peptides and Skin Infections in Atopic Dermatitis. N. Engl. J. Med. 2002, 347, 1151–1160. [CrossRef]

38. Sorensen, O.E. Injury-induced innate immune response in human skin mediated by transactivation of the epidermal growth
factor receptor. J. Clin. Investig. 2006, 116, 1878–1885. [CrossRef]

39. Wu, Z.; Hoover, D.M.; Yang, D.; Boulègue, C.; Santamaria, F.; Oppenheim, J.J.; Lubkowski, J.; Lu, W. Engineering disulfide
bridges to dissect antimicrobial and chemotactic activities of human β-defensin 3. Proc. Natl. Acad. Sci. USA 2003, 100, 8880–8885.
[CrossRef]

40. Wu, Z.; Cocchi, F.; Gentles, D.; Ericksen, B.; Lubkowski, J.; Devico, A.; Lehrer, R.I.; Lu, W. Human neutrophil alpha-defensin 4
inhibits HIV-1 infection in vitro. FEBS Lett. 2005, 579, 162–166. [CrossRef] [PubMed]

41. Kiatsurayanon, C.; Niyonsaba, F.; Chieosilapatham, P.; Okumura, K.; Ikeda, S.; Ogawa, H. Angiogenic peptide (AG)-30/5C
activates human keratinocytes to produce cytokines/chemokines and to migrate and proliferate via MrgX receptors. J. Dermatol.
Sci. 2016, 83, 190–199. [CrossRef]

42. Wang, W.; Qu, X.; Dang, X.; Shang, D.; Yang, L.; Li, Y.; Xu, D.; Martin, J.G.; Hamid, Q.; Liu, J.; et al. Human β-defensin-3 induces
IL-8 release and apoptosis in airway smooth muscle cells. Clin. Exp. Allergy 2017, 47, 1138–1149. [CrossRef]

43. Schaafhausen, M.K.; Yang, W.-J.; Centanin, L.; Wittbrodt, J.; Bosserhoff, A.; Fischer, A.; Schartl, M.; Meierjohann, S. Tumor
angiogenesis is caused by single melanoma cells in a reactive oxygen species and NF-κB dependent manner. J. Cell Sci. 2013, 126,
3862–3872. [CrossRef]

44. Dinh, T.; Braunagel, S.; Rosenblum, B.I. Growth factors in wound healing: The present and the future? Clin. Podiatr. Med. Surg.
2015, 32, 109–119. [CrossRef] [PubMed]

http://doi.org/10.1016/j.tips.2011.11.002
http://www.ncbi.nlm.nih.gov/pubmed/22153719
http://doi.org/10.1002/rmv.1796
http://www.ncbi.nlm.nih.gov/pubmed/24888553
http://doi.org/10.4049/jimmunol.175.3.1776
http://www.ncbi.nlm.nih.gov/pubmed/16034119
http://doi.org/10.4049/jimmunol.0900712
http://www.ncbi.nlm.nih.gov/pubmed/20190140
http://doi.org/10.1002/eji.200636379
http://www.ncbi.nlm.nih.gov/pubmed/17230440
http://doi.org/10.1007/s12026-017-8932-0
http://www.ncbi.nlm.nih.gov/pubmed/28653285
http://doi.org/10.1111/all.13975
http://doi.org/10.1016/j.jdermsci.2014.12.001
http://doi.org/10.18632/oncotarget.12426
http://doi.org/10.1038/sj.jid.5700795
http://www.ncbi.nlm.nih.gov/pubmed/17435780
http://doi.org/10.1016/j.carbpol.2015.03.089
http://www.ncbi.nlm.nih.gov/pubmed/25965504
http://doi.org/10.1159/000477346
http://doi.org/10.1046/j.0022-202x.2001.01569.x
http://doi.org/10.1111/exd.12159
http://www.ncbi.nlm.nih.gov/pubmed/23711061
http://doi.org/10.1111/j.1067-1927.2004.12405.x
http://www.ncbi.nlm.nih.gov/pubmed/15260809
http://doi.org/10.1046/j.0022-202x.2001.01651.x
http://www.ncbi.nlm.nih.gov/pubmed/11841544
http://doi.org/10.1056/NEJMoa021481
http://doi.org/10.1172/JCI28422
http://doi.org/10.1073/pnas.1533186100
http://doi.org/10.1016/j.febslet.2004.11.062
http://www.ncbi.nlm.nih.gov/pubmed/15620707
http://doi.org/10.1016/j.jdermsci.2016.05.006
http://doi.org/10.1111/cea.12943
http://doi.org/10.1242/jcs.125021
http://doi.org/10.1016/j.cpm.2014.09.010
http://www.ncbi.nlm.nih.gov/pubmed/25440422

	Introduction 
	Results 
	hBDs Induce ANG Production by Human Dermal Fibroblasts in Both In Vitro and Ex Vivo Models 
	EGFR and Src Family Kinase Activation Is Necessary for the hBD-Mediated Production of ANG in Dermal Fibroblasts 
	hBD-Mediated ANG Production Requires the Activation of the Mitogen-Activated Protein Kinase (MAPK) and Nuclear Factor-Kappa B (NF-B) Pathways 

	Discussion 
	Materials and Methods 
	Reagents 
	Cell Culture and Stimulation 
	Preparation of Total RNA and Quantitative Real-Time PCR 
	ELISA 
	Western Blotting 
	Statistical Analysis 

	References

