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Background: Burn injuries are devastating traumas that functionally affect a variety of organ systems. As
intensive inflammatory responses induced by burns can lead to multiple organ failures and impaired skin
regeneration increases risk of infectious complex, multimodal therapeutic approaches are needed.
Objectives: To investigate the role of low dose radiation (LDR) treatment for regulation of excessive
inflammation and wound healing after burn injury.

Methods: Mouse burn model was established by generating third-degree burn injury in dorsal skin and
local LDR less than 100 mGy was delivered to the mice. After 3 or 12 days after burn injury, systemic
inflammation in liver, lung, spleen, and kidney and skin wound healing were assessed. For investigation
of molecular mechanisms, HaCaT keratinocytes were administrated with serum from mice with burn
injury and alteration of viability and cornification biomarkers are assessed.

Results: In a mouse burn model, expression of proinflammatory cytokines, interleukin (IL)-1, IL-6, and
tumor necrosis factor-a, were downregulated by LDR in major organs and wound healing capacity was
increased by LDR. In skin tissue, we observed the alleviation of reactive oxygen species generation and
increased antioxidant gene expression by LDR. In addition, we found that treatment of serum from mice
with burn injury and LDR increased proliferation and cornification in HaCaT cells through activation of
focal adhesion kinase signaling pathway.

Conclusion: LDR could reduce proinflammatory signaling pathway and increase skin wound healing after
burn injury. Therefore, the present study suggested LDR as a novel treatment for burn injury patients.
© 2019 Japanese Society for Investigative Dermatology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Burn injuries are severe, traumatic, and physically devastating,
often leading to a high risk of morbidity and mortality. According to
the World Health Organization, about 180,000 deaths are caused
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fatty acid-binding protein 4; H&E, hematoxylin & eosin; HMOX1, heme oxygenase 1;
HDR, high dose radiation; IL, interleukin; LDR, low dose radiation; MODS, multi-
organ dysfunctions syndrome; ROS, reactive oxygen species; TNF-a, tumor necrosis
factor o.

* Corresponding author at: Department of Biological Sciences, Pusan National
University, Busandaehak-ro 63beon-gil, Geumjeong-gu, Busan 46241, Republic of
Korea.

E-mail address: bhyoun72@pusan.ac.kr (B. Youn).

1 These authors contributed equally to this work.

https://doi.org/10.1016/j.jdermsci.2019.10.004

by burns every year. The mortality rate of burn jury patients
drastically increases according to the burned area and the rate
overcomes 10% when burned area is wider than 30% of total body
surface area [1]. Burns are not a single pathophysiological process,
but an event affecting numerous organ systems structurally and
functionally [2]. After burn injury, destruction of skin tissues
results in malfunction of microcirculation, generation of oxidative
stresses, and release of proinflammatory cytokines in the injured
site [3]. Due to the lack of research about precise therapeutic
targets, unimodal therapeutic approaches did not show successful
outcomes in controlling burn injury. One of the major systemic
damage response after burn injuries is caused by proinflammatory
cytokines released by inflammatory and vascular endothelial cells
[4].It was also reported that 45.3% of burn patients undergo
multiple-organ dysfunction syndrome (MODS), and it is the
leading cause of death in patients with severe burn injuries [5].
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Therefore, it is important to control excessive inflammatory
responses after burn injuries to prevent MODS development and
decrease the mortality rate.

Low dose radiation (LDR), which is typically defined as
1-100 mGy of ionizing radiation, is used for diagnostic purposes
such as computed tomography (CT) ranging from 2.1 mGy for a
head CT to 31 mGy for a multiphase abdomen and pelvis CT. In the
radiation hormesis model, it was suggested that LDR is safe and
beneficial to human health, opposing high dose radiation (HDR)
|6].A previous study suggested that LDR induced miR-30a and miR-
30b to reduce the aggressiveness of lung cancer acquired after
radiotherapy [7]. The adaptive response is a mechanism wherein
the LDR activates various cell defense signals including DNA repair
and antioxidant production [8]. Another studies revealed that LDR
elicited a decrease in proinflammatory markers in animal models
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[9]. Besides, the beneficial effects of LDR in wound healing was also
suggested in the previous study describing the LDR induced
keratinocyte differentiation and promoted skin regeneration
[10,11]. A recent study suggested LDR promoted even fracture
healing by induction of vasculogenesis signaling in wounded area
[12]. However, to our knowledge, the effect of LDR on burn wounds
has not yet been investigated.

The epidermis of the skin is the outermost layer, which is a
stratified epithelium, and acts as the first protective barrier
against infections and trauma. After a skin epidermis is damaged,
wound repair follows a three-step process [13].The first stage,
inflammation occurs immediately after skin damage. A blood clot
is formed and inflammatory cells are recruited to prevent blood
loss and remove dead tissues. The regenerative phase is the
second stage during which most cells from the first stage migrate
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Fig. 1. LDR alleviates hyperinflammation after burn injury. (A) The experimental schedule for burn, LDR, and antimicrobial treatment to burn mouse model. (B-D)
Expression of proinflammatory cytokines (IL-1p, IL-6, and TNF-«) in the liver, lung, spleen, and kidney of burn mouse model was assessed by real time qRT-PCR. (E) H&E
staining results showed that LDR or antimicrobial treatment alleviated burn-induced inflammation. Arrows indicate inflammatory infiltrates (magnification: X200). (F) IHC
analysis for CD3 showed infiltration of CD3"T cell in the organs (for liver, lung, kidney, magnification: X200, for spleen, magnification: X400). WP; white pulp. (G)
Inflammation scores were evaluated based on the inflammatory infiltration observed in histological analysis (0-5). *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant. The
burn-only group was compared to control, and burn +LDR and/or antimicrobial groups were compared to the burn-only group.
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away from the wound and new blood vessels form. The last stage
of wound healing is remodeling, which lasts for a year or longer.
Epidermis, dermis, and the extracellular matrix are remodeled. A
wide variety of signaling molecules are involved in the wound
repair. The epidermal growth factor is released by platelets,
macrophages, and fibroblasts, and it stimulates re-epithelializa-
tion of the wound [14]. In the context of treating burn-injured
patients, enhancing skin regeneration is also emphasized to
prevent infection and occurrence of complications.

This study was conducted to investigate the potential of LDR
treatment in alleviation of inflammation and wound healing
after burn. We established burn mouse model and assessed the
role of LDR as an adjuvant treatment for burn injury and its
underlying molecular mechanisms. Our findings provide a
possible explanation on how burn wound repair is promoted
in response to LDR.

2. Materials and methods
2.1. Animal care protocol and establishment of burn mouse model

Seven-week-old female C57BL/6 mice (Orient Bio Inc.,Seong-
nam, Republic of Korea) were used for in vivo experiments. The
protocols used were approved by the Institutional Animal Care and
Use Committee of Pusan National University (Busan, Republic
ofKorea), and experiments were performed in accordance with
provisions of the NIH Guide for the Care and Use of Laboratory
Animals. The mice were maintained in animal care facilities in a
temperature-regulated room (23 +1°C) with a 12 h light/dark
cycle. All animals were fed water and standard mouse chow ad
libitum.

For burn injury, mice (n=5) were anesthetized and the dorsal
hairs were clipped. The full thickness burn wound was generated
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Fig. 2. LDR accelerates skin wound healing after burn injury. (A) The wound healing capacity of LDR was confirmed via Masson's trichrome staining (blue: collagen, red:
cytoplasm, brown to black: cell nuclei). (B) HMOX1 (antioxidant protein) and FABP4 (an adipogenesis marker) expression in the skin of burn-treated mice was verified by real
time qRT-PCR (time point: 3 d after burn). (C) IHC results of the two ROS markers, nitrotyrosine and 4-hydroxynoneal, showed decreased ROS levels by LDR in the skin of burn
mouse model. (D) The effect of LDR treatment on the alteration of actin distribution was measured by phalloidin staining. *p < 0.05, **p < 0.01, ***p < 0.001. The burn-only
group was compared to control, and burn + LDR and/or antimicrobial groups were compared to the burn-only group.



84 B. Son et al./Journal of Dermato
by 9 s of contact with a 10-mm-diameter brass rod heated to 95 °C.
Mice were then resuscitated intraperitoneally with 1 mL of sterile
isotonic saline to prevent shock. Mice subjected to LDR were
exposed to X-rays employing an X-ray generator M-150WE at a
dose rate of 0.025 Gy/min with 0.4 mm of Cu filter (Softex Co., Ltd.,
Tokyo, Japan). As an antimicrobial, 0.05 ml of Bactroban ointment
(2% mupirocin in a polyethylene glycol base) was topically applied
to the burn wound. Mupicrocin inhibits isoleucyl-transfer RNA and
protein synthesis of bacteria and showed therapeutic effects after
burn injury in previous study [15,16].

logical Science 96 (2019) 81-89
2.2. Histological analysis

At the end of the treatment period, animals were euthanized
and liver, lung, spleen, kidney, or skin samples were harvested. The
samples were then fixed with formalin, dehydrated, and embed-
ded in paraffin. Next, sections were cut to 4 um and utilized
for H&E, Masson’s trichrome staining, or immunohistochemistry
(IHC) following standard procedures. Inflammation scores were
obtained as previously described [17]. Stained sections were
observed under an Axio Lab.A1 microscope (Zeiss, Germany).
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2.3. Cell culture

The culture methods of HaCaT cells were described in previous
study [18]. In detail, HaCaT cells were purchased from Korean Cell
Line Bank (Seoul, Republic of Korea) and cultured in DMEM
medium containing 10% of fetal bovine serum and antibiotics (all
from Thermo Fisher Scientific, Waltham, MA) at 37 °C and 5% CO,
with humidification. HaCaT cells were treated with sera from mice
with burn injury and/or LDR for at least 24 h and utilized for further
experiments.

2.4. Statistical analysis

All numerical data were presented as the means = standard
error of the mean from at least three independent experiments. For
quantifications, data were analyzed using t-tests or ANOVA. The
Prism 5 software (GraphPad Software, San Diego,CA, USA) was
used to perform all statistical analyses. A p-value< 0.05 was
considered statistically significant.

Detailed information about the materials and methods in this
study is described in Supplementary materials and methods.

3. Results
3.1. LDR alleviates hyperinflammation after burn injury

To investigate the potential protective effect of LDR in burn
injuries, we established a mouse burn model by generating a third-
degree burn and observed inflammatory response and wound
healing (Fig. 1A) [19]. The mice were applied with LDR (50 mGy) or
an antimicrobial for 3 days at 24 h intervals to the wounds after
burn injury. As activation of inflammatory signaling is an initial
step of wound healing, we assessed inflammation 3 days after burn
injury. Based on the previous study, we examined the expression
level of IL-1B, IL-6, and TNF-a, which crucially involved in
inflammation-induced organ failure, in the burn-treated C57BL/
6 mice [20]. The results showed that the cytokines were
upregulated upon burn treatment in major organs, including the
liver, lung, spleen, and kidney (Fig. 1B-1D). However, mice treated
with LDR, antimicrobials, or both with burn exhibited decreased
cytokine expressions in the four organs. The results also suggested
that LDR had effects on regulating hyperinflammatory response
after burn injury and they were comparable to those of
antimicrobials application. In addition, regulation of these
cytokines by LDR suggested the significant roles of LDR in
prevention of organ failure after burn injury. We next investigated
histological differences between experimental groups. According
to hematoxylin and eosin (H&E) staining results, inflammatory
infiltrates and pulmonary interstitial edema were reduced by LDR
and/or antimicrobial treatment (Fig. 1E). For precise understanding
of the activation of inflammatory response in the organs, we
performed IHC to detect CD3. As shown in Fig. 1F, we observed that
burn-induced increase of CD3* T cell infiltration was alleviated by
antimicrobial and/or LDR. In the case of spleen, we found the
increase of CD3" T cells in red pulp, not in white pulp (WP). In
addition, inflammation score was assessed from 0 to 5 following
the previous study, and a significant inflammatory regulation by
antimicrobial and/or LDR was also confirmed (Fig. 1G) [17]. Taken
together, these findings suggest the role of LDR in reducing
hyperinflammation induced by burn injury.

3.2. LDR accelerates skin wound healing after burn injury
To determine if the wound healing process (second step) is

promoted by LDR, a Masson'’s trichrome staining was performed in
the skin of the mouse burn model. The formation of collagen layer

showed the degree of proliferation in wounded site. As shown in
Fig. 2A, until 3 days after the burn treatment, LDR or antimicrobials
has little effect on healing of burn-induced skin destruction.
Instead, we observed the formation of collagen (stained blue in the
figures) increased by antimicrobial and/or LDR treatment at 12
days after burn injury (Fig. 2A, lower). We further determined the
expression of heme oxygenase 1 (HMOX1) and fatty acid-binding
protein 4 (FABP4) in the skin of the mouse burn model. HMOX1
derived from skin fibroblasts has antioxidant and tissue-protective
actions, and FABP4 derived from adipocytes is a marker of
adipogenesis, which reportedly helps skin regeneration after
injury through fibroblast migration and extracellular matrix
production [21-24]. In Fig. 2B, the expression of HMOX1 and
FABP4 was increased by burn injury and antimicrobial and/or LDR
showed further elevated FABP4 and HMOX1 levels. Previous
studies demonstrated that the formation of ROS in burn wounds
led to systemic inflammatory response syndrome and LDR could
reduce oxidative stress-induced toxicity [25,26]. Therefore, we
measured ROS levels through detection of nitrotyrosine (protein
oxidation) and 4-hydroxynoneal (lipid peroxidation) via immu-
nohistochemistry. In Fig. 2C, ROS level increased by burn injury,
was ameliorated by antimicrobials and/or LDR.The skin wound
healing was also validated through assessment of filamentous
actin distribution through phalloidin staining to validate formation
of fibroblast layer [27]. As shown in Fig. 2D, sole burn treatment did
not change the filamentous actin distribution, antimicrobials and/
or LDR significantly enhanced actin distribution in injured skin
tissue at 3 days after burn injury. Collectively, these results indicate
that the LDR promoted post-burn wound healing through
regulation of ROS generation and increase actin distribution in
burn-injured skin.

3.3. Accumulative LDR less than 100 mGy alleviates
hyperinflammation after burn injury

LDR is generally defined as a dose of 100 mGy or less, and the
presence of biological effect of LDR less than 100 mGy is still
controversial [28].However, some previous studies suggested the
effects of LDR is present by accumulation of low dose-rate
radiation exposure [21]. Therefore, we next determined whether
LDR of a total dose less than 100 mGy elicits similar effects as an
LDR of a total dose more than 100 mGy as shown in Figs. 1 and 2. As
shown in Fig. 3A, 3 fractions of 25 mGy or 8 fractions of 12.5 mGy
LDR was suggested as a condition for short term or long term LDR
exposure, respectively. In advance of the effects of LDR on
regulation of hyperinflammation after burn injury, we assessed
effects of LDR-only on regulation of systemic inflammation. As
shown in Figure S1, the evident role of LDR in alleviating
inflammation was not present. In mouse burn model, comparable
to the results of Fig. 1, both of 3 fractions of 25 mGy and 12.5 mGy
LDR reduced the mRNA expression of proinflammatory cytokines
(IL-1B, IL-6, and TNF-«) in the liver, lung, spleen, and kidney of the
mouse burn model (Fig. 3B-D). Furthermore, the H&E staining and
[HC results suggested that burn-induced inflammatory infiltrates
decreased upon LDR treatment in major organs (Fig. 3E-G). These
findings demonstrated that LDR of a total dose of less than
100 mGy also reduced hyperinflammation caused by the burn
wound as shown by single LDR less than 100 mGy.

3.4. LDR-induced alleviation of systemic inflammation enhances
wound healing in keratinocytes

To verify the underlying molecular mechanisms of LDR-
mediated wound healing in mouse models, we conducted in vitro
experiments utilizing HaCaT keratinocytes. As a local exposure
of LDR alleviated systemic inflammation in mouse model, we
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hypothesized that pro-inflammatory signaling progressing the
burn injury is transferred via blood circulation. To verify this
hypothesis, we treated the cells with serum from mice with burn
injury and/or LDR at a total dose less than 100 mGy following the
previous burn research [29]. The cells were treated with serum
for up to 72 h and we assessed the alteration in viability and
gene expressions related with wound healing, proliferation, and
cornification. In the results of MTT assay, treatment of serum
from mice with burn injury reduced proliferation of HaCaT cells
and serum from mice with both burn injury and LDR abolished
the inhibitory effects on proliferation of HaCaT cells (Fig. 4A). In
addition, we assessed alteration of expressions of cornification
biomarkers including Involucrin, Filaggrin, Transglutaminase-1,
Loricrin, and Kertain 10 through qRT-PCR and Western blot. As
shown in Fig. 4B and C, we observed that expressions of
cornification biomarkers were slightly or non-significantly
increased by treatment of serum from mice with burn and
the expression was further increased by treatment of serum
from mice with burn and LDR. In consistent with Fig. 4A,

expression of p21, which slows cell cycle progression, was reduced
by serum from mice with burn and LDR. In consistent with
proinflammatory response in mouse burn model (Fig. 1 and 3),
HaCaT cells treated with burn serum also showed increased
expression of IL-1B, IL-6, and TNF-«, which wasreduced by serum
from mice treated with burninjury and LDR treatment (Fig.4D). As a
upstream signaling pathway involved in skin wound healing,
another study proposed the important involvement of activation
of focal adhesion kinase (FAK) in re-epithelialization and actin
cytoskeletal remodeling [30]. We next verified whether LDR
activates FAK signaling. Although slight increase of phosphorylation
(Y397) of FAK was induced by serum from mice with burn,
serum from mice with burn and LDR showed further increase
of FAK activation and filamentous actin distribution in HaCaT
cells (Fig. 4E and 4F). Taken together, the effects of LDR in
enhancing wound healing in skin tissue was mediated by factors
transferred through blood circulation and LDR also accelerated
proliferation and cornification through activation of FAK signaling
pathway.
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3.5. Accumulative LDR less than 100 mGy accelerates skin wound
healing after burn injury

To confirm the role of LDR on enhancing wound healing shown
in HaCaT Kkeratinocytes, we conducted a Masson’s trichrome
staining in the skin from the mice with burn and/or LDR. For 12
days, accumulative 100 mGy of LDR was delivered in 12 fractions
and we observed that LDR treatment enhanced wound healing and
epidermis formation in mouse skin tissue, which was not shown in
3 days after burn injury (Fig. 5A). Moreover, the expression of
HMOX1 and FABP4 were elevated upon 3 fractions of 12.5 or
25 mGy LDR to the burn wound (Fig. 5B). In consistent with Fig. 2,
we also observed that 3 fractions of 12.5 mGy or 25 mGy of LDR
could reduce ROS generation in skin tissue. In addition, the FAK
activation was also increased by LDR treatment in mouse skin
tissues (Fig. 5D) and increased filamentous actin distribution by 3
fractions of 25 mGy or 12.5 mGy LDR was assessed via phalloidin
staining, which was also verified in in vitro skin models (Fig. 5E).
Collectively, our results indicate that LDR alleviates both
proinflammatory signaling and ROS generation and promotes
wound healing via FAK signaling pathway, which resulted in
enhanced wound healing and skin regeneration in mouse burn
model.

4. Discussion

Controlling burn wounds and their complications is one of the
global health concerns. This study suggested LDR as a novel
regulator of inflammatory imbalance caused by burn injuries. By
establishing the burn mouse model, we focused on the histological

modifications of major organs, including liver, lung, spleen, kidney,
and skin. LDR with a single or total dose less than 100 mGy
decreased inflammatory infiltrates and ROS generation through
antioxidant gene expression, and augmented skin regeneration
through FAK signaling activation (Fig. 6). Overall, this study
provides the first evidence that LDR treatment could be an effective
method to mitigate burn injuries.

In this study, we utilized HaCaT cells to elucidate the molecular
events in skin tissue after burn injury and LDR exposure. In Fig. 4,
we showed that treatment of serum from mice with burn and LDR
showed further increased proliferation and cornification markers
expression. In wound healing process, proliferation leads to filling
the destructed sites and restore barrier function of skin, and
cornification of outermost keratinocytes leads to establishment of
structured dermal barrier [31,32]. Therefore, the results from
HaCaT cells showed suggested pre-clinical meaning of LDR to
enhance proliferation and cornification in skin as an in vitro model
for skin tissue. Proliferation and cornification may be mutually
exclusive, but these two events are not clearly distinguished and
complexly regulated by environmental components. A previous
study about the keratinocytes suggested that activation of
keratinocytes resulted in induction of both proliferation and
differentiation markers [33,34]. Therefore, we interpreted that LDR
treatment activated HaCaT cells to enhance both proliferation and
differentiation for successful wound healing through factors in
serum. As for a serum factor for activating keratinocytes, previous
studies suggested the involvement of inflammatory cytokines
including IL-1«, IL-6, Monocyte Chemoattractant Protein-1, and
C-reaction protein [35,36]. The involvement of cytokines was also
consistent with our results about regulation of inflammation by
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LDR promoted burn wound healing 12 d postburn (blue: collagen, red: cytoplasm, brown to black: cell nuclei). (B) The HMOX1 and FABP4 expression levels in the skin sample
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LDR (Fig. 1 and 3). It can be summarized that serum proin-
flammatory cytokines regulated by LDR may be critical regulator
for skin regeneration.

The minimum dose of ionizing radiation with biological
significance has been controversial in various studies. Ionizing
radiation less than 100 mGy was classically supposed to be non-
effective dose, while a recent study suggested that the threshold
and effects of LDR can vary according to the cells, tissues, organs,
and even organisms [37]. As shown in our data, we proposed the
biological effects of LDR both with single dose less than 100 mGy
and accumulative dose less than 100 mGy. Especially, the signifi-
cance of LDR with accumulative dose less than 100 mGy provided
information about the effects of chronic LDR exposure to the
organisms, which was also supported by previous studies stating
thatboth short and long term exposure of LDR less than 100 mGy
reduced ROS generation and increased antioxidant gene expres-
sion [26,38]. To verify the underlying mechanisms of the
distinguishing effects of LDR from those of HDR, a study adopted
an adaptive response induced by low level stress against high level
stress [26]. Another study suggested the LDR specifically activated
NF-kB-mediated cell survival signaling pathway without genomic
instability [39]. However, further studies are still needed to
validate these principles and our data could provide basic
information about LDR effects.

In this study, we conducted experiments in two separated
tracks, one utilized LDR with a single dose less than 100 mGy, but a
total dose over 100 mGy (Fig. 1 and 2), and the other utilized LDR
with a total dose less than 100 mGy (Fig. 3-5). However, the it is
hard to find a difference between two condition of LDR. Previous
studies showed that an accumulation of LDR (0-100 mGy)
increased mutation hazard and modulates cellular signalingin a
dose-dependent manner [40,41]. This was also supported by an
epidemiological research about leukemic hazard of nuclear

workers in US [42]. Besides, fractionated LDR showed different
biological effects even at the same total dose. 10 fractions of
50mGy LDR showed stronger epigenetic effects than single
fraction of 500 mGy [43,44]. Therefore, the LDR treatment as a
burn therapy also needs to be optimized for practical application
and it warrants the importance of further study.

Some previous studies were already reported that LDR have
curative effects. A study confirmed that whole body 10 fraction of
75 mGy of LDR exposure with basic fibroblast growth factor and
zinc accelerated healing of skin wounds in diabetic rats [45]. Other
reports also demonstrated the acceleration of skin wound healing
by LDR in a rat model [11]. In addition, whole body irradiation of
LDR was reported to regulate systemic inflammation after
diabetes, infectious sepsis, and asthma [21,46,47]. In this study,
we firstly suggested alleviation of systemic inflammation and
acceleration of wound healing after burn injuries by LDR
treatment. However, further studies on the mechanisms in
inflammation and ROS after burn trauma and related signaling
pathways modulated by LDR are warranted.

The results of the present study including LDR-induced
inflammation attenuation and enhanced wound healing after
burn injury suggested the role in burn wound repair and the
molecular mechanism underlying the protective effect of LDR. In
burn wound mouse model, adipogenesis during tissue regenera-
tion was promoted and redox signaling was activated by LDR. In
addition, we provided new insights that adjuvant radioactive
treatment can be utilized to attenuate burn trauma with
pharmacological agents during burn treatment.
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