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Abstract: UV-B radiation induces sunburn, and neutrophils are pivotal in this inflammation. In this
study, we examined the potential involvement of neutrophil extracellular traps (NETs) in ultraviolet
B (UVB)-induced skin inflammation, correlating the skin inflammation-mitigating effects of Hochu-
ekki-to on UV-B irradiation and NETs. To elucidate NET distribution in the dorsal skin, male ICR mice,
exposed to UVB irradiation, were immunohistologically analyzed to detect citrullinated histone H3
(citH3) and peptidylarginine deiminase 4 (PAD4). Reactive oxygen species (ROS) production in the
bloodstream was analyzed. To establish the involvement of NET-released DNA in this inflammatory
response, mice were UV-B irradiated following the intraperitoneal administration of DNase I. In vitro
experiments were performed to scrutinize the impact of Hochu-ekki-to on A23187-induced NETs
in neutrophil-like HL-60 cells. UV-B irradiation induced dorsal skin inflammation, coinciding with
a significant increase in citH3 and PAD4 expression. Administration of DNase I attenuated UV-B-
induced skin inflammation, whereas Hochu-ekki-to administration considerably suppressed the
inflammation, correlating with diminished levels of citH3 and PAD4 in the dorsal skin. UV-B
irradiation conspicuously augmented ROS and hydrogen peroxide (H2O2) production in the blood.
Hochu-ekki-to significantly inhibited ROS and H2O2 generation. In vitro experiments demonstrated
that Hochu-ekki-to notably inhibited A23187-induced NETs in differentiated neutrophil-like cells.
Hence, NETs have been implicated in UV-B-induced skin inflammation, and their inhibition reduces
cutaneous inflammation. Additionally, Hochu-ekki-to mitigated skin inflammation by impeding
neutrophil infiltration and NETs in the dorsal skin of mice.

Keywords: neutrophil extracellular trap; NETosis; Hochu-ekki-to; histone citrullination; inflammation;
UV-B irradiation

1. Introduction

The skin is constantly exposed to various environmental stimuli, including ultraviolet
rays from sunlight of diverse wavelengths: UVA (320–400 nm), UVB (280–320 nm), and
UVC (less than 280 nm). UVB, reaching the Earth’s surface, though potent, facilitates
vitamin D synthesis within organisms. It can induce sunburn, DNA damage, skin cancer,
compromised immune function, cataracts, photosensitivity, and other maladies [1,2]. UVB
radiation causes approximately 80% of the substantial skin damage attributed to sunlight.
Concerns have arisen regarding the potential escalation of UVB radiation owing to ozone
layer depletion, marked by an increased incidence of skin disorders.
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UVB exposure-associated sunburn encompasses erythema and suntan, with erythema
being an inflammatory response that manifests several hours post-UVB exposure, causing
skin reddening [3,4]. Prior investigations have indicated that the onset of erythema likely
involves a defined incubation period post-UV irradiation, suggesting the probable involve-
ment of chemical mediators or cytokines released from other cells, indirectly affecting
vascular processes, rather than a direct effect of UVB on blood vessels.

Previously documented evidence underscored the pivotal role of neutrophils in UVB-induced
photodamage [5–7]. Given the highly vascularized nature of the skin, neutrophils rapidly infiltrate
the skin under UVB irradiation. Their recruitment to the sites of skin inflammation exacerbates
inflammatory processes and skin injury via the generation of reactive oxygen species (ROS),
myeloperoxidase, and elastase. Activated neutrophils have been observed to trigger a distinctive
form of cell death called neutrophil extracellular traps (NETs), which release DNA chromatin
complexes and potentially worsen inflammation [8,9]. However, the precise role of neutrophil
extracellular traps (NETs) in UVB-induced photodamage remains elusive. Strategies aimed
at reducing neutrophil counts within skin tissues or suppressing NETs may offer compelling
avenues for treating UVB-induced skin damage.

NETs were initially identified as a biological defense mechanism and were acknowl-
edged for their efficacy in combating bacterial and fungal pathogens. Subsequent reports
have elucidated the induction of NETs across diverse inflammatory conditions, including
thrombosis, autoimmune diseases, and instances of sterile inflammation. The pivotal enzy-
matic player in the formation of these NETs is peptidylarginine deiminase 4 (PAD4), and the
appearance of citrullinated histones, catalyzed by PAD4, is synonymous with the process of
NETosis [8,9]. The activation of PAD4 within the cellular nucleus, particularly in response
to elevated intracellular calcium, leads to the citrullination of histone H3 (citH3) during
NET formation, which in turn induces the decondensation of nuclear DNA, subsequently
extruding it beyond the cell-membrane collapse. Consequently, the detection of citH3 is a
reliable means of identifying the occurrence of NETs within tissues.

Recently, the attenuation of NET formation has garnered considerable attention as a
therapeutic strategy, given the involvement of NETs in various inflammatory conditions.
NET inhibition involves the modulation of diverse enzymes and signal transduction path-
ways within neutrophil cells, and the resultant methodologies for dismantling NETs present
promising therapeutic avenues. Physiologically, NETs undergo degradation facilitated
by DNase, which is the predominant endonuclease in plasma and is expressed by non-
hematopoietic cells. Consequently, numerous researchers have endeavored to leverage
DNase I, which exhibits efficient cleavage/hydrolysis of DNA strands in a non-sequence-
specific manner. This feature renders it plausible to address NET-dependent inflammatory
conditions by administering DNase I to living organisms.

Hochu-ekki-to, a Japanese herbal medicine renowned for its application in allergic
diseases, exhibits diverse pharmacological activities, including cytoprotective, antioxi-
dant, immunomodulatory, proangiogenic, and anti-inflammatory effects [10–12]. Hochu-
ekki-to comprises ten species of medical plants (as follows: Astragali radix (16.7%),
Atractylodes lancea Rhizome (16.7%), Ginseng radix (16.7%), Angelica Radix (12.5%), Bu-
pleuri radix (8.3%), Zizyphi fructus (8.3%), Aurantii nobilis pericarpium (8.3%), Gly-
cyrrhizae radix (6.3%), Cimicifugae Rhizoma (4.2%), and Zingiberis Rhizoma (2%)) and it
was provided by Tsumura Juntendo Co. Ltd. (Tokyo, Japan) and is widely used for various
immune-related diseases. Hochu-ekki-to has been reported to suppress the production of
reactive oxygen by neutrophils in vitro and its accumulation in inflamed areas [11]. How-
ever, the effects of Hochu-ekki-to on neutrophil extracellular traps in inflammatory disease
have not been investigated. Moreover, the protective effects of Hochu-ekki-to against
UVB-induced skin damage remain unclear. Thus, in this study, we aimed to demonstrate
the cytoprotective potential of Hochu-ekki-to against UVB-induced damage in a mouse
model and to reveal its potential to suppress NETs.
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2. Results
2.1. Preventive Effect of Hochu-ekki-to and DNase I against UVB-Induced Skin Inflammation

Oral administration experiments revealed prominent dermatitis, inflammation, and
erythema on the dorsal skin of the mice 5 days after post-UVB irradiation (Figure 1a,c).
However, these manifestations of skin inflammation were substantially attenuated in the
UVB irradiation + Hochu-ekki-to group (Figure 1a) and + DNase I group (Figure 1c).
Furthermore, the Draize assessment, which depicts the extent of erythema and edema on
the skin, exhibited a significant decrease solely in the UVB irradiation + Hochu-ekki-to
group compared to both the UVB irradiation and UVB + solvent groups (Figure 1b). In the
case of DNase I administration, the Draize assessment also exhibited a significant decrease
solely in the UVB irradiation + DNase I group compared to that in both UVB irradiation
and UVB + solvent groups (Figure 1d). When comparing Hochu-ekki-to group and DNase I
group, although there was no statistically significant difference, the Draize assessment score
was better with Hochu-ekki-to administration than with DNase I. A histological analysis
of dorsal skin samples was performed using hematoxylin and eosin staining (Figure 2a,c).
Five days following UVB exposure, the epidermis of the dorsal skin in the UVB irradiation
group exhibited increased thickness compared to that in the control group, with notable
infiltration of inflammatory cells into the dermis and edema of the dorsal skin. Conversely,
these alterations were markedly suppressed in the UVB irradiation + Hochu-ekki-to group
and + DNase I group (Figure 2). When comparing Hochu-ekki-to group and DNase I group,
although there was no statistically significant difference, the dorsal skin dermatitis was
inhibited with Hochu-ekki-to administration than with DNase I. These findings indicated
the effectiveness of orally administered Hochu-ekki-to and injected DNase I.
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final UVB irradiation session. (b): Draize scores of dorsal skin samples from mice 5 days post-final 
UVB irradiation session. The data are expressed as the mean ± SD of six animals per group. Statisti-
cal analysis was performed using ANOVA, followed by Tukey’s post hoc test using the SPSS (ver-
sion 20) software program (biological replicates; * p < 0.05, ** p < 0.01). 

Figure 1. Effect of Hochu-ekki-to and DNase I on dorsal skin dermatitis 5 days after UVB irradiation.
(a): Representative macroscopic images of the dorsal skin in mice from each group 5 days after the
final UVB irradiation session. (b): Draize scores of dorsal skin samples from mice 5 days post-final
UVB irradiation session. The data are expressed as the mean ± SD of six animals per group. Statistical
analysis was performed using ANOVA, followed by Tukey’s post hoc test using the SPSS (version 20)
software program (biological replicates; * p < 0.05, ** p < 0.01).

2.2. Effect of Hochu-ekki-to and DNase I against Blood ROS Generation after UVB Irradiation

We assessed the reactive oxygen scavenging capability of Hochu-ekki-to and DNase I
in vivo using the OxiSelect In Vitro ROS/RNS Assay Kit (Green Fluorescence) (Cell Biolabs,
Inc., San Diego, CA, USA). As shown in Figure 3, UVB irradiation substantially augmented
reactive oxygen production in the bloodstream. Hochu-ekki-to and DNase I demonstrated
a profound ability to suppress the formation of ROS and H2O2 (Figure 3). When comparing
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Hochu-ekki-to group and DNase I group, their suppressive effect of ROS was the same.
However, Hochu-ekki-to group attenuated H2O2 production more than DNase I group.
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Figure 2. Histological analysis of dorsal skin dermatitis 5 days after UVB irradiation. (a): Histological
analysis of dorsal skin samples from mice 5 days after UVB irradiation using hematoxylin and eosin
staining. The data reflect one typical experiment with six animals per group. Scale bar = 100 µm.
(b): At the end of the study, the dorsal skin thickness in mice was measured. Statistical analysis was
performed using ANOVA, followed by Tukey’s post hoc test using the SPSS (version 20) software
program (biological replicates; * p < 0.05, ** p < 0.01).
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Figure 3. Effect of Hochu-ekki-to and DNase I on reactive oxygen species generation in blood after
UVB irradiation. Generation of reactive oxygen species in the blood after UVB irradiation using the
OxiSelect In Vitro ROS/RNS Assay Kit. (a): Total ROS, (b): H2O2. Statistical analysis was performed
using ANOVA, followed by Tukey’s post hoc test using the SPSS (version 20) software program
(biological replicates; * p < 0.05, ** p < 0.01).

2.3. Hochu-ekki-to and DNase I Decrease Neutrophil Migration and Expression of Citrullinated
Histone H3 and Peptidylarginine Deiminase 4 in the Dorsal Skin after UVB Irradiation

UVB irradiation-induced neutrophil migration into the skin tissue (Figure 4). Additionally,
we analyzed the expression profile of citrullinated histones to ascertain whether the accumulation
of neutrophils leads to the formation of NETs. As shown in Figures 5 and 6, neutrophils
accumulated in skin tissue after UVB irradiation and expressed PAD4 (Figure 5) and
citrullinated histone H3 (Figure 6). Hence, UVB irradiation induced the accumulation
of neutrophils in the skin tissue, leading to NET formation. Furthermore, Hochu-ekki-
to significantly attenuated neutrophil accumulation and citrullinated histone expression.
DNase I also attenuated these events. However, the inhibitory effect of DNase I was lower
than that of Hochu-ekki-to. In particular, the inhibitory effect on neutrophil accumulation
shown in Figure 4 was lower than that of Hochu-ekki-to.
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Figure 4. Effect of Hochu-ekki-to and DNase I on the expression of Ly6G (a,b). Immunostaining
was performed to examine Ly6G expression. Statistical analysis was performed using ANOVA,
followed by Tukey’s post hoc test using the SPSS (version 20) software program (biological replicates;
* p < 0.05, ** p < 0.01).
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Figure 5. Effect of Hochu-ekki-to and DNase I on the expression of PAD4 (a,b). Immunostaining was
performed to examine the expression of PAD4. Statistical analysis was performed using ANOVA,
followed by Tukey’s post hoc test using the SPSS (version 20) software program (biological replicates;
* p < 0.05, ** p < 0.01).
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Figure 6. Effect of Hochu-ekki-to and DNase I on the expression of citH3 (a,b). Immunostaining
was performed to examine the citH3 expression. Statistical analysis was performed using ANOVA,
followed by Tukey’s post hoc test using the SPSS (version 20) software program (biological replicates;
* p < 0.05, ** p < 0.01).
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2.4. Hochu-ekki-to Decreases the Formation of Neutrophil Extracellular Traps of Neutrophil-Like
Differentiated HL-60 Cells In Vitro

Hochu-ekki-to inhibits reactive oxygen in the blood and impedes neutrophil migra-
tion, suggesting its potential to suppress NETs. Therefore, we employed neutrophil-like
differentiated HL-60 (nHL-60) cells, which represent human myeloid leukemia cells, as an
in vitro cellular model to ascertain the effects of Hochu-ekki-to on NETs. Consequently, as
depicted in Figure 7, Hochu-ekki-to exhibited concentration-dependent inhibition of NETs.
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Figure 7. Hochu-ekki-to decreases A23187-induced neutrophil extracellular trap formation (NETosis).
After treatment with or without 50, 500, and 1000 ug/mL Hochu-ekki-to for 30 min, NETosis levels
in nHL-60 cells induced with 10 µM A23187 for 1 or 6 h were analyzed using a SYTOX green assay.
Statistical analysis was performed using ANOVA, followed by Tukey’s post hoc test using the SPSS
(version 20) software program (biological replicates).

3. Discussion

In this study, we demonstrated the involvement of NETs in UVB-induced skin damage.
Moreover, Hochu-ekki-to markedly suppressed UVB-induced skin damage by inhibiting
neutrophil migration and NETs. Additionally, DNase I administration to disrupt extracellu-
lar DNA within NETs significantly mitigated UVB-induced skin damage. Consequently,
UVB-induced skin damage may result from extracellular DNA released by NETs.

UVB-induced skin disorders are caused by various factors, among which the pivotal
role of reactive oxygen is well documented [13–16]. As shown in Figure 3, UV-B irradiation
substantially augments reactive oxygen production in the bloodstream. It is possible that
these reactive oxygen species are generated within the UV-B-irradiated area. During skin
inflammation, reactive oxygen may originate from accumulated neutrophils, xanthine oxi-
dase, and mitochondrial sources within UV-B-irradiated tissues [13–16]. Previous studies
have demonstrated that mice lacking NADPH oxidase exhibit partial suppression of UVB-
induced skin inflammation [17,18]. In this study, Hochu-ekki-to markedly suppressed both
reactive oxygen production in the blood and skin inflammation (Figures 1–3). Hence, skin
inflammation seems to be related not only to reactive oxygen production from neutrophils,
but also to the skin tissue itself, and Hochu-ekki-to mitigates skin inflammation by collec-
tively suppressing these mechanisms. Previous research has shown that Hochu-ekki-to
not only suppresses stimulus-induced reactive oxygen production by neutrophils but also
inhibits neutrophil migration to inflamed areas [11]. This appears to explain the outcomes
of this study.

Neutrophils were absent in the non-inflamed skin layers; however, there was a sud-
den influx of neutrophils into the skin tissue after stimulation (Figure 4). Skin dam-
age caused by UV exposure or natural sunlight has been reported to signal neutrophil
infiltration [18]. This influx of neutrophils into the skin triggers the release of chemotactic
factors, leading to the sustained presence of neutrophils within the skin. Previous stud-
ies have reported substantial amounts of neutrophil elastase at the sites of UV-induced
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inflammation [19]. Therefore, considering that neutrophils exposed to UV radiation unfold
various mechanisms that potentially damage surrounding tissues and contribute to the
effects of photoaging in the skin, it is imperative to acknowledge their ability to induce cell
death, which is postulated to generate NETs. In our study, we observed neutrophil infiltra-
tion into the skin tissue along with a significant increase in citrullinated histones, a marker
indicative of NETs. In vitro, UVB irradiation of human neutrophils induces NETosis [20].
As nearly no accumulation of neutrophils was observed in the normal skin (Figure 4), it
is unlikely that early UVB irradiation induces NETosis. It is thought that damage to the
skin tissue caused by early UVB irradiation induces the production of skin tissue-derived
cytokines, leading to the accumulation of neutrophils. Therefore, NETosis caused by UVB
irradiation in vitro appears to occur only partially in the actual tissues. Recently, in vivo
studies have reported that NETs may be involved in skin inflammation caused by UVB
irradiation [5,21]. These studies used Rho kinase (ROCK) KO mice [21] and Gasdermin
E KO mice [5]. Although developing drugs that target these molecules is a promising
avenue, the hurdles to their application in treatment are high, and further development
is awaited. In this study, we revealed that using the existing Hochu-ekki-to and DNase I,
NETs and skin inflammation caused by UVB irradiation can be suppressed, offering hope
for its future applications to treat skin inflammation.

Studies have evidenced the direct targeting effect of DNase I on NET degradation [22–27].
DNase I effectively degrades the DNA backbone and has been used to treat inflammatory
diseases in vivo [22–27]. As a constituent of the host defense system, DNase I effectively
degrades the DNA backbone within NETs, making it a potential therapeutic target for
NETs [22–27]. This study illustrates the direct degradation of NET components by DNase
I following UV-B irradiation. Our findings are consistent with the therapeutic effects
observed in patients with inflammatory diseases treated with DNase I. The results of this
study indicate that DNase I can directly degrade NETs upon UV-B irradiation, resulting in
a significant reduction in NET levels and tissue damage. Hence, targeting NETs could offer
a promising therapeutic approach for treating cancer during UV-B irradiation.

Neutrophil extracellular traps are induced via distinct mechanisms: an NADPH
oxidase-dependent extracellular trap, prompted by reactive oxygen production triggered by
stimulants such as PMA, and an NADPH oxidase-independent extracellular trap, induced
by elevated intracellular calcium levels [28,29]. The in vivo mechanisms governing NET
induction are poorly understood, and it remains unclear whether these events occur
simultaneously. Previously, skin inflammation caused by UV-B irradiation was shown to
be partially suppressed in gp91phox KO mice [17,18]. However, in the current study, this
was completely suppressed by the administration of Hochu-ekki-to or DNase I. Hence,
extracellular trapping of neutrophils in skin inflammation induced by UV-B irradiation is
believed to occur via both NADPH oxidase-dependent and NADPH oxidase-independent
pathways. DNase I can eliminate the extracellular DNA induced by these traps, whereas
Hochu-ekki-to significantly inhibits both types of neutrophil extracellular traps.

4. Materials and Methods
4.1. Animals

All animals were treated in accordance with the animal care regulations of the Suzuka
University of Medical Science, and animal experiments were approved by the Suzuka Univer-
sity of Medical Science Animal Experiment Ethics Committee (approval number 31). Specific
pathogen-free 8-week-old male ICR mice (Japan SLC Co., Hamamatsu, Japan) were used in
the experiments. Under light sevoflurane anesthesia, the dorsal fur of the mice was shaved
using electric clippers.

4.2. Induction of UVB Irradiation-Induced Skin Damage

The whole mice body was exposed to UVB irradiation (wavelength range: 280–320 nm,
peaking at 305 nm) using a sunlamp (FL-20SE; Toshiba Co., Tokyo, Japan) for 3 days at
a dose of 1.0 kJ/m2 per day (irradiation time: 45 s/day), with the animals kept under
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light anesthesia. We filtered out other wavelengths using Kodaul cellulose film (Eastman
Kodak Co., Rochester, NY, USA), which is the typical 1 h daytime dose received by humans
in Osaka, Japan [30]. To analyze the degree of dermatitis post UVB irradiation, the site
was examined for erythema and edema using a modified version of the Draize scoring
system, with scores ranging from 0 to 8 [31,32]. The degrees of erythema and edema were
determined based on the erythema scores as follows: index value; 0 = no erythema, 1 = very
slight erythema (barely perceptible), 2 = well-defined erythema, 3 = moderate-to-severe
erythema, and 4 = severe erythema; and edema formation: index value; 0 = no edema,
1 = very slight edema, 2 = slight edema, 3 = moderate edema, and 4 = severe edema
(extending beyond the area of exposure).

4.3. DNase I Treatment

DNase I (Roche, Tokyo, Japan) (0.4 mg kg−1, intravenous and 2 mg kg−1, intraperi-
toneal) or vehicle (PBS, intraperitoneal) was injected once daily and every other day after
UVB irradiation.

4.4. Chemicals

Hochu-ekki-to was purchased from Tsumura Juntendo (Tokyo, Japan), and its drug
composition is summarized in Table 1. The reagent was dissolved in PBS and orally
administered once daily (1.0 g/kg/day) and every other day after UVB irradiation. Previous
studies [11,33] have reported that 1 g/kg/day is most effective when administered to mice.
Therefore, in this study, this dose was used in the administration experiments. The mice
were divided into the following four groups: control (non-treated), Hochu-ekki-to, UVB
irradiation only, and UVB irradiation + Hochu-ekki-to, with four animals in each group. The
vehicle was orally administered once daily and on every other day after UVB irradiation.

Table 1. Drug composition of Hochu-ekki-to.

Components Composition (%)

Astragali Radix 16.7
Astractylodis Rhizoma 16.7
Ginseng Radix 16.7
Angelicae Radix 12.5
Bupleuri Radix 8.3
Zizyphi Fructus 8.3
Auranti Nobilis Pericarpium 8.3
Glycyrrhizae Radix 6.3
Cimcifugae Rhizoma 4.2
Zingiberis Rhizoma 2.0

4.5. Preparation and Staining of Dorsal Skin Sections

On the final day of the experiment, we extracted skin samples under anesthesia. The
dorsal skin specimens were fixed in 4% phosphate-buffered paraformaldehyde, embedded
in frozen Tissue Tek OCT compound (Sakura Finetek, Tokyo, Japan), and cut into 5 µm-
thick sections. These sections were then stained with hematoxylin and eosin in accordance
with established procedures for histological analysis of the skin. Skin specimens were
stained using antibodies for immunohistological analysis as previously described [34].
The skin specimens were reactive with either mouse monoclonal anti-lymphocyte antigen
6 complex locus G6D (Ly6G: marker of neutrophils) (1:100; BD Biosciences, Franklin
Lakes, NJ, USA), rabbit polyclonal anti-citrullinated histone H3 (citH3) (1:100; Abcam,
Cambridge, MA, USA), or rabbit polyclonal anti-protein arginine deiminase 4 (PAD4)
(1:100; Abcam) primary antibodies. The samples were then washed and incubated with
fluorescein isothiocyanate-conjugated anti-mouse and anti-rabbit secondary antibodies
(1:30; Dako Cytomation, Glostrup, Denmark). The expression levels of Ly6G, citH3, and
PAD4 were immunohistochemically evaluated using fluorescence microscopy. Ly6G, PAD4,
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and cisH3 were calculated from four random visual fields with constant area using ImageJ
software ver. 1.53 (National Institutes of Health, Bethesda, MD, USA). Briefly, the original
files were converted to monochrome 8-bit files. Next, the threshold of luminous intensity
was voluntarily established.

4.6. Quantification of Reactive Oxygen Species via OxiSelect

We utilized the OxiSelect™ In Vitro ROS/RNS Assay Kit (Green Fluorescence) (Cell
Biolabs, San Diego, CA, USA) to evaluate the level of oxidative damage in serum 5 days
post-UVB irradiation. Samples were loaded into a black 96-well plate, together with varying
concentrations of hydrogen peroxide for generating the standard curve, and fluorescence
signals were recorded using SpectraMax® (485 nm excitation, 525 nm emission; Molecular
Devices Japan, Tokyo, Japan).

4.7. Cell Culture

HL-60, a human promyelocytic leukemia cell line (RCB3683; RIKEN BioResource Cen-
ter, Ibaraki, Japan), was cultured in RPMI 1640 medium (Nacalai, Kyoto, Japan) containing
10% (v/v) inactivated fetal bovine serum and 1% penicillin/streptomycin (Fujifilm-Wako,
Osaka, Japan) [35]. The cells were maintained at 37 ◦C in a humidified incubator (5%
CO2), and the culture medium was replaced every 2 days. To differentiate HL-60 cells into
neutrophil-like cells, the cells were cultured with 1.25% DMSO for 3 days [36].

4.8. SYTOX Green NETosis Assay

NETosis was analyzed using SYTOX green fluorophotometry (Invitrogen, Tokyo,
Japan) [37]. The nHL-60 cells were seeded with SYTOX Green, a cell-impermeable nucleic
acid dye, in 96-well plates at a density of 5 × 104 cells/well. The plates were divided into
four different groups: one group was treated with Hochu-ekki-to, another was treated with
10 µM A23187 (Fujifilm-Wako, Osaka, Japan), the third was treated with 10 µM A23187
and Hochu-ekki-to, and the fourth was the control group (n = 6 per group). Concentrations
of Hochu-ekki-to were 50, 500, or 1000 µg/mL. After adding 10 µM A23187 to two of the
groups, changes in green fluorescence in all the groups were measured every 1 h using a
SpectraMax® (485 nm excitation, 525 nm emission; Molecular Devices Japan, Tokyo, Japan).
To determine the total DNA concentration, nHL-60 cells were lysed with 1% (v/v) Triton
X-100 (Fujifilm-Wako, Osaka, Japan), and fluorescence changes were recorded. All values
were standardized using the total DNA concentration in each experiment.

4.9. Statistical Analysis

All data are presented as the means ± standard deviation (SD) of the values for
six animals in each group. Statistical analyses were performed in accordance with the
SPSS Institute User Guide. Analyses of variance (ANOVAs) were performed. Significant
differences (p < 0.05) between means were determined using Tukey’s post hoc test. SPSS
software (version 20) was used for the statistical analyses. Statistical significance was set
at p < 0.05.

5. Conclusions

In this study, we observed the involvement of NETs in skin inflammation induced
by UV-B irradiation. Moreover, the inhibition of NETs was found to be associated with a
reduction in skin inflammation. Furthermore, Hochu-ekki-to was identified to mitigate
skin inflammation by impeding neutrophil infiltration into the skin and formation of NETs
in the dorsal skin of mice.

Author Contributions: Conceptualization, E.F.S.; methodology, K.H. and H.Y.; formal analysis
and investigation, I.I., K.H., Y.Y., A.M., T.T., H.Y. and E.F.S.; writing—original draft preparation,
E.F.S.; project administration and funding acquisition, E.F.S. All authors have read and agreed to the
published version of the manuscript.



Int. J. Mol. Sci. 2024, 25, 1723 10 of 11

Funding: This work was supported by JSPS KAKENHI Grant Numbers JP22K11790 and a Grant of
Okasan-kato Zaidan (OKF-20-1-5).

Institutional Review Board Statement: Animal experiments were approved by the Suzuka University
of Medical Science Animal Experiment Ethics Committee (approval number 31).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available on request
from the corresponding author.

Acknowledgments: We would like to thank K.Sato for excellent technical assistance.

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

References
1. Diffey, B.L. What is light? Photodermatol. Photoimmunol. Photomed. 2002, 18, 68–74. [CrossRef]
2. Kobayashi, S. UVB-induced skin damage and the protection/treatment—Effects of a novel, hydrophilic gamma-tocopherol

derivative. Yakugaku Zasshi 2006, 126, 677–693. [CrossRef] [PubMed]
3. Stephens, T.J.; Herndon, J.H., Jr.; Colón, L.E.; Gottschalk, R.W. The impact of natural sunlight exposure on the UVB-sun protection

factor (UVB-SPF) and UVA protection factor (UVA-PF) of a UVA/UVB SPF 50 sunscreen. J. Drugs Dermatol. 2011, 10, 150–155.
[PubMed]

4. Zhang, Y.; Inoue, Y.; Fardous, J.; Doi, R.; Ijima, T.; Fujibuchi, T.; Yamashita, Y.I.; Aishima, S.; Ijima, H. Prevention and repair
of ultraviolet B-induced skin damage in hairless mice via transdermal delivery of growth factors immobilized in a gel-in-oil
nanoemulsion. ACS Omega 2023, 8, 9239–9249. [CrossRef] [PubMed]

5. Chen, Y.; Lian, N.; Chen, S.; Xiao, T.; Ke, Y.; Zhang, Y.; Song, C.; Yang, Y.; Xu, S.; Gu, H.; et al. GSDME deficiency leads to the
aggravation of UVB-induced skin inflammation through enhancing recruitment and activation of neutrophils. Cell Death Dis.
2022, 13, 841. [CrossRef] [PubMed]

6. Peloi, K.E.; Ratti, B.A.; Nakamura, C.V.; Neal, C.J.; Sakthivel, T.S.; Singh, S.; Seal, S.; de Oliveira Silva Lautenschlager, S. Engineered
nanoceria modulate neutrophil oxidative response to low doses of UV-B radiation through the inhibition of reactive oxygen
species production. J. Biomed. Mater. Res. A 2021, 109, 2570–2579. [CrossRef] [PubMed]

7. Kunisada, M.; Hosaka, C.; Takemori, C.; Nakano, E.; Nishigori, C. CXCL1 inhibition regulates UVB-induced skin inflammation
and tumorigenesis in Xpa-deficient mice. J. Investig. Dermatol. 2017, 137, 1975–1983. [CrossRef] [PubMed]

8. Hidalgo, A.; Libby, P.; Soehnlein, O.; Aramburu, I.V.; Papayannopoulos, V.; Silvestre-Roig, C. Neutrophil extracellular traps: From
physiology to pathology. Cardiovasc. Res. 2022, 118, 2737–2753. [CrossRef]

9. Papayannopoulos, V. Neutrophil extracellular traps in immunity and disease. Nat. Rev. Immunol. 2018, 18, 134–147. [CrossRef]
10. Hirai, N.; Ishikawa, K.; Takahashi, K. Improvement of the agitation granulation method to prepare granules containing a high

content of a very hygroscopic drug. J. Pharm. Pharmacol. 2006, 58, 1437–1441. [CrossRef]
11. Tajima, S.; Bando, M.; Yamasawa, H.; Ohno, S.; Moriyama, H.; Takada, T.; Suzuki, E.; Gejyo, F.; Sugiyama, Y. Preventive effect of

Hochu-ekki-to on lipopolysaccharide-induced acute lung injury in BALB/c mice. Lung 2006, 184, 318–323. [CrossRef]
12. Hasegawa, T.; Yamaki, K.; Muraoka, I.; Nadai, M.; Takagi, K.; Nabeshima, T. Effects of traditional Chinese medicines on

pharmacokinetics of levofloxacin. Antimicrob. Agents Chemother. 1995, 39, 2135–2137. [CrossRef]
13. Martinez, R.M.; Pinho-Ribeiro, F.A.; Steffen, V.S.; Caviglione, C.V.; Vignoli, J.A.; Barbosa, D.S.; Baracat, M.M.; Georgetti, S.R.;

Verri, W.A., Jr.; Casagrande, R. Naringenin inhibits UVB irradiation-induced inflammation and oxidative stress in the skin of
hairless mice. J. Nat. Prod. 2015, 78, 1647–1655. [CrossRef]

14. Cezar, T.L.C.; Martinez, R.M.; Rocha, C.D.; Melo, C.P.B.; Vale, D.L.; Borghi, S.M.; Fattori, V.; Vignoli, J.A.; Camilios-Neto,
D.; Baracat, M.M.; et al. Treatment with maresin 1, a docosahexaenoic acid-derived pro-resolution lipid, protects skin from
inflammation and oxidative stress caused by UVB irradiation. Sci. Rep. 2019, 9, 3062. [CrossRef]

15. Kim, Y.I.; Oh, W.S.; Song, P.H.; Yun, S.; Kwon, Y.S.; Lee, Y.J.; Ku, S.K.; Song, C.H.; Oh, T.H. Anti-photoaging effects of low
molecular-weight fucoidan on ultraviolet B-irradiated mice. Mar. Drugs 2018, 16, 286. [CrossRef]

16. Martinez, R.M.; Pinho-Ribeiro, F.A.; Steffen, V.S.; Caviglione, C.V.; Vignoli, J.A.; Baracat, M.M.; Georgetti, S.R.; Verri, W.A.,
Jr.; Casagrande, R. Hesperidin methyl chalcone inhibits oxidative stress and inflammation in a mouse model of ultraviolet B
irradiation-induced skin damage. J. Photochem. Photobiol. B 2015, 148, 145–153. [CrossRef]

17. Hiramoto, K.; Sato, E.F. Ultraviolet B radiation to the eye induces pigmentation in the epidermis via the activation of the subunit
gp91 phox of reduced nicotinamide adenine dinucleotide phosphate oxidase. Clin. Exp. Dermatol. 2012, 37, 65–67. [CrossRef]

18. Komatsu, J.; Koyama, H.; Maeda, N.; Aratani, Y. Earlier onset of neutrophil-mediated inflammation in the ultraviolet-exposed
skin of mice deficient in myeloperoxidase and NADPH oxidase. Inflamm. Res. 2006, 55, 200–206. [CrossRef] [PubMed]

19. Takeuchi, H.; Gomi, T.; Shishido, M.; Watanabe, H.; Suenobu, N. Neutrophil elastase contributes to extracellular matrix damage
induced by chronic low-dose UV irradiation in a hairless mouse photoaging model. J. Dermatol. Sci. 2010, 60, 151–158. [CrossRef]
[PubMed]

https://doi.org/10.1034/j.1600-0781.2002.180203.x
https://doi.org/10.1248/yakushi.126.677
https://www.ncbi.nlm.nih.gov/pubmed/16946583
https://www.ncbi.nlm.nih.gov/pubmed/21283919
https://doi.org/10.1021/acsomega.2c07343
https://www.ncbi.nlm.nih.gov/pubmed/36936322
https://doi.org/10.1038/s41419-022-05276-9
https://www.ncbi.nlm.nih.gov/pubmed/36182937
https://doi.org/10.1002/jbm.a.37251
https://www.ncbi.nlm.nih.gov/pubmed/34173708
https://doi.org/10.1016/j.jid.2017.04.034
https://www.ncbi.nlm.nih.gov/pubmed/28528167
https://doi.org/10.1093/cvr/cvab329
https://doi.org/10.1038/nri.2017.105
https://doi.org/10.1211/jpp.58.11.0003
https://doi.org/10.1007/s00408-006-0018-z
https://doi.org/10.1128/AAC.39.9.2135
https://doi.org/10.1021/acs.jnatprod.5b00198
https://doi.org/10.1038/s41598-019-39584-6
https://doi.org/10.3390/md16080286
https://doi.org/10.1016/j.jphotobiol.2015.03.030
https://doi.org/10.1111/j.1365-2230.2011.04149.x
https://doi.org/10.1007/s00011-006-0071-3
https://www.ncbi.nlm.nih.gov/pubmed/16830107
https://doi.org/10.1016/j.jdermsci.2010.09.001
https://www.ncbi.nlm.nih.gov/pubmed/20965700


Int. J. Mol. Sci. 2024, 25, 1723 11 of 11

20. Zawrotniak, M.; Bartnicka, D.; Rapala-Kozik, M. UVA and UVB radiation induce the formation of neutrophil extracellular traps
by human polymorphonuclear cells. J. Photochem. Photobiol. B 2019, 196, 111511. [CrossRef] [PubMed]

21. Li, M.; Lyu, X.; Liao, J.; Werth, V.P.; Liu, M.L. Rho kinase regulates neutrophil NET formation that is involved in UVB-induced
skin inflammation. Theranostics 2022, 12, 2133–2149. [CrossRef]

22. Yasuda, H.; Uno, A.; Tanaka, Y.; Koda, S.; Saito, M.; Sato, E.F.; Matsumoto, K.; Kato, S. Neutrophil extracellular trap induc-
tion through peptidylarginine deiminase 4 activity is involved in 2,4,6-trinitrobenzenesulfonic acid-induced colitis. Naunyn
Schmiedebergs Arch. Pharmacol. 2023, online ahead of print. [CrossRef]

23. Chen, X.Q.; Tu, L.; Tang, Q.; Zou, J.S.; Yun, X.; Qin, Y.H. DNase I targeted degradation of neutrophil extracellular traps to reduce
the damage on IgAV rat. PLoS ONE 2023, 18, e0291592. [CrossRef] [PubMed]

24. Podolska, M.J.; Mahajan, A.; Hahn, J.; Knopf, J.; Maueröder, C.; Petru, L.; Ullmann, M.; Schett, G.; Leppkes, M.; Herrmann, M.;
et al. Treatment with DNases rescues hidden neutrophil elastase from aggregated NETs. J. Leukoc. Biol. 2019, 106, 1359–1366.
[CrossRef]

25. Wang, S.; Xie, T.; Sun, S.; Wang, K.; Liu, B.; Wu, X.; Ding, W. DNase-1 treatment exerts protective effects in a rat model of intestinal
ischemia-reperfusion injury. Sci. Rep. 2018, 8, 17788. [CrossRef]

26. Albadawi, H.; Oklu, R.; Raacke Malley, R.E.; O’Keefe, R.M.; Uong, T.P.; Cormier, N.R.; Watkins, M.T. Effect of DNase I treatment
and neutrophil depletion on acute limb ischemia-reperfusion injury in mice. J. Vasc. Surg. 2016, 64, 484–493. [CrossRef] [PubMed]

27. Jiménez-Alcázar, M.; Napirei, M.; Panda, R.; Köhler, E.C.; Kremer Hovinga, J.A.; Mannherz, H.G.; Peine, S.; Renné, T.; Lämmle,
B.; Fuchs, T.A. Impaired DNase1-mediated degradation of neutrophil extracellular traps is associated with acute thrombotic
microangiopathies. J. Thromb. Haemost. 2015, 13, 732–742. [CrossRef]

28. Douda, D.N.; Khan, M.A.; Grasemann, H.; Palaniyar, N. SK3 channel and mitochondrial ROS mediate NADPH oxidase-
independent NETosis induced by calcium influx. Proc. Natl. Acad. Sci. USA 2015, 112, 2817–2822. [CrossRef]

29. Takishita, Y.; Yasuda, H.; Shimizu, M.; Matsuo, A.; Morita, A.; Tsutsumi, T.; Tsuchiya, M.; Sato, E.F. Formation of neutrophil
extracellular traps in mitochondrial DNA-deficient cells. J. Clin. Biochem. Nutr. 2020, 66, 15–23. [CrossRef] [PubMed]

30. Hiramoto, K.; Yamate, Y.; Sugiyama, D.; Takahashi, Y.; Mafune, E. Tranexamic acid suppresses ultraviolet B eye irradiation-
induced melanocyte activation by decreasing the levels of prohormone convertase 2 and alpha-melanocyte-stimulating hormone.
Photodermatol. Photoimmunol. Photomed. 2014, 30, 302–307. [CrossRef]

31. Draize, J.H. Methods for the study of irritation and toxicity of substances applied topically to the skin and mucous membranes.
J. Pharmacol. Exp. Ther. 1944, 82, 377–390.

32. Dermal Toxicity: Appraisal of the Safety of Chemicals in Foods, Drugs and Cosmetics; Food and Drug Administration Officials of US
Businese Office: Silver Spring, MD, USA, 1959; Volume 46.

33. Cai, M.; Yang, E.J. Hochu-ekki-to improves motor function in an amyotrophic lateral sclerosis animal model. Nutrients 2019,
11, 2644. [CrossRef]

34. Yamate, Y.; Hiramoto, K.; Sato, E.F. The preventive effect of coffee compounds on dermatitis and epidermal pigmentation after
ultraviolet irradiation in mice. Skin. Pharmacol. Physiol. 2017, 30, 24–35. [CrossRef]

35. Collins, S.J.; Ruscetti, F.W.; Gallagher, R.E.; Gallo, R.C. Terminal differentiation of human promyelocytic leukemia cells induced
by dimethyl sulfoxide and other polar compounds. Proc. Natl. Acad. Sci. USA 1978, 75, 2458–2462. [CrossRef] [PubMed]

36. Bunce, C.M.; Fisher, A.G.; Toksoz, D.; Brown, G. Isolation and characterisation of dimethylsulphoxide resistant variants from the
human promyeloid cell line HL60. Exp. Hematol. 1983, 11, 828–833. [PubMed]

37. Khan, M.A.; Palaniyar, N. Transcriptional firing helps to drive NETosis. Sci. Rep. 2017, 7, 41749. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jphotobiol.2019.111511
https://www.ncbi.nlm.nih.gov/pubmed/31129510
https://doi.org/10.7150/thno.66457
https://doi.org/10.1007/s00210-023-02800-2
https://doi.org/10.1371/journal.pone.0291592
https://www.ncbi.nlm.nih.gov/pubmed/37906560
https://doi.org/10.1002/JLB.3AB0918-370R
https://doi.org/10.1038/s41598-018-36198-2
https://doi.org/10.1016/j.jvs.2015.01.031
https://www.ncbi.nlm.nih.gov/pubmed/26704988
https://doi.org/10.1111/jth.12796
https://doi.org/10.1073/pnas.1414055112
https://doi.org/10.3164/jcbn.19-77
https://www.ncbi.nlm.nih.gov/pubmed/32001952
https://doi.org/10.1111/phpp.12131
https://doi.org/10.3390/nu11112644
https://doi.org/10.1159/000455237
https://doi.org/10.1073/pnas.75.5.2458
https://www.ncbi.nlm.nih.gov/pubmed/276884
https://www.ncbi.nlm.nih.gov/pubmed/6641827
https://doi.org/10.1038/srep41749
https://www.ncbi.nlm.nih.gov/pubmed/28176807

	Introduction 
	Results 
	Preventive Effect of Hochu-ekki-to and DNase I against UVB-Induced Skin Inflammation 
	Effect of Hochu-ekki-to and DNase I against Blood ROS Generation after UVB Irradiation 
	Hochu-ekki-to and DNase I Decrease Neutrophil Migration and Expression of Citrullinated Histone H3 and Peptidylarginine Deiminase 4 in the Dorsal Skin after UVB Irradiation 
	Hochu-ekki-to Decreases the Formation of Neutrophil Extracellular Traps of Neutrophil-Like Differentiated HL-60 Cells In Vitro 

	Discussion 
	Materials and Methods 
	Animals 
	Induction of UVB Irradiation-Induced Skin Damage 
	DNase I Treatment 
	Chemicals 
	Preparation and Staining of Dorsal Skin Sections 
	Quantification of Reactive Oxygen Species via OxiSelect 
	Cell Culture 
	SYTOX Green NETosis Assay 
	Statistical Analysis 

	Conclusions 
	References

