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Abstract

Gammairradiation is a useful technology to change the physical and biological properties of
natural molecules. In this study, we investigated whether gamma irradiation improve
properties of chrysin as an anti-inflammatory candidates. Chrysin was converted into two
compounds (CM1 and CM2) by gamma irradiation. We determined the therapeutic potentia
of these compounds in bone marrow-derived macrophages and 2,4-dinitrochlorobenzene
(DNCB)-induced atopic dermatitis (AD)-like skin lesions in Balb/c mice. The structurd
changes to chrysin led to the reduction of cytotoxicity without loss of anti-inflammatory
properties in BMDMs. Purified CM2 inhibited lipopolysaccharide (LPS)-induced
overexpression of nitric oxide, tumor necrosis factor-a, interleukin (IL)-6, and surface
molecules without cytotoxicity in BMDMs, while CM1 revealed strong cytotoxicity.
Furthermore, treatment with CM2 dignificantly alleviated AD-like skin symptoms and
clinical signsin DNCB-induced AD mice model. The suppression of AD mediated by CM2
treatment was accompanied by decrease inflammatory T cell cytokines (IFN-y, IL-5, IL-4,
and IL-17). The chemical structure of CM2 and structural transformation mechanism were
determined by nuclear magnetic resonance and mass spectrometry. Our study findings
provide evidence that CM2 produced by gamma irradiation of chrysin can be an attractive

therapeutic agent for AD.

Keywords: gammadirradiation, chrysin, anti-inflammation, atopic dermatitis, macrophage
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Atopic dermatitis (AD) is a common skin inflammatadisease resulting from abnormal
immune response (Biedermann et al., 2015). Themlaa of AD is elevated level of
immunoglobulin E (IgE) in blood caused by releakmftammatory cytokines (Lee and Cho,
2011). Patients with AD suffer from skin barriersflynctions, including frequent itching,
water loss in the epidermis, erythema, and exdonatFarmer and Marathe, 2017). It is
known that some environmental factors (e.qg., dllupnts, smoking, skin exposure, and mite
dusts) and genetic background (e.g., loss of fanctif skin barrier function-related genes
and immune system genes) cause AD (Kantor andrBdug, 2017; Weidinger et al., 2007).
Cyclosporine is the first chosen immunosuppresdig for therapy of AD (Megna et al.,
2017). Cyclosporine effectively alleviates AD symps through reduction of T-helper
(Th)2-, Th22-, and some Thl7-related molecules {ha&t al., 2014). Similarly, oral
corticosteroids (e.g., prednisolone, dexamethasame, fludrocortisone) are widely used for
short-term therapy of AD (Simon and Bieber, 2014hese corticosteroids inhibit
inflammatory actions, including cyclooxygenase ictilon, nitric oxide (NO) induction,
cytokine production, and activation of mast celNgjch effectively ameliorate AD symptoms
(Ahluwalia, 1998). However, long-term use of thegathetic agents can lead to serious side
effects, such as nephrotoxicity, hypertension, apgteosis, and diabetes (Aulakh and Singh,
2008; Hwang and Weiss, 2014; Otani et al., 2016gré&fore, increasing attention has been
focused on scientific approaches to develop altemaagents from nature-derived

compounds for the treatment of AD (Jesenak eR@llg; Kang et al., 2017; Lee et al., 2014).

Phenolic compounds, a large class of plant seecgndatabolites, have attracted increasing

attention in the field of nutrition and medicine chase they possess powerful anti-
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inflammatory property (Kinger et al., 2018). Varsouesearchers have demonstrated that
phenolic compounds, such as resveratrol, quercetnd chlorogenic acid, effectively
alleviated AD skin lesions (Karuppagounder et 2016; Sozmen et al., 2016; Tsang et al.,
2016). Among them, chrysin, an abundant polyphenm@impound in propolis, is known as
an effective molecule that inhibits inflammatoryspense (Ahad et al., 2014; Rauf et al.,
2015). Although many previous studies revealed plo&tphenolic compound is beneficial to
human’s health, some reports suggested unexpeffeise e.g., skin irritant, pro-oxidant,
and cancerogenic activity, caused by cytotoxicitp@yphenolic compounds (Korkina et al,
2008; Kyselova, 2011). In particular, they can eaositagenic and genotoxic effect, which
lead to serious injury to organs (Ekeanyanwu anokidlj 2014; Skibola and Smith, 2000).
Furthermore, previous report revealed that somgppenolic compound, including chrysin,
can exhibit developmental toxicity (Bugel et aD1B). Thus, constant research for reducing

toxicity of polyphenols is required.

Gamma irradiation is a useful technology for enlvamnd¢he safety and storage quality of
foods and drugs (Banerjee et al., 2016; Luo et2@l18). In recent years, gamma irradiation
has drawn wide attention owing to its potentiatdduce the toxicity of phenolic compounds
and to enhance their physiological activities (Aksaet al., 2018). It has been reported that
gamma irradiation induced structural modificatioihgenistein, which reduced cell death
without reduction in anti-inflammatory effects (Byuet al., 2014). Similarly, gamma
irradiation generated new products of rosmarinid,aghich exhibited strong anti-adipogenic
activity (Jeong et al., 2018). In our previousdstugamma-irradiated chrysin showed
enhanced anti-inflammatory potential than intaatysim via conversion of chrysin into new

radiolytic molecules (Byun et al.,, 2016). Howevar;depth understanding of the anti-
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inflammatory potential of radiolytic molecules imimal models and their exact chemical
structure will be required for their application ihe treatment of inflammatory diseases.
Therefore, in the current study, we aimed to deiteenthe chemical structure of radiolytic
derivatives of chrysin and to evaluate their thetdajg effect in 2,4-dinitrochlorobenzene

(DNCB)-induced AD mice model.
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2. Materials and methods

2. 1. Materials

Chrysin, 2, 4-dinitrochlorobenzene (DNCB), and aleethasone (Dexa) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Lipopolyseharide (LPS) fronkscherichia coli
0111:B4 was purchased from InvivoGen (San Diego, G8A). Fluorescein isothiocyanate
(FITC)-conjugated monoclonal antibodies (mAbs) 180 and CD86 were purchased from
BD biosciences (San Diego, CA, USA). PhycoerytliRi)-conjugated mAbs to MHC class

II; and PE-Cy7-conjugated F4/80 were purchased &8mscience (San Diego, CA, USA).

2. 2. Sample preparation

Chrysin methanol solution (1 mg/mL) was irradiasdl00 kGy in a cobalt-60 irradiator
(point source AECL, IR-79; MDS Nordion Internatidr@@o., Ltd, Ottawa, Ontario, Canada)
equipped with a 11.1 PBq source strength in theadded Radiation Technology Institute
(ARTI), a branch of the Korea Atomic Energy Insttu(KAERI, Jeongeup, Republic of
Korea). Dosimetry was calibrated using 5-mm diamedéanine dosimeters (Bruker
Instruments, Rheinstetten, Germany). Methanol weamored using a rotary evaporator
(Tokyo Rikakikai Co., Ltd., Japan). Then, both ettaand gamma-irradiated chrysin were

freeze dried.

2. 3. Structural analysis of derivatives of chrysin
Agilent HPLC system 1260 (Agilent Technologies,.Jn8anta Clara, CA, USA) with a
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Diode Array Detector (DAD) was used for the chrooggaphic separation of gamma-
irradiated chrysin. The injection volume was|20 The brief conditions of the HPLC system
are as follows: reverse phase: Agilent Eclipse XDB8 column (5uM pore size and length

I.D., 4.6 mm x 250 mm); mobile phase: A: 0.1% farnaicid in water; B: methanol. The
separation was performed using the following gnaidgrogram: 83 min (20% B), 10 min

(50%), 20 min (50%), 35 min (80%), 45 min (80%)eTiow rate was set at 1 mL/min, and
the DAD detector was set at 280 nm. The isolatio@M1 and CM2 was performed using a
preparative HPLC 1260 infinity system (Agilent Tackogies). The gradient program was 0
5 min (20% B), 12 min (40%), 25 min (55%), 30 m80%) 38 min (80%). The chemical

structure of isolated CM1 and CM2 was characterizdg LC-MS*H NMR, and**C-NMR.

2. 4. Generation and culture of macrophages

Murine bone marrow-derived macrophages (BMDMs) eveseparated from female
C57BL/6 mice according to an established protociiafg et al., 2008). Briefly, bone
marrow cells were plated in petri dishes and calluin Dulbecco’s modified Eagle’s
medium (DMEM; Gibco BRL, Carlsbad, CA, USA) supplemed with 10% fetal bovine
serum (Gibco BRL), 100 units/mL of penicillin/sttepycin (Gibco BRL), and 20 ng/mL
recombinant mouse macrophage colony-stimulatinpfg&&D systems, Minneapolis, MN,

USA) at 37C under 5% C@ The cells were harvested at 6 days, and the pbpnl of

macrophages was assessed by the expression of $4fé@e molecule by FACS analysis.
The BMDMs were washed and cultured for 24 h in DMEdtaining the different reagents

as indicated (i. e., LPS, chrysin, CM1, and CM2).
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2. 4. Cell viability assay

Cell viability was determined using 3-(4,5-dimethyhzol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. Briefly, BMDMs were seededgir24-well plate (2 x Tcells/well)
and incubated with DMEM containing the indicatedgents for 24 h. After incubation, the
medium in the plate was removed, and the cells weeded with MTT solution (0.5 mg/mL
in DMEM) for 2 h. The insoluble formazan crystalene dissolved in dimethyl sulfoxide
(DMSO). The absorbance was measured at 570 nm asiBgectraMax M3 multi-detect

microplate reader (Molecular Devices, Sunnyvale, O8A).

2. 5. Measurement of nitric oxide and cytokine prattbn
Cell culture supernatants were collected and dtate80C until use. Nitrite accumulation

in culture supernatants was determined by GrieshadgBenevides Bahiense et al., 2017).
The culture supernatant (100L) was mixed with 100uL of Griess reagent (1%
sulfanilamide in 5% EPO, and 0.1%N-(1-naphthyl)ethylenediamine in distilled waterdan
incubated for 10 min. The absorbance was measurgdi0anm using NaN©as a standard.
The level of cytokines was determined by ELISA gsicommercial reagent kits (BD

Biosciences) according to the manufacturer’s imcsions.

2. 6. Measurement of cell surface molecules by ftgtometry
To analyze the surface molecules, the cells wergekted and pre-incubated with 0.5%
bovine serum albumin (BSA) in phosphate-bufferdthegPBS) for 30 min. Then, the cells

were washed and stained with anti-CD80, anti-CD88j-MHC-II, and anti-F4/80 for 15
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min at room temperature (RT). The resulting fluoegsxe was measured on a flow cytometer

and analyzed using FlowJo software.

2. 7. Animals

Six-week-old female BALB/c mice were purchasedrfr@rient Bio Inc., Seoul, Korea. All
animals were kept under specific pathogen-freerenment and acclimatized to controlled
conditions of temperature (23 £32), humidity (55 + 5%), and light (12 h light/dariate) at

the Central Animal Research Laboratory at ARTI, KAEThe mice were allowed free
access to food and water. All procedures perforrmedmice were approved by Korean

Institutional Animal Ethical Committee (Approval NKAERI-IACUC-2017-032).

2. 8. Induction of AD-like skin lesions in BALB/cioe and topical application of CM2

The schematic experimental procedure is desciib&igure 3. The mice were divided into
seven groups (n = 6 per group) as follows: (1) Nargroup; (2) DNCB + vehicle (control);
(3) DNCB + 0.005% Dexa-emulsion (positive contr¢gd) DNCB + 0.05% CM1 emulsion;
(5) DNCB + 0.2% CM1 emulsion; (6) DNCB + 0.05% CMeghulsion; and (7) DNCB + 0.2%
CM2 emulsion. DNCB was used to induce AD-like slasions according to a previously
described method (Kang et al., 2018). Briefly, tiaér at the back of the mice was removed
using an electric shaver. On the following day, tiee were sensitized with 200 pL of 1%
DNCB (w/v) in acetone/olive oil (3:1) two times tihe first week on the dorsal skin and each
ear. The Dexa-, CM1 or CM2 emulsion did not treatirty first week. During second to
fourth week, the mice were sensitized with 0.4% BN@/v) on the dorsal skin and ears
repeatedly two times in a week. After 4 h of seraiion, 200 pL of each emulsion was
topically applied on the back skin and ears. Basalgon (vehicle) was manufactured by a

previously described method (Trang and Son, 201lith wlight modifications. Vehicle
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comprised distilled water, olive oil, cetyl alcohoand polyglyceryl-3-methylglucose

distearate. Dexa, CM1 or CM2 solution was mixechwithicle using a homogenizer.

2. 9. Evaluation of ear thickness, skin severityracand lymph node weight

Ear thickness was measured using a micrometer {®wuCorp., Kawasaki, Japan) on the
right ear of each mouse. The severity of dermatitisthe dorsal skin and ear lesions was
evaluated as previously described (Yoon et al.520Dermatitis score was defined as the
sum of individual scores (0, no symptom; 1, milgn®derate; 3, severe) for the following
five signs and symptoms: (1) erythema/hemorrhad®, dryness, (3) edema, (4)
excoriation/erosion, and (5) lichenification. Tlymph nodes were collected from sacrificed

mice, and the weights of lymph node were measusedjwan electronic balance.

2. 10. Measurement of serum IgE

Blood samples were collected from the abdominal using syringe under anesthesia, and
transported to blood tube (MiniCollect 0.8 mL Z Sépreiner Bio-One, Frickenhausen,
Germany). Serum was separated by centrifugatid2@d0 rpm, 15 min, and stored at 180
until use. The serum IgE was measured using mogiSeELISA kits (BD biosciences),

according to the manufacturer’s instruction.

2. 11. Measurement of Thl, Th2, and Th17 cytoknoepction

After the experiment, the mice were sacrificed &i3" T cells were isolated from the
spleens by magnetic-activated cell sorting (MAC8pasation (Miltenyi Biotec, Bergisch
Gladbach, Germany). The isolated cells were inadhan 48-well plates that were pre-

coated with anti-mouse CD3/CD28 antibody (BD biesces) and incubated for 48 h af(37

The levels of IFNy, IL-5, and IL-17 in the supernatant were measwsithg ELISA kits

(eBioscience), according to the manufacturer’srutstons. To determine cell viability of
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splenocyte, lactate dehydrogenase (LDH) was medsusing automated biochemical

analyzer (Dri-Chem 7000, FUJIFILM, Tokyo, Japan).

2. 12. Histopathological studies

A piece of dorsal skin and ear tissue was fixedl@® formalin for histopathological
analysis. The fixed tissues were washed and emMdetdparaffin. Sections (fam thick)
were cut using a microtome (Leica Microsystems, Alet Germany). The sections were de-
waxed and stained with hematoxylin and eosin (H&Egvaluate epidermal hyperplasia and
with toluidine blue to evaluate infiltration of ntasells, which was observed under a

microscope and photographed.

2. 13. Statistical analysis

All experiments were repeated at least three til@gmificant differences were analyzed with
one-way ANOVA followed by Tukey’s multiple compaois test using the GraphPad Prism
program (San Diego, CA, USA). The data in our geaple expressed as the meams<*

0.05, **p < 0.01 and ** < 0.001 were considered statistically significant.
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3. Results
3. 1. Effects of gamma-irradiated chrysin on cytotoxicity and cytokine production in LPS
stimulated BMDMs

To confirm the structural modification of chrysinduced by gamma irradiation, we first
analyzed chromatogram using HPLC. We observed tthat major radiolytic derivatives
(CM1 and CM2) were generated from chrysin solufieig. 1A). To evaluate the changes of
gamma-irradiated chrysin on cytotoxicity and anflammatory effect, BMDMs were treated
with various doses (ranging from 10 to 80) of both gamma-irradiated chrysin and intact-
chrysin. Gamma-irradiated chrysin showed lower ptizity than intact-chrysin (Fig. 1B).
Although structural changes reduced cytotoxicitgmgna-irradiated chrysin effectively
inhibited the overproduction of mediators, inclugiiNF-o, IL-6, and NO, in LPS-stimulated
BMDMs (Fig. 1C and D). We hypothesize that the -amtammatory effect of gamma-
irradiated chrysin is responsible for the produttad new radiolytic derivatives (CM1 and
CM2). Thus, we next investigated the anti-inflamongteffect of main derivatives of chrysin

(CM1 and CM2).

3. 2. Effects of chrysin derivatives on cell viability and pro-inflammatory mediators in LPS
stimulated BMDMs

To evaluate the anti-inflammatory effect of chrysierivatives (CM1 and CM2), we
isolated each compound using preparative-HPLC. éerthine the appropriate concentration
for subsequent experiments, cell viability wasdddty MTT assay. Treatment with CM2 did
not exert cytotoxicity at doses ranging from 8.7 40 uM, while CM1 showed high

cytotoxicity even at low concentration treatmenig(R2A). Due to the high cytotoxicity of

10
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CM1, the anti-inflammatory effect of CM1 was nottelenined. We next examined the
inhibitory effects of CM2 on LPS-induced inflamnaatiin BMDMs. Overproduction of NO
and pro-inflammatory cytokines (TNd-and IL-6) was observed in LPS-treated group.
However, LPS-induced overproduction of NO and llxés significantly inhibited by CM2
treatment (Fig. 2B). We subsequently examined tit@bitory effect of CM2 on co-
stimulatory molecules and MHC-II. High expressidrsorface molecules (CD80, CD86, and
MHC-II) was observed in LPS-treated group. Notakii¥2 strongly inhibited the increased
expression of CD80 and MHC-II in LPS-treated BMDMshile it did not affect the
expression of CD86 (Fig. 2C). Taken together, thresalts indicate that CM2 has potential

in regulating LPS-induced overexpression of inflaaony mediators in macrophages.

3. 3. Effects of CM2 treatment on DNCB-induced AD-like symptomsin BALB/c mice

The DNCB-induced AD mice model was used to inveséighe therapeutic effect of CM2
on AD. DNCB sensitization and topical applicatidnGM1 or CM2 cream were performed
for 30 days according to the schedule summarizédgn3. Repeated sensitization of DNCB
to the back skin and ears induced the developmeADelike lesions. To investigate the
therapeutic effects of CM1 or CM2 emulsion on DN@®Buced AD-like symptoms in
BALB/c mice, we assessed ear thickness, severigkiof lesions, and serum IgE level. For
dermatitis score, all the Dexa-treated (15 daysd&gs, 29 dayspy < 0.05), 0.05 % CM2-
treated (15 days, 22 days, 29 dgyss 0.05) and 0.2% CM2-treated (15 da®g, days,29
days;p < 0.05) groups showed lower dermatitis score caatpavith the control group (Fig.
4A and B). Furthermore, Dexa-treated (15 days, &%d29 daysp < 0.05), 0.05% CM2-

treated (15 days, 22 days< 0.01), and 0.2% CM2-treated (15 days, 22 da9j&/s;p <

11
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0.01) groups reduced ear thickness compared wihcamtrol group. Both Dexa- and 0.2%
CM2-treated groups reduced serum IgE level compaitddthe control group. CM1-treated
group did not alleviate DNCB-induced AD-like skigslons. These results indicate that CM2

can reduce AD-like symptoms in mice.

3. 4. Effects of CM2 treatment on histological changes in DNCB-treated mice

A previous report revealed that infiltration of shacells into the dermis and dermal
thickening are commonly observed in AD (Yoshihisale 2016). To examine the effect of
CM2 treatment on histological change, the tissu#i®es were stained with H&E staining
and toluidine blue staining. As shown in Figure &#d B, repeated DNCB treatment induced
hypertrophy and edema in the epidermis, while appbn of CM2 emulsion effectively
reduced epidermal thickness in the ear and back BINICB treatment resulted in infiltration
of mast cells into the dermis, but treatment of CMulsion significantly inhibited
infiltration of mast cells into the dermis (Fig. =hd 5D). However, treatment with CM2
significantly reduced DNCB-induced inflammatory gytoms in the ear and back skin.
Histological analysis revealed that CM2 effectivathibited DNCB-induced AD-like skin

thickening and infiltration of mast cells.

3. 5. Effects of CM2 treatment on lymph node weight and T cell cytokines

In the chronic phase of AD, CDZ cell population markedly increased, and theyappéd
into Thl- and Th17 cells (Koga et al., 2008; Yankanand Mizutani, 2011). These activated
T cells are then accumulated into immune orgard) as the spleen and lymph node (Arts et

al., 1996). First, to determine whether CM2 couwldmess the increase in lymph node weight

12
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resulting from infiltration of activated T cells,enevaluated the change of auricular lymph
node weight. Extremely swollen lymph nodes weresoled in control group compared with
those in normal group. However, Dexa-treated aB&0CM2-treated groups showed smaller
size and decreased weight of lymph node (Fig. 8%8. next determined the effect of CM2
treatment on T cell cytokine production. FollowirgNCB sensitization for 30 days,
splenocytes were stimulated vitro with CD3/CD28 antibodies, and the cytokine level i
culture supernatant was measured by ELISA. As showkigure 6B, treatment with CM2
significantly reduced the production of IEN-IL-4, IL-5, and IL-17A compared with the
control group, while Dexa-treated group only redudie-5 production. The LDH level, a
released enzyme by damage of cell membrane, didhomtased in Dexa- or CM2-treated
group compared with normal group. However, the Qkéated group did not reduce IFN-
IFN-y, IL-4, IL-5, and IL-17A (Supple. Fig. 1). Thesesudts showed that CM2 effectively
reduces Thl-, Th2-, and Th17-type cytokine in gpiselated from atopic dermatitis-induced

mice.

3. 6. Identification of CM2

The chemical structure of CM2 was clarified usifg-MS and NMR. The identification of
CM2; *H NMR (500 MHz, DMSO-d6): 11.7 (1H, s), 10.7 (1H|, 8.3 (2H, d, J = 8.6 Hz), 7.2
(2H, d, J = 8.6 Hz), 7.2 (1H, m, H-2) 6.0 (1H,%)/(1H, s), 5.4 (1H, m, H-2), 3.4 (1H, m, H-
2), 3.4 (1H, d, J = 8.6 Hz), 3.2 (1H, t, J = 8.9,Hand 3.1 (1H, d, J = 8.9 Hz; Supplemental
Fig. 2A). **C NMR (125 MHz, DMSO-d6): 196.2, 167.5, 163.4, B52140.5, 128.9, 128.3,
126.6, 102.2, 96.2, 86.1, 68.9, 36.3, 31.3 (Supetead Fig. 2B). The positive HR-MS

spectra of CM2 showed molecular ion peaks at m/z(®6 [M + H[ (Supplemental Fig.

13



278  3B). The chemical structure and possible mechamwisstructural transformation of CM2 are
279  shown in Figure 7. The positive HR-MS spectra of C8howed molecular ion peaks at m/z

280  299.0833 [M + H] (Data not shown).
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4. Discussion

Flavonoids have been known to be an attractive ceowf anti-inflammatory agents
(Serafini et al., 2010). However, most flavonoidwé strong toxicity, which can induce side
effects (Wang et al., 2007). In this study, we fd@nnovel radiolytic derivative from chrysin
that was abundant in propolis and has lower cyioityxthan intact-chrysin. Thus, we aimed
to investigate the therapeutic potential of theaigtic chrysin derivative, named as CM2, in
invitro andin vivo AD model.

When a pathogen invades into the skin or mucosdae) innate cells recognize the
pathogen and rapidly initiate inflammatory respotgereleasing soluble mediators and
activating cellular innate mechanisms (Newton amdtP2012). Macrophages are one of the
representative innate cells, which strongly relgaseinflammatory molecules such as NO
and pro-inflammatory cytokines after phagocytodis (and Karin, 2007). The activated
macrophages show inflammatory activity by presentimtigens to CD4T cells through
overexpression of MHC class and co-stimulatory mdkes (CD80 and CD86), which in turn
leads to chronic inflammation (Holling et al., 200dim et al., 2015). Macrophages are
importantly involved in skin inflammation. Kasrageal. demonstrated that macrophages are
accumulated in inflamed skin in AD (Kasraie and Wer2013). Thus, if CM2 inhibits the
inflammatory action mediated by macrophages, itld&doe an attractive agent for the
treatment of AD. To demonstrate this hypothesis, imeestigated whether CM2 inhibits
inflammatory action in LPS-stimulated BMDMs. Ouisuéts showed that CM2 effectively
inhibited LPS-induced overexpression of inflammgtonediators, including NO, pro-
inflammatory cytokines, and surface molecules witha@ytotoxicity. Subsequently, to

investigate the therapeutic efficacy of CM2 on Akelskin lesions, we employed DNCB as
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a sensitizer, because the symptoms of skin inflathmmand pathological features in mice
treated with DNCB are similar to those in patiemtgh AD (Yu et al., 2015). AD is
characterized by itching, erythema, increase inrmelgE level, and infiltration of immune
cells into the dermis (Li et al., 2010). We fouhattapplication of CM2 emulsion effectively
reduced typical AD-like symptoms, such as drynedsma, excoriation/erosion, and increase
in serum IgE level. Furthermore, histological exaation showed that CM2 application
effectively reduced DNCB-induced typical AD featsirencluding hypertrophy of ear and
back skin tissue and dermal infiltration of madtsc€Saba et al., 2016).

The pathogenesis of AD is related to an imbalane®véen Thl-type and Th2-type
immune response. In the onset of AD, predominastiesyic Th2 cytokines (e. g., IL-4, IL-5,
and IL-13) are observed, which strongly induce s$hatching of activated B cells to IgE-
producing cells (Homey et al., 2006). In contrés¢, chronic phase of AD is associated with
excessive Thl response characterized by high lefelsN-y and IL-12 (Yamanaka and
Mizutani, 2011). These cytokines are importantlyoiwved in skin barrier dysfunctions,
including dermal thickening and infiltration of imume cells into the dermis (Kosaka et al.,
2008). Several reports have demonstrated that TRIlF exacerbate certain skin disorders,
such as psoriasis and epidermal hyperplasia (Kogd.,e2008; Zheng et al., 2007). Thus,
excessive proliferation and activation of T cellsrevobserved in chronic AD (Esaki et al.,
2016). Notably, we observed that continuous apptonaof CM2 reduced swelling of
auricular lymph node as well as production of slérhl (IFN<)-, Th2 (IL-5)-, and Th17
(IL-17A) cytokines. These results strongly indicdteat CM2 may inhibit T cell-based
progression of AD. Although speculative, our resw@ltiggest that therapeutic effect of CM2

on DNCB-induced AD-like skin lesions is a resultiohibition of inflammatory mediators
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produced by innate immune cells in development @f. AConsequently, these findings
suggest that CM2 can be an attractive medicinadlidate for the treatment of AD. Finally,
for facilitating the application of CM2 as a theeafpic agent for AD, we identified the
chemical structure of CM2 and mechanism of stratttransformation mediated by gamma
irradiation. However, further clinical studies areed to confirm the anti-atopic effects of

CM2 on human skin.

5. Conclusion

Gamma irradiation produced novel derivatives of yshr by inducing structural
modification. The main derivatives, named as CMZeraled lower cytotoxicity compared
with intact-chrysin in BMDMs, and it has strong ianflammatory properties in LPS-
stimulated BMDMs. Topical application of CM2 alle#¢d DNCB-induced AD-like skin
lesions of Balb/c mice. Taken together, CM2 carabettractive candidate for the treatment

of AD.

Acknowledgements

This work was supported by the National ReseamimBation of Korea grant funded by

Korea government (Grant nos. 2018M2A2B3A02072069).

Conflicts of interest

The authors have declared no conflicts of interest

17



350

351

352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402

References

Ahad, A., Ganai, A.A., Mujeeb, M., Siddiqui, W.A2014. Chrysin, an anti-inflammatory molecule,
abrogates renal dysfunction in type 2 diabetic .ral®xicol. Appl. Pharmacol. 279, 1-7.
https://doi.org10.1016/j.taap.2014.05.007

Ahluwalia, A., 1998. Topical glucocorticoids andetlskin--mechanisms of action: an update. Mediators
Inflamm. 7, 183-193. https://doi.org10.1080/096293%1126

Alsager, O.A., Basfar, A.A., Muneer, M., 2018. Degabsition byproducts induced by gamma radiation and
their  toxicity: the case of  2-nitrophenol. Environ. Technol. 39, 967-976.
https://doi.org10.1080/09593330.2017.1317840

Arts, J.H., Droge, S.C., Bloksma, N., Kuper, CIR96. Local lymph node activation in rats afterndair
application of the sensitizers 2,4-dinitrochlorobeme and trimellitic anhydride. Food Chem. Toxi@&,
55-62.

Aulakh, R., Singh, S., 2008. Strategies for miningzcorticosteroid toxicity: a review. Indian J.d?ar. 75,
1067-1073. https://doi.org10.1007/s12098-008-0211-6

Banerjee, A., Chatterjee, S., Variyar, P.S., Shafna2016. Shelf life extension of minimally presed
ready-to-cook (RTC) cabbage by gamma irradiation. Rbod Sci. Technol. 53, 233-244.
https://doi.org10.1007/s13197-015-2025-7

Benevides Bahiense, J., Marques, F.M., Figueirdd.MVargas, T.S., Kondratyuk, T.P., Endringer, D.C.
Scherer, R., Fronza, M., 2017. Potential anti-mflaatory, antioxidant and antimicrobial activities o
Sambucus australis. Pharm. Biol. 55, 991-997. ifttjms.0rg10.1080/13880209.2017.1285324

Biedermann, T., Skabytska, Y., Kaesler, S., Volz, 2015. Regulation of T Cell Immunity in Atopic
Dermatitis by Microbes: The Yin and Yang of Cutamgdnflammation. Front. Immunol. 6, 353.
https://doi.org10.3389/fimmu.2015.00353

Bugel, S.M., Bonventre, J.A., Tanguay, R.L., 200@mparative Developmental Toxicity of Flavonoids
Using an Integrative Zebrafish System. Toxicol.. 364, 55-68. https://doi.org10.1093/toxsci/kfw139

Byun, E.B., Jang, B.S., Byun, E.H., Sung, N.Y., @0Effect of gamma irradiation on the change of
solubility and anti-inflammation activity of chrysiin macrophage cells and LPS-injected endotoxemic
mice. Radiat. Phys. Chem. 127, 276-285.

Byun, E.B., Sung, N.Y., Yang, M.S., Lee, B.S., SobgS., Park, J.N., Kim, J.H., Jang, B.S., ChoiSD.
Park, S.H., Yu, Y.B., Byun, E.H., 2014. Anti-inflanatory effect of gamma-irradiated genistein through
inhibition of NF-kappaB and MAPK signaling pathway lipopolysaccharide-induced macrophages.
Food Chem. Toxicol. 74, 255-264. https://doi.ord0A.6/j.fct.2014.08.019

Ekeanyanwu, R.C., Njoku, O.U., 2014. Acute and sutmoral toxicity study on the flavonoid rich ften
of Monodora tenuifolia seed in albino rats. AsianacP J. Trop. Biomed. 4, 194-202.
https://doi.org10.1016/S2221-1691(14)60231-8

Esaki, H., Czarnowicki, T., Gonzalez, J., Oliva,, Malasila, S., Haugh, |., Rodriguez, G., Becker, L
Krueger, J.G., Guttman-Yassky, E., Paller, A.S1&Mccelerated T-cell activation and differentiatiof
polar subsets characterizes early atopic dermdgtielopment. J. Allergy Clin. Immunol. 138, 147871
e1475. https://doi.org10.1016/j.jaci.2016.04.052

Farmer, W.S., Marathe, K.S., 2017. Atopic Dermsttiflanaging the Itch. Adv. Exp. Med. Biol. 1027,116
177. https://doi.org10.1007/978-3-319-64804-0_13

Holling, T.M., Schooten, E., van Den Elsen, P.0Q4£ Function and regulation of MHC class Il molesu
in T-lymphocytes: of mice and men. Hum. Immunol. , 65 282-290.
https://doi.org10.1016/j.humimm.2004.01.005

Homey, B., Steinhoff, M., Ruzicka, T., Leung, D.2006. Cytokines and chemokines orchestrate aiiic
inflammation. J. Allergy Clin. Immunol. 118, 1789.&https://doi.org10.1016/j.jaci.2006.03.047

Hwang, J.L., Weiss, R.E., 2014. Steroid-inducedbeties: a clinical and molecular approach to
understanding and treatment. Diabetes Metab. Ras.3®, 96-102. https://doi.org10.1002/dmrr.2486

Jeong, G.G., Cho, J.H., Jo, C., Lee, S., Sik LeeBSi, H.W., Chung, B.Y., Kim, T.H., 2018. Gamma
irradiation-assisted degradation of rosmarinic aaftl evaluation of structures and anti-adipogenic
properties. Food Chem. 258, 181-188. https://dgl.0r1016/j.foodchem.2018.03.068

Jesenak, M., Urbancek, S., Majtan, J., Banovcin, Hercogova, J., 2016. beta-Glucan-based cream

18



403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458

(containing pleuran isolated from pleurotus ostregtn supportive treatment of mild-to-moderatepato
dermatitis. J. Dermatolog. Treat. 27, 351-354.shftgoi.org10.3109/09546634.2015.1117565

Kang, J.A., Song, H.Y.,, Byun, E.H., Ahn, N.G., Kib,M., Nam, Y.R., Lee, G.H., Jang, B.S., Choi, D.S.
Lee, D.E., Byun, E.B., 2018. Gamma-irradiated blgitiseng extract inhibits mast cell degranulatiod a
suppresses atopic dermatitis-like skin lesions incem Food Chem. Toxicol. 111, 133-143.
https://doi.org10.1016/j.fct.2017.11.006

Kang, N.J., Han, S.C., Kang, H.J., Ko, G., YoonJWKang, H.K., Yoo, E.S., 2017. Anti-Inflammatory
Effect of 3-Bromo-4,5-Dihydroxybenzaldehyde, a Comgnt of Polysiphonia morrowii, In Vivo and In
Vitro. Toxicol. Res. 33, 325-332. https://doi.org3487/TR.2017.33.4.325

Kantor, R., Silverberg, J.I., 2017. Environmentakrfactors and their role in the management opiato
dermatitis. Expert Rev Clin Immunol 13, 15-26. bttftloi.org10.1080/1744666X.2016.1212660

Karuppagounder, V., Arumugam, S., ThandavarayaA,, BBreedhar, R., Giridharan, V.V., Watanabe, K.,
2016. Molecular targets of quercetin with anti-amfimatory properties in atopic dermatitis. Drug Disc
Today 21, 632-639. https://doi.org10.1016/j.dr{4.6.02.011

Kasraie, S., Werfel, T., 2013. Role of macrophameshe pathogenesis of atopic dermatitis. Mediators
Inflamm. 2013, 942375. https://doi.org10.1155/2042375

Khattri, S., Shemer, A., Rozenblit, M., Dhingra, €zarnowicki, T., Finney, R., Gilleaudeau, P.,li8ah-
Whalen, M., Zheng, X., Xu, H., Cardinale, I., dezthan Strong, C., Gonzalez, J., Suarez-Farinas, M.,
Krueger, J.G., Guttman-Yassky, E., 2014. Cyclosmorin patients with atopic dermatitis modulates
activated inflammatory pathways and reverses epidepathology. J. Allergy Clin. Immunol. 133, 1626-
1634. https://doi.org10.1016/j.jaci.2014.03.003

Kim, M., Park, S.Y,, Jin, M.L., Park, G., Son, H.2015. Cucurbitacin B inhibits immunomodulatory
function and the inflammatory response in macropeagnmmunopharmacol. Immunotoxicol. 37, 473-480.
https://doi.org10.3109/08923973.2015.1085065

Kinger, M., Kumar, S., Kumar, V., 2018. Some Impoitt Dietary Polyphenolic Compounds: An Anti-
inflammatory and Immunoregulatory Perspective. Mimev. Med. Chem. 18, 1270-1282.
https://doi.org10.2174/1389557517666170208143410

Koga, C., Kabashima, K., Shiraishi, N., Kobayashi, Tokura, Y., 2008. Possible pathogenic role bLT
cells for atopic dermatitis. J. Invest. Dermat@8,12625-2630. https://doi.org10.1038/jid.2008.111

Korkina, L.G., Pastore, S., De Luca, C., Kostyukd.YY2008. Metabolism of plant polyphenols in thns
beneficial versus deleterious effects. Curr. Drugtdh. 9, 710-729.

Kosaka, H., Yoshimoto, T., Yoshimoto, T., Fujimotd, Nakanishi, K., 2008. Interferon-gamma is a
therapeutic target molecule for prevention of ppstative adhesion formation. Nat. Med. 14, 437-441.
https://doi.org10.1038/nm1733

Kyselova, Z., 2011. Toxicological aspects of thee usf phenolic compounds in disease prevention.
Interdiscip. Toxicol. 4, 173-183. https://doi.org2878/v10102-011-0027-5

Lee, C.S., Bae, I.H., Han, J., Choi, G.Y., Hwand;lKKim, D.H., Yeom, M.H., Park, Y.H., Park, M.024.
Compound K inhibits MMP-1 expression through suppi@n of c-Src-dependent ERK activation in
TNF-alpha-stimulated dermal fibroblast. Exp. Deroha23, 819-824. https://doi.org10.1111/exd.12536

Lee, J.H., Cho, S.H., 2011. Korean red ginsengaektmeliorates skin lesions in NC/Nga mice: ampiato
dermatitis model. J. Ethnopharmacol. 133, 810-81tps://doi.org10.1016/j.jep.2010.11.020

Li, C., Lasse, S., Lee, P., Nakasaki, M., Chen, .S.¥dmasaki, K., Gallo, R.L., Jamora, C., 2010.
Development of atopic dermatitis-like skin dise&isen the chronic loss of epidermal caspase-8. Proc.
Natl. Acad. Sci. U S A 107, 22249-22254. httpsilig10.1073/pnas.1009751108

Lin, W.W.,, Karin, M., 2007. A cytokine-mediated kitbetween innate immunity, inflammation, and cander
Clin. Invest. 117, 1175-1183. https://doi.org10 24131537

Luo, D.Q., Zhao, S.S., Tang, Y.R., Wang, Q.J., Hul., Ma, S.C., 2018. Analysis of the Effect 0®)60-
gamma Irradiation Sterilization Technology on thke@®ical Composition of Saffron Using UPLC and
UPLC/Q-TOF-MS. J. Anal. Methods Chem. 2018, 24026itfps://doi.org10.1155/2018/2402676

Megna, M., Napolitano, M., Patruno, C., Villani,,Balato, A., Monfrecola, G., Ayala, F., Balato, [R017.
Systemic Treatment of Adult Atopic Dermatitis: A \Wew. Dermatol. Ther. 7, 1-23.
https://doi.org10.1007/s13555-016-0170-1

Newton, K., Dixit, V.M., 2012. Signaling in innabemunity and inflammation. Cold Spring Harb. Pexdpe
Biol. 4. https://doi.org10.1101/cshperspect.a006049

Otani, N., Akimoto, T., Yamazaki, T., Honma, S.,ddta, D., 2015. Atopic dermatitis, cyclosporined an
nephrotoxicity. CEN Case Rep. 4, 117-118. httpsi/fig10.1007/s13730-014-0133-2

19



459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502

503

Rauf, A., Khan, R., Raza, M., Khan, H., Pervez® Feo, V., Maione, F., Mascolo, N., 2015. Supgites
of inflammatory response by chrysin, a flavone asadl from Potentilla evestita Th. Wolf. In silico
predictive study on its mechanistic effect. Fitafea 103, 129-135.
https://doi.org10.1016/].fitote.2015.03.019

Saba, E., Lee, C.H., Jeong da, H., Lee, K., Kirhl.,TRoh, S.S., Kim, S.H., Rhee, M.H., 2016. Ferradnt
rice bran prevents atopic dermatitis in DNCB-trdatéC/Nga mice. J. Biomed. Res. 30, 334-343.
https://doi.org10.7555/JBR.30.2016K0001

Serafini, M., Peluso, |., Raguzzini, A., 2010. Fawvids as anti-inflammatory agents. Proc. Nutr.. $&
273-278. https://doi.org10.1017/S002966511000162X

Simon, D., Bieber, T., 2014. Systemic therapy fotop& dermatitis. Allergy 69, 46-55.
https://doi.org10.1111/all.12339

Skibola, C.F., Smith, M.T., 2000. Potential heaitipacts of excessive flavonoid intake. Free RaBiol.
Med. 29, 375-383.

Sozmen, S.C., Karaman, M., Cilaker Micili, S., |st, Arikan Ayyildiz, Z., Bagriyanik, A., UzuneN.,
Karaman, O., 2016. Resveratrol ameliorates 2,4rdihiorobenzene-induced atopic dermatitis-like
lesions through effects on the epithelium. Peerll889. https://doi.org10.7717/peer].1889

Trang, D.H.T., Son, H.L., 2017. Assessment of atdpic dermatitis activity of Oroxylum indicum eaét
incoporated cream. Br. J. Pharma. Res. 17, 1-11.

Tsang, M.S., Jiao, D., Chan, B.C., Hon, K.L., LeuR¢C., Lau, C.B., Wong, E.C., Cheng, L., Chan,.C.K
Lam, C.W., Wong, C.K., 2016. Anti-Inflammatory Adties of Pentaherbs Formula, Berberine, Gallic
Acid and Chlorogenic Acid in Atopic Dermatitis-Liké&skin Inflammation. Molecules 21, 519.
https://doi.org10.3390/molecules21040519

Wang, H., Zhao, X., Wang, Y., Yin, S., 2007. [Pdigrtoxicities of flavonoids]. Wei Sheng Yan Ji6,3%40-
642.

Weidinger, S., Rodriguez, E., Stahl, C., Wagenpf8il Klopp, N., lllig, T., Novak, N., 2007. Filagg
mutations strongly predispose to early-onset amdnsic atopic dermatitis. J. Invest. Dermatol. 12Z4-
726. https://doi.org10.1038/sj.jid.5700630

Yamanaka, K., Mizutani, H., 2011. The role of cytws/chemokines in the pathogenesis of atopic
dermatitis. Curr. Probl. Dermatol. 41, 80-92. hitjo®i.org10.1159/000323299

Yoon, H.J., Jang, M.S., Kim, H.W., Song, D.U., Nd&l,, Bae, C.S., Kim, S.J., Lee, S.R., Ku, C.ang)
D.l., Ahn, B.W., 2015. Protective effect of dietpmlemented with rice prolamin extract against DNCB-
induced atopic dermatitis in BALB/c mice. BMC Compient. Altern. Med. 15, 353.
https://doi.org10.1186/s12906-015-0892-0

Yoshihisa, Y., Andoh, T., Matsunaga, K., RehmanUM.Maoka, T., Shimizu, T., 2016. Efficacy of
Astaxanthin for the Treatment of Atopic Dermatitis a Murine Model. PLoS One 11, e0152288.
https://doi.org10.1371/journal.pone.0152288

Yu, X., Niu, Y., Zheng, J., Liu, H., Jiang, G., Ghel., Hong, M., 2015. Radix Saposhnikovia extract
suppresses mouse allergic contact dermatitis byulatgg dendritic-cell-activated Thl cells.
Phytomedicine 22, 1150-1158. https://doi.org10.1jdieymed.2015.09.002

Zhang, X., Goncalves, R., Mosser, D.M., 2008. T¥aation and characterization of murine macrophages
Curr. Protoc. Immunol. Chapter 14, Unit 14 11. $iftjoloi.org10.1002/0471142735.im1401s83

Zheng, Y., Danilenko, D.M., Valdez, P., Kasman, Hgstham-Anderson, J., Wu, J., Ouyang, W., 2007.
Interleukin-22, a T(H)17 cytokine, mediates IL-28Hiced dermal inflammation and acanthosis. Nature
445, 648-651. https://doi.org10.1038/nature05505

20



Intact-chrysin

mAU Original
3000 chrysin peak
2000
1000
OI LN L R B A B AL L B
0 10 20 30 40 50 min
150 LPS
—
;\; S
~ *
> 100
z
@© *kk
> 504
©
(@]
0 T I I I I T T T T
Con - 10 20 40 80 10 20 40 80
Intact- Irradiated
chrysin (uM) chrysin (uM)
300+ LPS
i
}é 200 ** >
g FEE e
7
w1004
Z
|_
0 T I I I I I

T
06 125 25 0.6 1.25 25

Intact-
chrysin (uM)

Con -

Irradiated-
chrysin (uM)

IL-6 (pg/mL)

Gamma
irradiation

Nitric oxide (nM)

Gamma-irradiated
mAU chrysin
400+
200+

0_
T T T T T T T LI L LA A
0 10 20 30 40 50 min

Con - 10 20 40 10 20 40
Intact- Irradiated
chrysin (uM)  chrysin (uM)

6000+ LPS

#:# T —
4000

*kk

2000 s
O I I I m I I I
Con - 06 125 25 06 125 25

Irradiated-
chrysin (uM)

Intact-
chrysin (uM)

Fig. 1



150+

LPS
100
*kk
50 KRR gegese
0-

Con - 87 17 35 70 8.7 17 35 70

Cell viability (%)

CM1 (uM) CM2 (uM)
—~ 15 LPS 300 LPS LPS
2 -_— —_~ e——
= 10 = EI 200 7 2 g
3 - g % 3000
S s $ 100 = 2000 o
2 w5 € 1000
= -
Z 0 = 0 - 0
Con - 35 70 Con - 35 70 Con - 35 70
CM2 (IM) CM2 (uM) TCM2 (uM)
Gated on F4/80*
CD8&0 CD86
21.2 28.8
O Con
B LPS only
83.4 W LPS
+CM2 70 uM
‘ 85.8

— 40000 — = 25000
o it T 20000 i L 20000
< 30000 L s

< 20000 g 15000
o = 10000
8 10000 %:) 5000
(@) 0 s 0

Fig. 2



V 1%DNCB Y CM1 or CM2 treatment
V 0.4% DNCB ﬂ‘ Ear thickness & Dermatitis score

Shaving \ 4 \ 4 \ 4 \ 4 \ 4 \ 4 V Sacrifice
v vy v .y v .y v v
11 | I I L
0 1 7 ﬁ 141} 21.[T 28ﬁ30 Days

Fig. 3



A

DNCB-treated
Normal Vehicle Dexa 0.05% CM1 0.2% CM1 0.05% CM2 0.2% CM2

B O Normal M DNCB + Vehicle B DNCB + Dexa O DNCB +0.05% CM1  ® DNCB + 0.2% CM2
O DNCB +0.05% CM2 @ DNCB + 0.2% CM2

1.24 150+

g 3 wt

®
3] 4
? e 08 100~ .
2 $E *
3 =S
£ = 0.4+ 50
[0} L
m)]

0.0 ! T 0 I_T_l T T

0 11 15 22 29
Days

Fig. 4



ACCEPTED MANUSCRIPT

A H&E staining B Toluidine staining

Ear Back Ear Back

Normal Normahﬁ”

C O Normal B DNCB + Vehicle D O Normal M DNCB + Vehicle
B DNCB +0.2% CM2 B DNCB + Dexa W DNCB +02% CM2 B DNGB + Dexa
i i
i i
50 100 150 200 0 20 40 60 80 100 O 50 100 150
Epldermal thickness Eplderrml thickness Number of mast cells in ear Number of mast cells in back

of ear (uM) of back (uM) (Count/site) (Count/site) Fi g. 5



IFN-y (ng/mL)
o N b OO ©

0 Normal E DNCB + 0.05% CM2
H Control B DNCB + 0.2% CM2
Hl DNCB + Dexa

Normal Control Dexa
- aw Q‘ ‘a e Vo 0.044
0.05% CM2 0.2% CM2 - @ 0.03 H#
,roa P 0g Se .
fgz, S 0.02
O C
T 2§ .
) 1 2 3 & B 6 =
1 0.00-

O Normal M Control Bl DNCB + Dexa

B DNCB + 0.05% CM2 B DNCB + 0.2% CM2
2000 800
it —_ -
i
« g 1500 st £ 600 .
& 1000 D y00 .
¥ 500 v 200
= =
. . 0 . 0

%\12 20

£ i - 15

2 6 " )

- * = 10

< 4 T

g 2 ol Rl

=j 0 T T O T T

Fig. 6



ACCEPTED MANUSCRIPT

Fig. 7



« Gammairradiation produced anovel chrysin derivative by hydroxyethylation.

« A novel chrysin derivative exhibited anti-inflammatory activity in LPS-stimulated
BMDMs without cytotoxicity.

« A novel chrysin derivative attenuated DNCB-induced AD-like symptomsin Balb/c mice.

« A novel chrysin derivative reduced DNCB-induced Thl-, Th2-, and Th17-type cytokinesin
Balb/c mice.

« A novel chrysin derivative might be a candidate for treatment of atopic dermatitis.



