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Abstract

Atopic dermatitis (AD) is a chronic, inflammatory cutaneous disorder. Obesity is associated with increased prevalence and severity of
AD for reasons that remain poorly understood. Myricetin, a dietary flavonoid found in fruits and vegetables, is known to have anti-
inflammatory effects, but its role in AD is unclear. Thus, we investigated the effects of obesity on exacerbation AD lesions and
evaluated the effects of myricetin on obese AD. Mice were fed normal diet (ND) or high-fat diet, and then 2,4-dinitrofluorobenzene
was used to induce AD-like lesions. We found that obesity exacerbated AD lesions, and myricetin topical administration ameliorated
symptoms and skin lesions of obsess AD mice, such as dermatitis scores, scratching behavior, epidermal thickness, and mast cell
infiltration. In addition, myricetin reduced the levels of immunoglobulin E and histamine, inhibited the infiltration of CD4+T cells,
and modulated the expression of Th1, Th2, Th17, and Th22 cytokines and pro-inflammatory factors (CCL17, CCL22, IL-1B, and TGF-).
Moreover, myricetin restored impaired barrier function by reducing transepidermal water loss, increasing lamellar body secretion, as
well as upregulating the mRNA and protein expression of filaggrin. Western blot results showed that significantly increased levels of
phosphorylated IkB and NF-kB p65 was observed in the obese AD mice compared with the AD mice fed ND, whereas the myricetin
could downregulated the phosphorylations of IkB and NF-kB, and inhibited mRNA expression of iNOS and COX2. Taken together, our
results suggest that myricetin treatment exhibits potentially protective effects against the obeseassociated AD by inhibiting

inflammatory response and restoring skin barrier function.
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Atopic dermatitis (AD) is the most common chronic and inflam-
matory skin disease that affects approximately 20% children and
significantly impairs the quality of patient life, which is marked
by intense pruritus, skin redness, and thickened skin (Weidinger
et al., 2018; Williams et al., 1999). The pathogenesis of AD is com-
plex, multifactorial and involves many different mechanisms,
including genetic susceptibility and environmental factors,
immune dysregulation of both T-helper cell type 2 (Th2) and T-
helper cell type 1 (Th1), production of immunoglobulin E (IgE),
activation of mast cells and dendritic cells, leading the produc-
tion of inflammatory mediators, and skin barrier dysfunction
(Eyerich and Novak, 2013; Furue et al, 2017). Dietary, inhalant
allergens, and stress have been identified as risk factors for AD
(Hanifin, 1997; Katsarou and Armenaka, 2011; Lever, 2001).
Identification and control the risk factors are fundamental for
the prevention and treatment of AD.

Obesity has become increasingly prevalent around world and
is a major risk factor of chronic inflammation and various dis-
eases, such as cardiovascular diseases, metabolic diseases, and
dementia (Kopelman, 2000). It has also been increasingly linked
to various skin disorders, including acanthosis nigricans,

psoriasis, and AD (Chiricozzi et al., 2016; Ibuki et al., 2012; Garcia
Hidalgo, 2002). Increasing evidence indicates that obesity has
been linked with systemic chronic low-grade inflammation and
skin barrier dysfunction, which is associated with the increasing
incidence of AD (Aoki and Murase, 2019; Hajer et al., 2008; Zhang
and Silverberg, 2015). A cross-sectional study by Patel et al. (2014)
found that adopting a Western diet (mainly high-fat content)
increases the risk of childhood asthma and AD, and the risk of
AD increases greatly with advancing weight. In addition, it has
been reported that overweight subjects are more susceptible to
be sensitized to food allergens, accompanied by a significant
increase in serum IgE and C-reactive protein levels, which may
induce sensitization and allergic reactions (Baumann and
Lorentz, 2013). However, the reason why obesity aggravates AD
remains poorly understood.

Corticosteroids or calcineurin inhibitors are the most widely
prescribed medication used for the treatment of AD (Misery,
2011). They primarily depress T-cell immune responses and regu-
late Th2-mediated chemokines like CCL17 (thymus activation-
regulated chemokine) and CCL22 (macrophage-derived
chemokine), which are the major contributing factors in the
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pathogenesis of AD (Beck et al., 2014). Several studies reported
that oral or topical corticosteroids can provide only symptomatic
relief, and these treatments are often accompanied by adverse
side effects, such as skin thinning and atrophy, dryness, rebound
dermatitis (Coondoo et al., 2014), and other serious complications
including osteoporosis, cataract, venous thromboem bolism,
muscle atrophy, hypertension, and disturbance of mood and
sleep (Schécke et al., 2002). Calcineurin inhibitors, such as tacroli-
mus and cyclosporine, have been reported as potential risk fac-
tors for lymphomas, leukemias, and cancer (Castellsague et al.,
2018; Schécke et al., 2002). Therefore, there is an urgent need to
develop and research more effective and safer pharmacological
intervention for AD.

Myricetin (3,5,7,3',4,5'-hexahydroxyflavone), is one of the
most abundant dietary flavonoids mainly found in a number of
foods, especially in vegetables, fruits, berries, tea, and red wine
(Hakkinen et al., 1999; Sellappan and Akoh, 2002). Various studies
on the biological activity of myricetin and found that it has strong
anti-cancer, anti-oxidant, anti-inflammatory, antibacterial, and
analgesic effects (Semwal et al., 2016). In recent years, more and
more studies have shown that myricetin has a number of thera-
peutic effects on skin disorders, including anti-aging, anti-ultra-
violet damage, anti-allergic, and skin cancer. Kim et al. (2015)
found that myricetin significantly alleviated UVB-induced skin
damage in the mouse models by inhibiting the activity of myelo-
peroxidase, and reducing the secretion of pro-inflammatory cyto-
kines, such as IL-1p and IL-10. Furthermore, myricetin has also
been found to possess anti-aging and antioxidant capacity by
reducing intracellular ROS generation, effectively scavenging of
free radicals and improving the antioxidant effect of cells
(Blchter et al., 2015). Besides these effects, myricetin has been
claimed to display anti-allergy effects, which is related to block-
ade the migration of lymphocytes to bronchial lymphocytes and
reduce serum IgE (Medeiros et al., 2008). Based on the various bio-
logical and pharmacological activities of myricetin, it would have
ameliorative effects for AD.

Therefore, the present study aims to investigate the adverse
impacts of obesity on inflammation and skin barrier during AD
progression, as well as the preventive therapeutic effects of myri-
cetin on AD skin lesions, in a high-fat diet (HFD)-induced obese
mouse model.

Materials and methods

Animals

Six-week-old female KM mice were purchased from the Animal
Experiment Center of Wuhan University (Wuhan, China). All
mice were housed in the animal facility at a temperature of
22 *2°C and relative humidity of 55+ 5% with a 12h light/dark
cycle, given rodent chow and water ad libitum before our study.
All animal care and experimental protocols were conducted in
accordance with the guidelines established by the Institutional
Animal Care and Use Committee (IACUC) of the Animal
Experiment Center of Wuhan University (Permit Number:
42010200006385).

Drugs and chemicals

Myricetin was purchased from Aladdin (Shanghai, China). 2,4-
dinitrofluorobenzene (DNFB) (purity =99%) was purchased from
Alfa Aesar (Heysham, UK). Dexamethasone (Dex) (purity =98%)
was obtained from Saen Chemical Technology Co Ltd (Shanghai,
China). Olive oil was supplied by Aladdin. All enzyme-linked

immunosorbent assay (ELISA) kits were purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). CD4, CDS,
NF-kB p65, p-NF-kB p65, IkB-a, p-IkB-a, and filaggrin (FLG) anti-
bodies were obtained from Bioss Biotechnology Co Ltd (Beijing,
China), as well as B-actin antibody was purchased from Cell
Signaling Technology (CST). Secondary antibody, horse radish
peroxidase-conjugated goat anti-rabbit IgG was obtained from
Jackson (Lancaster, China).

Experimental model of diet-induced obesity and DNFB-
induced AD-like lesions

After a week habituation period, the mice were randomly
selected and assigned to 6 equal groups (n=6): (1) NOR group: a
normal control group fed normal diet (ND) (10% fat); (2) HFD
group: an obesity group fed HFD (60% fat); (3) DNFB group: an AD
group fed ND for 8 weeks and then treatment with DNFB; (4) Co
group: an obesity-AD group fed HFD for 8 weeks and then treat-
ment with DNFB; (5) Co +0.4% myricetin group: same as the Co
group, except topical administration with 0.4% muyricetin,
whereas DNFB was applicated to the dorsal skin; (6) Co +0.05%
Dex group: same as the Co group, except topical administration
with 0.05% dexamethasone (Dex), whereas DNFB was applicated
to the dorsal skin. Mice were fed with ND or HFD, and body
weight of each mouse was recorded every other day. A schematic
of the experimental procedure is shown in Figure 1A. After
8 weeks of dietary intervention, the body weight of HFD-fed mice
was significantly increased compared with ND-fed mice, indicat-
ing the diet-induced obesity mouse models were established.
Then, hapten DNFB was applied to the dorsal skin of mice to
induce AD-like symptoms as described previously, with some
modifications (Motoyama et al., 2018). Before sensitization, dorsal
skin (approximately 3 x 2.5cm) was shaved by using an electric
clipper and 6% Na,S to remove any remaining hair on day 0. For
the sensitization process, 100 ul of 1% DNFB (dissolved in aceto-
ne:olive oil =3:1) was applied to the dorsal skin on days 1 and 3.
After 4days, 0.5% DNFB was applied to challenge the dorsal skin
(50 ul) at twice a week; 0.4% myricetin dissolved in propylene gly-
col/ethanol (3:1 [v/v], 100 pl/mouse) and topically applied to the
dorsal skin of obese mice every day when the DNFB-induced AD-
like mice model was developed from days 1 to 13. As a positive
control, 100 pl of 0.05% Dex (dissolved in propylene glycol/ethanol
[3:1 (v/v)] was topically treated from days 1 to 13.

Evaluation of dermatitis severity, scratching behavior, and
transepidermal water loss

The severity of dermatitis on the dorsal skin was observed and
the score was recorded on days 6 and 12 according to the criteria
described previously (Kang et al., 2019). The sum of the 4 individ-
ual scores was used as the total dermatitis severity score (0-12)
for each mouse: O (none), 1 (mild), 2 (moderate), and 3 (severe) for
each of the 4 symptoms: erythema (redness, hemorrhage), edema
(swelling), erosion (excoriation), and dryness (scaling, crusting).
On days 5 and 11, the scratching behavior was recorded with a
digital camera, and the number of scratching bouts with the hind
limbs on the dorsal skin was counted for 10 min after DNFB treat-
ment for 30 min. Transepidermal water loss (TEWL) form dorsal
skin was measured on days 6 and 12 by using Tewameter TM300
(CK electronic).

Histological observation

The dorsal skin from each mouse was fixed with 4% formalde-
hyde and embedded in paraffin to obtain longitudinal sections.
Then 5-um paraffin sections were stained with hematoxylin
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Figure 1. Myricetin efficiently alleviated DNFB-induced AD-like symptoms in obese mouse model. A, Scheme of the experimental procedure. The mice

3

(n=5/group) were fed ND (10% fat) or HFD (60% fat) for 8 weeks and then treatment with DNFB to induce AD symptoms. One percent DNFB was applied
to the dorsal skin on days 1 and 3. After 4 days, 0.5% DNFB was applied to challenge the dorsal skin at twice a week; 0.4% myricetin or 0.05% Dex

topically applied to the dorsal skin of obese mice every day when the DNFB-induced AD-like mice model was developed from days 1 to 13. B, The body
weight changes of the mice were measured every 2 weeks during the experimental period. C, Typical photographs of dorsal skin in each group and
comparison of AD-like skin lesions on day 6. D, The dermatitis severity was assessed on days 0, 6, and 12 from the sum of all individual scores. (E) Skin
thickness (mm) and (F) skin weight (mg) (indicative skin swelling) were determined on day 14. G, The number of scratching bouts was counted within

10min on days 0, 5, and 11. All data are expressed as mean =+ SD (n=5). *p < .05, *p < .01, and ***p < .001 versus NOR group; p < .05, #p < .01, and

#HH

myricetin treatment group; Co+Dex, dexamethasone treatment group; ND, normal diet; HFD, high-fat diet.

p <.001 versus DNFB group; *p <.05, **p < .01, and ***p < .001 versus Co group. cc: not statistically different at p > .05 versus Co group.
Abbreviations: NOR, a normal control group; HFD, an obesity group; DNFB, DNFB-induced AD group; Co, DNFB-induced obese AD group; Co+Myr,

and eosin (H&E) and thickening of the epidermis was observed and the number of mast cells were measured in 5 randomly
by microscope. For the measurement of mast cells, sections of selected fields from 3 randomly samples at 100x magnifcation
dorsal skin were stained with toluidine blue (TB), after which and 200x magnifcation, respectively, by Image-Pro 6.0 Plus soft-

the number of mast cells was counted. Epidermal thickness ware.
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Estimation of IgE and inflammatory chemokines

The mice were sacrificed at the end of the experiment. The whole
blood was immediately withdrawn from eyeball, and the serum
samples were collected from blood by centrifugation at 1500 x g
for 15min at 4°C and stored at —80°C until use. At the same time,
the samples of the dorsal skin and spleen tissues were obtained
and homogenized in a 9-fold volume of precooling phosphate-
buffered saline (PBS), and the homogenate was centrifuged at
2000 x g for 15min at 4°C to collect the supernatant for ELISA
assay. The levels of IgE in serum and spleen were measured using
a Mouse IgE ELISA kit in accordance with the manufacturer’s
instructions. The IL-4, IFN-y, TNF-«, and IL-17 levels in the serum
and skin homogenates were estimated using commercial ELISA
kits.

Immunofluorescence staining

Immunofluorescence staining was performed as previously
described (Singh et al., 2019). In brief, paraffin-embedded tissue
slices (thickness 4.5um) were deparaffinized, rehydrated, and
immersed in ethylene diamine tetraacetic acid antigen repair
buffer for antigen repair. Subsequently, the slices were rehy-
drated and blocked with 5% bovine serum albumin (BSA) for
30min at 37°C. Immunostaining of histological sections was per-
formed using anti-CD4 antibody (1:200), anti-CD8 antibody
(1:200), and anti-FLG antibody (1:200) overnight at 4°C. They were
then washed 3 times with PBS and incubated with a goat anti-
rabbit IgG secondary labeled tetramethyl rhodamine isothio-
cyanate (TRITC) (1:200) for 1h at room temperature. Finally,
slices were counterstained with DAPI to label cell nuclei, and
images were captured by using an inverted fluorescence micro-
scope (Olympus, Japan).

Quantitative real-time PCR

Briefly, we extracted total RNA using a Biomarker Cell/Tissue
Total RNA Isolation kit (Biomarker Technologies, Beijing, China)
following manufacturer’s protocol. After the in vivo experimental
period, the dorsal skin was obtained and total RNA was isolated.
The RNA concentration was assessed on a Nanodrop 2000 spec-
trophotometer (Thermo Fisher Scientific), and its purity was
checked by determining A260/A280 and A260/A230 ratios. Then,
BiomarkerScript 1I 1st Strand c¢DNA Synthesis Kit (Biomarker
Technologies) was used for the reverse transcription as directed
by the manufacturer’s instructions. Quantitative real-time PCR
analysis was conducted using a Bio-Rad Real-Time PCR detection
system (Bio-Rad) with SYBR Green. The relative mRNA level of
each targeted gene was normalized to the mRNA level of B-actin.
All gene-specific primer sequences used for amplification were
shown in Supplementary Table 1.

Western blot

For Western blot analysis, protein samples were prepared as pre-
viously described (Choi et al., 2014). Briefly, collected skin samples
were homogenized in radio-immunoprecipitation assay lysis buf-
fer with protease inhibitor and phosphatase inhibitor, and skin
lysate was centrifuged at 10000 x g for 15min at 4°C to obtain
supernatant. Equivalent amounts of proteins (30 pg) were electro-
phoresed by SDS-PAGE gel (8%-12%) and then transferred onto
PVDF membranes. The membranes were blocked with 5% BSA for
2h, then probed with specific primary antibodies and incubated
with appropriate HRP-conjugated secondary antibodies.
Following a repeat of the wash step with TBST, the membranes
were visualized by chemiluminescence using enhanced

chemiluminescence reagents. Finally, the images were captured
with chemi-Doc imaging system (Bio-Rad) and analyzed by Image
Lab software (Bio-Rad). The primary antibodies used were as fol-
lowed: rabbit anti-IkBa (1:2000), anti-phospho-IxBa (1:500),
anti-NF-kB (1:1000), anti-phospho-NF-kB p65 (1:500), and anti-p-
actin (1:1000).

Transmission electron microscopy

For transmission electron microscopy (TEM) analysis, the skin
samples were fixed with 2% glutaraldehyde in 0.15mM sodium
buffer (pH=7.2), washed 3 times, and subsequently post-fixed
for 2h with 1% osmium tetroxide in 0.12mM sodium buffer
(pH=7.2). The samples were dehydrated in a graded series of
ethanol, transferred to propylene oxide, and then embedded in a
mixture of Epon according to standard procedures. Sixty- to 80-
nm-thick ultrathin sections were cut with an ultramicrotome
and collected on formvar-coated copper grids, following stained
with uranyl acetate and lead citrate. Finally, the samples were
examined under a Tecnai Spirit (200kV) transmission electron
microscope and digital images were recorded with the ITEM soft-
ware package.

Statistical analysis

Statistical analyses were performed using IBM SPSS 26.0 statisti-
cal software. The data were expressed as the mean * standard
deviation (SD) of at least triplicate experiments. Statistical signifi-
cance differences among multiple groups were compared using
1-way analysis of variance with Dunnett’s multiple comparison
test. *p < .05, *p < .01, and ***p <.001 versus NOR group; *p < .05,
#p < .01, and *¥p < .001 versus DNFB group; *p<.05, **p<.01,

and ""p < .001 versus Co group.

Results

Myricetin attenuated clinical severity of DNFB-induced AD
symptoms in obese AD mice

To investigate the effect of myricetin on AD-like lesions in obese
mice, we used the HFD-induced obesity mouse model followed by
DNFB-induced AD model. Compared with ND-fed mice, the body
weight of HFD-fed mice was significantly increased and became
obese mice when they were fed with HFD for 8 weeks (Figure 1B).
Subsequently, DNFB was topically applied on dorsal skin as well
as 0.4% muyricetin topically applied to the dorsal skin of mice
every day from days 1 to 13. During the period of AD induction,
HFD/DNFB-induced comorbidity mice developed more severe
AD-like lesions, presenting as erythema, edema, hemorrhaging,
and scarring with the dermatitis score (day 6: 6.7*+0.8 vs
4.6+0.7; day 12: 5.5 = 1.7 vs 3.2 = 1.4) was significantly increased
compared with AD mice fed with ND (Figs. 1C and 1D). Topical
application with myricetin showed a significant decrease of der-
matitis score (day 6: 4+0.6 vs 6.7*+0.8; day 12: 4.25+0.9 vs
5.5%=1.7) as compared with Co group (Figs. 1C and 1D). DNFB
challenge-induced skin swelling reaction, presented by the thick-
ness/weight of the dorsal skin created by 9-mm punch after mice
was sacrificed at day 14, was also marked reduced by myricetin
or Dex treatment (Figs. 1E and 1F).

Pruritus is one of the major symptoms of AD not only affect
the quality of life of patients but also exacerbates AD progression
(Kim et al., 2018), so scratching behavior of each mice was meas-
ured at days 0O, 5, and 11 during the AD induction period.
Consistent with the skin lesions development, mice exhibited sig-
nificantly increased scratching episodes after repeated
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application of DNFB onto the dorsal skin, with the HFD/DNFB-
induced mice gaining more itching. Compared with the Co group,
myricetin markedly reduced the scratching bouts on days 5 and
11 (day 5: 4%+2.1 vs 10.7%£2.2; day 11: 22+1.3 vs 5.0 1.8)
(Figure 1G). Our finding strongly supports the notion that itch
provokes a strong desire to scratch the affect skin and scratching
results in significant damage to the skin and makes the dermati-
tis worse, thus leading to further itching.

Myricetin alleviated DNFB-induced hyperkeratosis and
infiltration of mast cells in obese AD mice

According to previous study (Matsuoka et al.,, 2003), the skin
lesions of AD are characterized by epidermal thickening and der-
mal infiltration of inflammatory cells. Therefore, we investigated
the effects of myricetin on DNFB-induced histological changes.
Results of H&E staining showed that the dorsal skin thickness of
HFD/DNFB-induced mice was more severe compared with AD
mice fed with ND, and myricetin treatment significantly reduced
dorsal skin thickness compared with the obese AD group from
467.8 £30.9 to 234.3 =35.2um (Figs. 2A and 2B). Mast cells have
been shown to participate in the pathophysiology of AD by
secreting histamine in response to itching and inflammation.
Thus, we evaluated mast cell infiltration and the histamine levels
in the serum and skin of AD-like murine model. Similarly, com-
pared with DNFB-induced mice, HFD/DNFB-induced comorbidity
mice exhibited a dramatic increase in mast cell infiltration
(Figs. 2C and 2D) as well as elevated levels of histamine in serum
and skin (Figs. 2E and 2F). Interestingly, these symptoms were
alleviated to a certain extent by the myricetin topical administra-
tion (Figs. 2A-F).

Myricetin reduces the IgE and inflammatory cytokines in
obese AD mice

The inflammatory of AD is characterized by 2 phases, which Th2
type cytokines are dominant in an acute phase with a transition
to a chronic phase expressed Thl, Th17, and Th22 cytokines
(Gittler et al., 2012). Therefore, this study investigated whether
myricetin affected the Th2 or Thl response in obese AD mice.
The concentration of IgE in the serum and spleen tissue of the
DNFB-induced obese mice was increased compared with the AD
mice fed ND (serum: 23.3%=2.8 vs 17.2*=1.0ug/ml; spleen:
1.0+ 0.06 vs 0.6 +0.02 pg/mg), but myricetin decreased the con-
centration of IgE level in the serum and spleen compared with
the obese AD group from 23.3*+2.8 to 13.1+1.8pg/ml and
1.0+ 0.06 to 0.6 = 0.09 pg/mg (Figs. 3A and 3B). The effect of myri-
cetin on Th2/Th1 cytokines and pro-inflammatory factors was
further measured. The levels of IL-4, IFN-y, TNF-qa, and IL-17 in
the serum and the dorsal skin tissue obtained from HFD/DNFB-
induced mice were significantly higher than those measured in
serum and skin obtained from DNFB-induced mice. Topical treat-
ment with myricetin markedly reduced the levels of them in
DNFB-sensitized obese mice (Figs. 3C-J). Next, we examined
whether myricetin could regulate the expression of pro-
inflammatory genes by gqRT-PCR. Compared with DNFB group,
the mRNA expression levels of CCL17, CCL22, IL-1f, and TGF-B in
the Co group were significantly upregulated, but this upregula-
tion was inhibited by myricetin (Figs. 3K and 3L).

The effect of myricetin on the infiltration of CD4* and CD8*
T cells in dorsal skin of obese AD mice

CD4* T cells and CD8" T cells are major lymphocytes that are
involved in the adaptive immune response, they differentiate
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into diverse types of helper T cells that lead to the infiltration of
inflammatory cytokines in AD lesions (Park et al., 2021). To ana-
lyze the role of myricetin in controlling infiltration of CD4" and
CD8" T cells in obese AD mice, immunofluorescence staining
was used to assess whether myricetin reduced the expressions of
them in the dorsal skin. Compared with the DNFB group, strong
positive reaction of CD4 (red) was observed in skin lesions
obtained from the DNFB-induced obese mice (Figs. 4A and 4C).
Topical treatment with myricetin exhibited a marked diminution
in the infiltration of CD4" T cells (Figs. 4A and 4C). However, the
expression of CD8 was only elevated in the DNFB group, and no
such difference was observed in the other groups (Figs. 4B and
4D).

Myricetin improve impaired skin barrier function in obese
AD mice

Itis well known that TEWL was positively associated with the dis-
ruption of skin barrier function in AD patients (Yosipovitch,
2004). Our results revealed that obese AD mice exhibited an
increase in TEWL versus the DNFB-induced mice fed ND on days
6 and 12 (day 6: 63.1=123 vs 42.3*112g/m%h; day 12:
68.6 = 4.1 vs 59.9 + 6.8 ¢/m?/h). Topical application with myricetin
markedly reduced the increase in TEWL (Figure 5A). Recent stud-
ies found that FLG, an important skin-barrier protein of the stra-
tum cormeum (SC), decreased markedly in skin lesions and can
be a primary cause of skin barrier disruption (Mcaleer and Irvine,
2013). Therefore, we measured the FLG expression among all
groups by immunofluorescence staining and qRT-PCR. The FLG
expression (red fluorescence response) as well as mRNA level
was observed in the dorsal skin obtained from normal mice,
whereas the expression at the skin lesions of AD mice was signifi-
cantly inhibited, especially in the HFD/DNFB-induced mice
(Figs. 5B-D). Thankfully, the apparent decrease in the FLG expres-
sion was reversed with topical treatment with myricetin in the
obese AD mice (Figs. 5B-D).

Myricetin recover SC abnormality by increasing lamellar
body secretion in obese AD mice

Abnormalities in barrier function are associated with the defec-
tion in lamellar body (LB) formation and secretion. Alteration of
the lamellar lipid structure is often observed in human AD
patients (Jung et al., 2011). To investigate the effect of myricetin
on recovery of lamellar lipid during the barrier recovery process,
TEM was performed to quantify the secretion areas of LB. A clear
pool of LB was observed at SC-stratum granulosum interface in
the normal mice. Repeated application with DNFB on the dorsal
skin induced a significant reduction of the secretion areas, which
was most prominent in HFD-DNFB-induced mice (NOR vs AD
[ND] vs AD (HFD) = 0.37 +0.03 vs 0.17 + 0.008 vs 0.13 + 0.01 pm?/
pum). Thankfully, topical administration with myricetin signifi-
cantly promoted LB (0.27 = 0.01um?/um) secretion compared with
the obese AD group (0.13 + 0.01 ym?/um) (Figs. SE and SF).

Myricetin inhibited the activation of NF-xB signaling
pathway in obese AD mice

Existing evidences have reported that NF-«B signaling pathway
regulates various pro-inflammatory cytokines, and plays an
important role in the pathogenesis of AD (Hseu et al., 2005).
Accordingly, to investigate the mechanism by which myricetin
relieved AD-like symptoms and inhibited the levels of pro-
inflammatory cytokines, we detected the expression of IkB and
NF-kB in the dorsal skin lesions by western blot analysis. As
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Figure 2. Myricetin alleviated histopathological symptoms of dorsal skin in obese AD mice. A, H&E staining (100x magnification, scale bars =100 pm),
straight line indicates the thickness of epidermis. B, Epidermal thickness was quantified by counting 5 randomly chosen fields per section (n=3). C,
Toluidine blue staining (200x magnification, scale bars =50 pm), arrows indicate the mast cell. D, The number of mast cell was counted in 5 randomly
selected fields per section (n=3). E and F, Serum and skin level of histamine were measured by ELISA kit (n=5). All data are expressed as mean * SD.

*p < .05 and ***p < .001 versus NOR group; *p < .05 and ***p < .001 versus DNFB group;

¥ <.001 versus Co group. aa: not statistically different at p > .05

versus NOR group; bb: not statistically different at p > .05 versus DNFB group; cc: not statistically different at p > .05 versus Co group. Abbreviations:
NOR, a normal control group; HFD, an obesity group; DNFB, DNFB-induced AD group; Co, DNFB-induced obese AD group; Co+Myr, myricetin treatment

group; Co+Dex, dexamethasone treatment group.

shown in Figures 6A-D, HFD/DNFB-induced mice exhibited signif-
icant upregulations of phosphorylated IkB and NF-kB p65 when
compared with the DNFB group (p-IxB: 1.62 = 0.06 vs 0.92 = 0.06;
p-NF-kB p65: 1.46 +0.04 vs 1.34+0.04), and myricetin signifi-
cantly inhibited the protein expression of p-IkB and p- NF-«B p65
compared with obese AD group (p-IkB: 0.78 =0.03 vs 1.62 = 0.06;
p-NF-xB p65: 1.23+0.02 vs 1.46 = 0.04). However, no significant
changes in total protein levels of IxkB and NF-kB p65 were
observed among the different groups.

Because iNOS and COX2 are the important target genes of NF-
kB during inflammation. iNOS, a major pro-inflammatory gene,
catalyzes the NO production and then exacerbates AD-like symp-
toms, such as scratching (Orita et al, 2011). COX2 can be

upregulated by various cytokines, bacterial endotoxins, and
growth factors during the immune response of AD (Bajpai et al.,
2018). As shown in Figures 6E and 6F, DNFB stimulation signifi-
cantly increased the mRNA levels of iNOS and COX2, particularly
in the conditions of co-existent HFD and DNFB. In contrast, topi-
cal treatment with myricetin exhibited inhibition of INOS and
COX2 expressions in the skin lesions.

Discussion

AD is a common allergic inflammatory skin disease, presenting
chronically relapsing cutaneous inflammation (Leung and Soter,
2001). The initiation and progress of AD result from the combined
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Figure 3. Myricetin regulated IgE, inflammatory cytokines levels, and pro-inflammatory genes expression in obese AD mice. Serum and spleen level (A,
B) of IgE was measured by ELISA. C-J, Serum and skin levels of IL-4, IFN-y, TNF-a, and IL-17 were determined by ELISA kits, respectively. K-N, gPCR
analyses showed that myricetin inhibited the mRNA levels of CCL17, CCL22, IL-1pB, and TGF-p. All data are expressed as mean = SD (n=5). *p < .05,

**p < .01, and **p < .001 versus NOR group; *p < .05, **p < .01, and **p < .001 versus DNFB group; "p < .05, **p < .01, and **"p < .001 versus Co group. aa:
not statistically different at p > .05 versus NOR group; bb: not statistically different at p > .05 versus DNFB group; cc: not statistically different at p >.05
versus Co group. Abbreviations: NOR, a normal control group; HFD, an obesity group; DNFB, DNFB-induced AD group; Co, DNFB-induced obese AD
group; Co+Myr, myricetin treatment group; Co+Dex, dexamethasone treatment group.

€20z Aenuer gz uo Jasn [0odiaAiT Jo Alsianiun Aq Z6E1969/8E L OBM/19SX0Y/S60 L 0L /IOP/3]211B-80URAPE/I19SX0}/W 09" dnoolwapese//:sdiiy wolj papeojumoq



8 | DNFB-Induced AD Mice Under High-Fat Conditions

DAPI CD4 Merge
e
C ---
=)
: ---
B
a
N
5
=
&
3
3
<
~
C CD4
180 #it
=
2 150
z
= 120-
g *%
é 90 aa L +++
g 604 md i
() +++
§ 30
=
0 L
& Q 2> ~0 £ A
S NN S
o &

w

DAPI CDs Merge

=

CD8

2
. 20 1w
Z 100 s
0
= aa cc
s 80 T I
2 o0 |
£
R
.
g 20
=

0 L

=

2

i

F O & & ¢
CUR A S
& o

Figure 4. Effects of myricetin on the infiltration of CD4+ and CD8+ T cells in skin lesions in obese AD mice. Immunofluorescence staining of (A) CD4
and (B) CD8 (labeled with TRITC) in skin biopsies from AD mice. Cells were counterstained with nuclear DAPI (100x magnification, scale bar =100 pm).
The fluorescence intensity of (C) CD4 and (D) CD8 was measured using Image ] from randomly selected 3 sections in each group. All data are expressed
asmean * SD (n=3). *p <.05 and **p < .01 versus NOR group; **p < .01 versus DNFB group; "p < .05, ***p <.001 versus Co group. aa: not statistically
different at p > .05 versus NOR group; bb: not statistically different at p > .05 versus DNFB group; cc: not statistically different at p > .05 versus Co group.
Abbreviations: NOR, a normal control group; HFD, an obesity group; DNFB, DNFB-induced AD group; Co, DNFB-induced obese AD group; Co-+Myr,

myricetin treatment group; Co+Dex, dexamethasone treatment group.

effects of genetic, environmental, and immunological factors
(Novak and Bieber, 2005). Although various different mechanisms
of AD have been proposed, the exact etiology remains unclear.
Moreover, considerable evidence indicates a strong association
between the metabolic and immune systems (Stoll, 2011). It is
well known that obesity is associated with chronic low-grade
inflammation, and AD is a comorbidity of obesity. AD and obesity
often occur together, the prevalence and severity are affected by
each other (Silverberg and Simpson, 2014). However, the exact

correlation mechanism is yet to be discovered. In this study, we
hypothesized that HFD-diet may affect inflammatory responses,
and then amplified the immune dysregulation and skin barrier
disruption in the AD development. Based on this, we explored the
preventive therapeutic effects of myricetin on inflammatory
response and skin protection in DNFB-induced AD mice under
HFD conditions. The results of the studies suggest that myricetin
administration may be a safe and effective treatment for AD.
Topical treatment with myricetin could attenuate inflammation
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Figure 5. Topical administration myricetin recovered the impaired skin barrier. A, Measurement of TEWL (g/m?/h) at days 0, 6, and 12 (n=5). B,
Immunofluorescence staining of FLG protein (labeled with TRITC) in skin lesions (n = 3). Cells were counterstained with nuclear DAPI (100x
magnification, scale bar =100 pm). C, Quantitative fluorescence intensity of FLG was performed using from randomly selected 3 sections in each group
(n=13). D, mRNA level of FLG was measured by qRT-PCR and normalized to p-actin (n=>5). E, LB secretion in skin lesions were analyzed by transmission
electron microscopy. Secretion areas, filled with the secreted LB content, at the stratum corneum and stratum granulosum interface, were delimited
with dotted lines (scale bar =1 pum) (n=3). F, Quantification of LB secretion area was performed as the ratio of the sum of the measured secretion areas
(un?) to the length (um) of stratum corneum-stratum granulosum interface (n=3). All data are expressed as mean * SD. *p < .05, *p < .01, and

**p <.001 versus NOR group; *p < .05 and **p < .01 versus DNFB group; "p < .05, **p < .01, and ***p < .001 versus Co group. bb: not statistically different
at p > .05 versus DNFB group; cc: not statistically different at p > .05 versus Co group. Abbreviations: TEWL, transepidermal water loss; FLG, filaggrin; LB,
lamellar body; NOR, a normal control group; HFD, an obesity group; DNFB, DNFB-induced AD group; Co, DNFB-induced obese AD group; Co+Myr,
myricetin treatment group; Co+Dex, dexamethasone treatment group.
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Figure 6. Myricetin inhibited NF-«B activation and mRNA levels of iNOS and COX2 in skin lesions of obese AD mice. A, Western blot analysis for p-NF-
kB p65 and NF-«B p65. B, Relative protein level of p-NF-«kB p65 was normalized to NF-«B p65. C, Western blot analysis for p-IkB-a and IkB-o. D, Relative
protein level of p-IkB-o. was normalized to IkB-a. E and F, Expression of iNOS and COX2 was determined by gRT-PCR. All data are expressed as mean +
SD (n=3). *p < .05 and **p < .001 versus NOR group; *p < .05 and **#p < .001 versus DNFB group; *p < .05 and ***p < .001 versus Co group. aa: not
statistically different at p > .05 versus NOR group. Abbreviations: NOR, a normal control group; HFD, an obesity group; DNFB, DNFB-induced AD group;
Co, DNFB-induced obese AD group; Co+Myr, myricetin treatment group; Co+Dex, dexamethasone treatment group.

response and improve impaired barrier function in obese AD
mice.

Skin lesions of AD are characterized by infiltration of inflam-
matory cells and epidermal thickening, which features increased
with the HFD (Vahidnezhad et al., 2019). Histamine is the major
chemical mediators of mast cells that can be released into the tis-
sues and is associated with various symptoms, such as heat, red-
ness, swelling, and itching (Oyoshi et al. 2009). Our results
showed that HFD increased epidermal thickening, as well as der-
mal infiltration of mast cells in the AD lesions. These results
aligned with P-D Moon et al.’s study (Vahidnezhad et al., 2019).
Myricetin-treated mice exhibited decreased epidermal thickening
and mast cells infiltration, with the inhibition of histamine in the
serum and skin lesions.

The Th cells are the vital components of the adaptive immune
response and play important roles in the immune response to
pathogens. Based on the different surface glycoprotein, mature
Th cells mainly divide into CD4+T cells and CD8+T cells, which
play a key role in driving and maintaining AD inflammation
(Ohkusu-Tsukada et al., 2018). CD4+T cells are subjected to dif-
ferentiation into Th2 cells that secrete IL-4 and IL-13, Th1 cells
that secrete IFN-y, or Th17 cells that secrete IL-17 and IL-22
(Bhattacharyya et al., 2017). Among these, obesity conditions are
associated with Th1 cells, and levels of Thl cytokines (IFN-y,
TNF-0, and IL-6) are increased in the obese individuals (Pacifico
et al., 2006). We also observed the same trends, obese mice that
were not treated with DNFB showed increased levels of IFN-y and
TNF-o in skin tissue compared with normal mice. In addition, our

€20z Aienuer gz uo Jasn j00diaAl Jo Alisianiun AQ Z6E7969/8E L OBIN/I0SX0Y/EE0 L 0 | /I0P/3|01LB-80UBAPE/IDSX0)/W02 dNO"dIWapede//:sdiy Woll papEojuMO(]



results suggested that HFD conditions could exacerbate AD-
associated inflammation, shown as increased levels of IL-4, IFN-
v, and TNF-a, as well as pro-inflammatory cytokines expression
of CCL17, CCL22, IL-1B, TGF-B, iNOS, and COX2. This was poten-
tially because of the low-grade inflammation caused by obesity
makes mice more sensitive to DNFB stimulation. Topical applica-
tion with myricetin significantly suppressed production of
inflammatory cytokines in obese mice stimulated by DNFB.
However, a previous article (Vahidnezhad et al., 2019) found that
AD-like skin lesions were markedly exacerbated under HFD con-
ditions, but the levels of IL-4, IL-13, IFN-y, and TNF-a did not
show significant differences. The discrepancies observed in these
studies could be explained, in part, due to differences in the
genetic background and modeling period of the mice.

One of the common features of AD is skin barrier dysfunction,
which is considered to confer greater susceptibility to various
allergens and irritants to induce the production of inflammatory
cytokines. Impaired barrier function tends to be exacerbated by
mechanical injury inflicted by scratching (Kabashima, 2013). In
addition, diet-induced obesity is a harmful factor that impair
skin function (Kabashima, 2013; Nino et al., 2012). Obesity-related
skin showed dry, itching, and skin barrier dysfunction, with con-
comitant reduction of epidermal keratins expressions, such as
KRT5 and KRT14 (Aoki and Murase, 2019). Some studies demon-
strated that the impaired skin function associated with obesity is
mostly due to obesity-induced inflammatory changes, oxidative
stress, cutaneous insulin resistance, and consequent decreases
in keratins expression (Aoki and Murase, 2019). Therefore,
impaired barrier of the obesity-induced skin can exacerbate AD
progression and reconstruction of barrier function is critical for
the prevention and treatment of AD. During the progression of
AD, impaired skin barrier function leads to an increased TEWL
and defection in LB formation and secretion (Takahashi et al,
2014). FLG is a critical important skin barrier protein, and its loss-
of-function mutations have been identified as the strongest
genetic risk factor for AD (Elias et al., 2017). In our study, normal
obese mice that were not treated with DNFB showed impaired
skin function, as evidenced by the decreased FLG expression and
LB secretion, but TEWL and skin thickness did not show signifi-
cant difference. However, severe barrier damage, such as
increased TEWL, decreased LB secretion, and FLG expression,
was detected after DNFB stimulation, especially in the obese AD
mice. Thankfully, a marked restoration of the impaired barrier
function was observed in the myricetin-administered mice, com-
pared with the AD (HFD) group.

NF-kB is an important transcription factor involved in
immune and inflammatory responses of various skin diseases
including AD. In the resting state, NF-«xB is bound to the inhibi-
tory protein IxB to form inactive complex, and exists in the cellu-
lar cytoplasm. Upon stimulation, IkB undergoes phosphorylation
and degradation, and NF-«B p65 is released and phosphorylated,
leading to the activation of NF-«xB, which enhance the production
of inflammatory cytokines and chemokines, including iNOS and
COX2 (Baldwin, 1996). In this study, repeated challenge with
DNFB, phosphorylation of IxkB-o and NF-xB p65 was significantly
increased in skin lesions of AD mice, suggesting activation of NF-
kB pathway. And, this activation was enhanced in AD skin lesions
with HFD. However, topical administration of myricetin effec-
tively inhibited these increases. In addition, NF-kB activation was
also observed in the normal obese mice that were not treated
with DNFB, which might represent an underlying mechanism of
the low-grade inflammation in obese mice.
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Conclusions

In summary, we demonstrated that myricetin treatment was
effective in DNFB-induced AD mice under HFD conditions.
Myricetin could alleviate AD-like symptoms by regulating Th1/
Th2 differentiation, inhibiting the mast cells infiltration and pro-
duction of inflammatory cytokines. In addition, myricetin
improved epidermal barrier function by decreasing TEWL, restor-
ing LB secretion, and FLG expression. Myricetin prevented the
production of inflammatory cytokines, mostly likely through the
inhibition of NF-kB activity. In conclusion, these results sug-
gested that myricetin could potentially be applied as an effective
and alternative therapeutic approach in the management of AD.
Further studies are needed to clarify the detailed mechanism
underlying these therapeutic effects.
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