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Abstract

Background: Atopic dermatitis (AD) is a chronic inflamma-
tory skin disease characterized by the interplay between
multiple genetic and environmental factors. The pathogen-
esis of AD remains incompletely understood. Treatment
with topical steroids for chronic AD symptoms has severe
side effects and so a new treatment is required. Verbascoside
is a hydrophilic phenylethanoid glycoside with antioxidant,
anti-inflammatory properties. Methods: Verbascoside was
evaluated in AD-like lesions induced by the repetitive and
alternative application of 2,4-dinitrochlorobenzene (DNCB)
in BALB/c mice. Overall symptomatic score and serological
and molecular changes of the skin lesions were investigated.
Results: Verbascoside relieved the overall AD-like symptoms
such as scratching behavior and skin lesion severity. At
whole-body level, verbascoside significantly reduced DNCB-
induced IgE and Th2 cytokines in the peripheral blood. At the
skin lesion site, verbascoside also inhibited DNCB-induced
production of proinflammatory cytokine TNF-q, IL-6, and IL-4
mMRNA. In a human monocyte THP-1 model, verbascoside

Caijie Qu

could suppress DNCB-induced upregulation of CD86 and
CD54 at the cell surface, the secretion of the proinflamma-
tory cytokines TNF-a and IL-6, and the activation of NFkB sig-
naling in a dose-dependent manner. Conclusion: Our results
demonstrate that verbascoside could be a potential thera-

peutic agent for the treatment of AD.  ©2018. Karger AG, Basel

Introduction

Atopic dermatitis (AD) is the most common chronic
inflammatory skin disease, and is characterized by com-
plex pathophysiology and a wide spectrum of clinical
phenotypes [1, 2]. AD usually presents during early in-
fancy and childhood, but it can also persist into or even
start in adulthood. It affects 11-30% of children and
2-10% of adults, depending on the population studied [1,
3]. It is often manifested as erythematous, thickened, epi-
dermal lesions that vary in their intensity and the body
surface area that is affected [2, 4]. It is a major skin disor-
der that imposes a considerable burden on patients’ qual-
ity of life, health outcomes, and work productivity [5].
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Early models of etiology attributed the symptoms of
AD to cutaneous inflammation at the lesion sites, but re-
cent studies have established that it is driven by both ter-
minal keratinocyte differentiation defects and strong type
2 immune responses [6, 7]. Several observations suggest
that AD is the cutaneous manifestation of a systemic
disorder that also gives rise to asthma, food allergy, and
allergic rhinitis [8, 9]. These conditions are all character-
ized by elevated serum IgE levels and peripheral eosino-
philia [10, 11]. The major elements involved in the im-
mune dysregulation are Langerhans cells, inflammatory
dendritic epidermal cells, monocytes, macrophages, lym-
phocytes, mast cells, and keratinocytes. The interactions
between different cell compartments lead to a predomi-
nance of Th2 over Th1 cells through an intricate cascade
of cytokine signaling. For instance, the Th2 cytokines IL-
4, IL-5, IL-10, and IL-13 are increased in the skin and
blood, and there is a corresponding decrease in Th1 cyto-
kines, mainly IFN-y and IL-2 [12, 13]. In turn, cutaneous
inflammation and immune dysregulation affect epider-
mal structure and function. The crosstalk between kera-
tinocytes and immune cells is also crucial in the regula-
tion of itch.

Although many immunopathological features of AD
have recently been elucidated, it is worth noting that the
fundamental etiology of these abnormalities remains un-
clear. AD cannot be cured at present, and the aim of man-
agement is to alleviate symptoms and achieve long-term
disease control with multistep approaches [14-16]. Topi-
cal steroid therapy remains the first-line treatment for
AD. However, this treatment for chronic AD is associated
with severe side effects, including atrophy, acne, cata-
racts, growth retardation, and red, burning skin. A new
therapeutic agent is required to tackle the challenge, and
natural products have become attractive candidates.

Phenylethanoid glycosides are naturally existing, wa-
ter-soluble compounds with remarkable biological prop-
erties that are widely distributed in the plant kingdom
[17]. Structurally, they are characterized by cinnamic acid
(Cs—C3) and hydroxyphenylethyl (C¢—C,) moieties that
are attached to a P-glucopyranose (apiose, galactose,
rhamnose, xylose, etc.) via a glycosidic bond [18]. Verbas-
coside is a phenylethanoid glycoside that was first isolated
from mullein (the leaves of Verbascum thapsus), and later
also found in several other plant species. Traditionally,
plants with high concentrations of verbascoside have
been used in folk medicine to treat inflammation and mi-
crobial infections. Verbascoside appears to be involved in
the inhibition of type I allergies. It exhibits profound an-
ti-inflammatory activities towards keratinocytes that are

Verbascoside, a Therapeutic Agent for
AD

stimulated by bacterial lipopolysaccharides (LPS) and
IEN-y [19]. The anti-inflammatory and anti-irritant ac-
tivities of verbascoside from Kigelia africana have been
attributed to its ability to inhibit inducible nitric oxide
synthase (iNOS) and NO release from macrophages as
stimulated by LPS [20]. Verbascoside has been reported
to exhibit antiproliferative activities towards some tumor
cells in vitro [21], induce human gastric carcinoma cell
differentiation and apoptosis by telomere-telomerase-
cell cycle-dependent modulation [22], and repair DNA
damage caused by oxidative stress [23].

In this study, we aimed to characterize the therapeutic
effect of the topical application of verbascoside on AD-
like skin lesions. We used a well-established murine AD
model in which BALB/c mice were challenged by 2,4-di-
nitrochlorobenzene (DNCB). Our results demonstrated
that verbascoside reduced the incidence of DNCB-in-
duced scratching and also dermatitis severity. It attenu-
ated the DNCB-induced elevation of IgE and Th2 cyto-
kines (IL-4 and IL-13) in the blood. It inhibited the
DNCB-induced expression of proinflammatory cytokine
(TNF-a, IL-6, and IL-4) mRNA in skin lesions. Verbas-
coside can dose-dependently antagonize the upregula-
tion of the costimulatory molecules CD86 and CD54 and
secretion of the proinflammatory cytokines TNF-a and
IL-6 in THP-1 cells upon DNCB stimulation. It can po-
tently block the activation of the NF«B signaling pathway
under the same conditions. Our study provides a mecha-
nistic understanding on the regulatory function of ver-
bascoside in a DNCB-induced AD model, and supports
its therapeutic potential for AD treatment.

Methods

Reagents

Verbascoside (=99% HPLC, #V4015) and DNCB (>99%,
#237329) were purchased from Sigma, anti-human CD54 (clone;
6.5B5) and its mouse IgG isotype control from DAKO (Glostrup,
Denmark), anti-human CD86 (clone; Fun-1) and its mouse IgG
isotype control from BD Pharmingen (San Diego, CA, USA), and
p65, phosphorylated (p)-p65(pS536), IkBa, and p-IkBa (pS32) an-
tibodies were from Cell Signaling. The mouse filaggrin ELISA kit
(LS-F9021) was from LSBio.

Cell Culture

THP-1 cells were purchased from ATCC. Cells were cultured
in RPMI 1640 medium (GIBCO BRL, Grand Island, NY, USA)
containing 1% (v/v) 100 U/mL penicillin G, and 100 mg/mL strep-
tomycin (GIBCO), 10% (v/v) heat-inactivated fetal bovine serum
medium (Hyclone, USA) and 2 mM L-glutamine (GIBCO). All the
cells were then maintained in 25-cm? culture flasks at 37°C in hu-
midified cell incubator supplemented with 5% CO,.
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Mouse Strain

All experimental protocols involving the use of live animals
were approved by the Institutional Animal Care and Use Commit-
tee. The 6- to 8-week-old male and female BALB/c mice were ob-
tained from the Animal Center and housed with 5 mice per cage
in a room maintained at 23 + 3°C and a relative humidity of 55 +
10% throughout the study. Animal treatment and maintenance
complied with guidelines issued by the ethics committee for ani-
mal welfare.

DNCB-Induced AD Model

To induce AD-like symptoms, DNCB (Sigma-Aldrich, MO,
USA) was used. Briefly, the dorsal hair of the mice was removed
using an electronic clipper 2 days before DNCB treatment. An ap-
plication of 200 pL of 1% DNCB (in acetone:olive oil = 4:1) was
made to the shaved dorsal skin for sensitization. The repeated chal-
lenge was performed on the same site with 0.2% DNCB once every
3 days for about 2 weeks. The mice were divided into 4 groups
(n = 6 per group): (1) vehicle-treated controls, (2) DNCB-treated
only, (3) 1% verbascoside (in acetone:olive oil 4:1)-treated only,
and (4) DNCB + 1% verbascoside-treated group.

Evaluation of Scratching Behavior in Mice with AD-Like Skin

Lesions

Scratching behavior was observed after the completion of all
treatments. The mice were placed in cages and allowed to acclima-
tize for 15 min, and the number of scratching behaviors in the next
10 min was counted. This was repeated 6 times (60 min in total).
Scratching behavior was defined in this experiment as movement
with the hind paws. Scratching of the nose, ears, and dorsal skin
with the hind paws was recorded, while licking of the belly and
dorsal skin during grooming was ignored. All evaluations were
performed in a blinded manner.

Evaluation of the Severity of AD-Like Skin Lesions

The severity of the dermatitis in the dorsal skin of DNCB-in-
duced AD mice was evaluated on day 18. The severity of 4 symp-
toms (erythema/hemorrhage, edema, excoriation/erosion, and
scarring/dryness) was scored as 0 (none), 1 (mild), 2 (moderate),
or 3 (severe). Dermatitis score was defined as the sum of these in-
dividual scores in accordance with the method of Matsuda et al.
[24].

Hematoxylin and Eosin Staining and Measurement of Skin

Thickness

Histological sections (4 um) were cut from paraftin-embedded
formalin-fixed skin tissues harvested from the AD lesions. Sections
were stained with H&E, and skin thickness was determined with
Image] software by measuring the distance from the top of the
granular layer to the junction between the dermis and the subcu-
taneous fat.

Measurement of Cytokine Levels in Serum by ELISA

Whole blood was collected from mice in each of the treatment
groups on the last day of the study (day 19). The serum was then
collected by centrifugation for 20 min at 12,000 rpm and stored at
-80°C until further use. The level of serum IgE was measured with
ELISA kits: total IgE ELISA (ab157718, Abcam, Cambridge, MA,
USA) or customized dinitrophenol (DNP)-specific IgE ELISA
(D8406, Sigma, USA). The levels of serum cytokines were deter-
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mined with ELISA kits for IL-4, IL-13, TNF-a (R&D Systems, Min-
neapolis, MN, USA), and IL-6 (Raybiotech) following the manu-
facturer’s instructions.

RNA Extraction and Real-Time PCR Analysis

Total RNA in skin tissue was isolated using Trizol® reagent ac-
cording to the protocol from the manufacturer on day 45. The
equal amount of RNA was reversely transcribed into cDNA using
Prime Script™ RT reagent kit with gDNA Eraser®. Quantitative
real-time PCR was performed using Stratagene M x 3000 P (Agi-
lent Technologies Inc., Waldbronn, Germany) with SYBR® pre-
mix Ex Taq™ and specific primers of TNF-a, IL-4, IL-6, and
GAPDH. The amplification program consisted of 1 cycle of 95°C
for 30s, 40 cycles of 95°C for 5s and 60 °C for 31s, and the last
cycle of 95°C for 155, 60 °C for 1 min, and 95°C for 15s. Fluores-
cence intensity was measured in real time using the optical mod-
ule. Melt curves were used to determine product specificity. Re-
sults were normalized to the level of gapdh gene expression. Prim-
er sequences were as listed below:

TNF-a
5" TACTGAACTTCGGGGTGATTGGTCC-3'
5'-CAGCCTTGTCCCTTGAAGAGAACC-3'

IL-6
5'-CCGGAGAGGAGACTTCACAG-3'
5'-GGAAATTGGGGTAGGAAGGA-3'

IL-4
5'-AGATGGATGTGCCAAACGTCCTCA-3'
5'-AATATGCGAAGCACCTTGGAAGCC-3'

GAPDH
5'-CACCACCCTGTTGCTGTAGCC-3'
5'-ACCACAGTCCATGCCATCAC-3'

Flow Cytometry

THP-1 cells were stimulated with DMSO (vehicle control),
DNCB (5 pg/mL), or DNCB plus verbascoside (5 or 10 uM) at the
same time for 24 h. An equal amount of cells was stained with an-
tibodies specific for human CD86 and CD54 for 30 min, followed
by FITC-conjugated secondary antibody incubation in a staining
buffer (PBS containing 1% FBS and 0.01% sodium azide) for
30min on ice, and analyzed by fluorescence-activated cell sorting
(FACS) on a FACScan analyzer, using Cell-Quest software (both
from BD Biosciences, Franklin Lakes, NJ, USA).

Functional Study of ex vivo Differentiated Th2 Cells

Naive CD4+ T cells were harvested from the mouse spleens and
differentiated into Th2 CD4+ cells ex vivo using the CellXVivo
Mouse Th2 cell differentiation kit (R&D Systems). On day 6 of dif-
ferentiation, they were activated with anti-mouse CD3 and anti-
mouse CD28 (provided in the kit). The activated Th2 cells were
then treated with different concentrations of verbascoside or PBS
as indicated. After treatment for 24 h, the cell culture supernatant
was collected, and the secretion of cytokines IL4 and IL5 was de-
termined by ELISA.
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Western Blotting Analysis

Lysate from the THP-1 cells after treatment was prepared by
incubating the cells in lysis buffer (125 mm Tris-HCI, pH 6.8, 2%
SDS, 10% glycerol [v/v]) at 4°C for 30 min. Protein concentration
was determined using the BCA protein assay kit (Bio-Rad Labora-
tories, Hercules, CA, USA). Cell lysate (40 pg) was resolved in 12%
SDS-PAGE and transferred onto a PVDF membrane (Millipore,
Temecula, CA, USA). After being blocked with 10% milk in TBST
at room temperature for 1 h, the membrane was then probed with
primary antibodies against p65, p-p65 (S536), IkBa, and p-IkBa
(S32) proteins at 4°C for 12 h. Protein bands were quantified by
densitometric analysis with Image].

Statistical Analysis

All data were presented as mean * SD and were analyzed by
paired and unpaired two-tailed Student t tests. Differences be-
tween groups were considered statistically significant when p <
0.05.

Results

Verbascoside Ameliorated DNCB-Induced Scratching

and Dermatitis Severity

Verbascoside (Fig. 1a) is one of the naturally occurring
water-soluble phenylethanoid glycosides that are widely
distributed in the plant kingdom, most of which are iso-
lated from medicinal plants. It possesses pharmacologi-

Verbascoside, a Therapeutic Agent for
AD

cally beneficial activities for human health, including
antioxidant, anti-inflammatory, and antineoplastic prop-
erties, in addition to numerous wound-healing and neu-
roprotective properties. Here, we evaluated its function in
the widely accepted murine AD model induced by DNCB.
The design of the experiment is shown in Figure 1b. Brief-
ly, BALB/c mice were randomly divided into 4 groups
(n = 6 per group) including a vehicle control group, a
DNCB model group, a verbascoside only group, and a
DNCB plus verbascoside treatment group. The animals’
backs were shaved on day 0, sensitized with 1% DNCB on
days 1 and 3. The DNCB model group was challenged
with 0.2% DNCB every 3 days from day 6 to day 18. The
vehicle control group was stimulated with vehicle only in
the same manner. For the verbascoside only group and
the DNCB plus verbascoside treatment group, the ani-
mals were treated with 1% verbascoside daily on days
6-18 (Fig. 1b).

The overall disease progression and manifestation
were assessed by evaluating the scratching behavior and
the severity of the skin lesions in this DNCB-induced AD-
like model. Compared to the vehicle controls where
scratching was barely seen, the DNCB model group
showed scratching behavior approximately 12 times
within the 60-min observation period (Fig. 2a). The ver-
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Fig. 2. Effects of verbascoside on DNCB-induced AD-like symp-
toms in mice. a Scratching behavior was assessed on the last day of
the study (day 19). Briefly, the number of scratching behaviors
over 10 min was recorded; this was repeated 6 times (i.e., for 60
min in total). b The severity of clinical symptoms (erythema/hem-
orrhage, edema, excoriation/erosion, and scarring/dryness) of the
AD-like skin lesions was evaluated macroscopically as the derma-
titis score. The data are presented as mean + SD (n =6). ** p < 0.01,
significantly different from control group by paired t test; ** p <
0.01, significantly different from DNCB treated group by paired
t test.

bascoside only group was similar to the vehicle controls,
suggesting that it had no irritating effect. The DNCB plus
verbascoside treatment group showed a significantly re-
duced scratching frequency of about 7.5 times/h (Fig. 2a).
A similar pattern was observed when scoring the dorsal
skin lesions, where we could clearly see that vehicle con-
trols and verbascoside only groups had a very low sever-
ity score of 1.5 (Fig. 2b). The DNCB model group’s score
was 10.5, and the DNCB plus verbascoside treatment
group’s score was significantly reduced at around 7. In
addition, we also performed a histological analysis on
skin samples harvested on the last day of the study. As
shown in online Supplementary Figure SIA (see www.
karger.com/doi/10.1159/000486958 for all online suppl.
material), DNCB alone induced cutaneous hyperplasia,
which is one of the key features of AD-like lesions. Con-
sistent with the dermatitis score, verbascoside significant-
ly reduced skin hyperplasia caused by DNCB. We quanti-
fied the average skin thickness for different treatment
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groups (online suppl. Fig. S1B). Verbascoside only treat-
ment decreased dorsal skin thickness induced by DNCB
but it had no effect on skin thickness or organizational
structure (online suppl. Fig. S1A, B). At the molecular
level, filaggrin is essential for the regulation of epidermal
homeostasis and is strongly implicated in AD pathogen-
esis. DNCB-induced lesions showed a markedly reduced
level of filaggrin, implying a perturbed barrier function in
our AD-like model (online suppl. Fig. S1C). Interestingly,
verbascoside treatment restored the filaggrin level at the
AD lesion site, which was in line with the improvement
at a physiological level. Taken together, these results in-
dicate that our DNCB-induced AD model was successful,
with verbascoside treatment markedly reducing the over-
all scratching behavior incidence as well as the severity of
the skin lesions.

Verbascoside Suppressed DNCB-Induced Elevation of

IgE and the Th2 Cytokines IL-4 and IL-13 in the Blood

Despite the high heterogeneity of AD, recent research
has indicated that IgE and the Th2 cytokines play a fun-
damental role in AD pathogenesis [25-27]. To gain an
overall profile of serum IgE and Th2 cytokines, we next
examined the IgE, IL-4, and IL-13 levels by ELISA in the
different groups of the murine AD-like model. Whole
blood was collected at the end of experiment (day 19) and
sera were prepared according to ELISA protocol. The IgE
level in the peripheral blood was at basal low level in the
vehicle and verbascoside only groups, i.e., about 2.5 ng/
mL (Fig. 3a). However, DNCB stimulation readily elevat-
ed IgE to about 12 ng/mL. Strikingly, the DNCB plus ver-
bascoside treatment group showed an approximately
50% reduction in IgE compared to the DNCB model
group. We also sought to measure DNP-specific IgE that
was directly involved in DNCB-mediated dermatitis
pathogenesis. As shown in online supplementary Figure
S$2, DNCB stimulation significantly increased DNP-spe-
cific IgE in the serum. In line with the total IgE result,
verbascoside treatment markedly reduced the serum lev-
el of DNP-specific IgE in DNCB-challenged mice. The
Th2 cytokines IL-4 and IL-13 were induced by DNCB
treatment to about 4-5 times the vehicle group levels of
90 and 400 pg/mL, respectively (Fig. 3b). The verbasco-
side only group showed levels of IL-4 and IL-13 similar to
those in the vehicle control group. These 2 cytokines were
reduced by one-third in the DNCB plus verbascoside
treatment group when compared to the DNCB model
group. These ELISA results indicated that verbascoside
treatment was able to significantly suppress the DNCB-
mediated induction of IgE and the Th2 cytokines.
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Fig. 3. Effects of verbascoside on the DNCB-induced increase in
serum IgE and Th2 cytokines in mice. a Sample blood was col-
lected on the last day of the study (day 19). The level of serum IgE
was measured with ELISA. b Th2 cytokines (IL-4 and IL-13) in

Verbascoside Inhibited DNCB-Induced Expression

of Proinflammatory Cytokine TNF-a, IL-6, and IL-4

mRNA in Skin Lesions

AD is a multifactorial disorder associated with Th2-
polarized CD4 T cells that can produce excess amounts of
IL-6, IL-5, IL-4, and IL-13. TNF-a is an important proin-
flammatory cytokine and is involved in the immunopa-
thology of AD [28]. IL-6 is secreted by activated T cells
and macrophages. It regulates the immune response, in-
flammation and pathogen responses, bone metabolism,
and hematopoiesis [9, 25, 29]. To investigate the effect of
verbascoside on the skin lesions induced by DNCB, we
next measured the local mRNA level in the lesion tissue
by real-time PCR. The DNCB stimulation group showed
enhanced levels of TNF-a and IL-6, to about 6 times the
level in the vehicle control group which was normalized
as 1 (Fig. 4a). The verbascoside only group showed levels
of TNF-a and IL-6 similar to those in the vehicle controls.
The DNCB plus verbascoside treatment group showed
significantly decreased levels of TNF-a and IL-6, approx-
imately 60-70% of the DNCB model group levels. We
also measured the IL-4 level in the same experiment. IL-4
is a key cytokine to promote Th2 lineage differentiation
and induce B cell class switching to IgE. A similar pattern
was observed to the results with TNF-a and IL-6. IL-4
mRNA in DNCB model group tissues were induced to

Verbascoside, a Therapeutic Agent for
AD

serum were measured with ELISA. The data are presented as mean
+SD (n=6)." p <0.01, significantly different from control group
by paired t test; * p < 0.05, ** p < 0.01, significantly different from
DNCB treated group by paired ¢ test.

about 4 times the basal level observed in the vehicle group
(Fig. 4b). DNCB plus verbascoside treatment showed a
significant decrease (50%) in the IL-4 level compared to
the DNCB model group. These results were consistent
with the previous ELISA data about the overall serum
IL-4 level, and suggested that verbascoside was able to lo-
cally suppress the immune response elicited by DNCB in
the skin tissue.

Verbascoside Antagonized DNCB-Induced

T Cell Costimulatory Factors CD86 and CD54,

Proinflammatory Cytokines, and NFxB Pathway

Activation in THP-1 Cells

To understand the molecular mechanism of the ver-
bascoside effect and extend the murine model results to a
human cell system, we next used a widely accepted hu-
man monocyte cell line, THP-1, to investigate the de-
tailed function of verbascoside on critical costimulatory
signaling for the activation of T cells such as CD86 and
CD54 and proinflammatory cytokines such as TNF-a and
IL-6. THP-1 is a human leukemia monocytic cell line ex-
tensively used to study monocyte/macrophage functions,
mechanisms, and signaling pathways [30]. Macrophages
have been shown to play an important role in AD immu-
nopathogenesis [9, 25]. CD86 is an important costimula-
tory molecule on antigen-presenting cells, and helps with
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prime T cell differentiation and activation. CD54 is a cell
adhesion molecule, expressed on macrophages, lympho-
cytes, and endothelial cells, which promotes stable inter-
action and facilitates leukocyte endothelial transmigra-
tion. CD86 and CD54 expression on THP-1 cells was
used in an in vitro skin sensitization assay to monitor the
activity of sensitizer such as DNCB [31, 32]. CD86 and
CD54 levels on the THP-1 cell surface were induced by
5-uM DNCB stimulation to about 3 times that of the
DMSO-treated control group (Fig. 5a). The DNCB plus
verbascoside treatment showed a dose-dependent sup-
pression of both CD86 and CD54, the 5-uM verbascoside-
treated sample with a 30% decrease and 10-pM of verbas-
coside causing a more significant reduction of 50% com-
pared to DNCB stimulation group. Isotype controls for
anti-CD86 and anti-CD54 were also tested on DNCB-
stimulated cells to confirm the specificity of target detec-
tion in our assay (online suppl. Fig. 4). Similarly, the lev-
els of TNF-a and IL-6 secreted by THP-1 cells upon treat-
ment with DNCB were 25- and 16-fold the basal levels,
respectively (Fig. 5b). The TNF-a level was reduced to 15-
and 11-fold that of the basal level by the 5-um and 10-pum
verbascoside treatment, respectively. The IL-6 level was
decreased by 12- and 8-fold the basal level by the 5-um
and 10-pM verbascoside treatment, respectively, suggest-
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sion level was also measured by real-time PCR. The data are pre-
sented as mean + SD (n = 6). ** p < 0.01, significantly different from
control group; * p < 0.05, significantly different from DNCB-treat-
ed group as analyzed with the paired ¢ test.

ing a strong dose-dependent response. To confirm that
verbascoside did not affect THP-1 viability, we also mea-
sured cell death with TUNEL assay. The DNCB and ver-
bascoside treatments did not affect the percentage of dead
cells (online suppl. Fig. S3).

We next investigated the molecular signaling mecha-
nism of verbascoside treatment by Western blotting. As
previously reported, verbascoside can inhibit activation
of the NF«B pathway [17, 33], a master transcription fac-
tor regulating the downstream response of many proin-
flammatory stimuli [34]. Here, we also tested whether
verbascoside attenuated the DNCB-induced inflamma-
tory response via the modulation of NF«B activation.
DNCB-treated samples showed strong activation of p65
and IkBa compared to the DMSO-treated controls
(Fig. 5¢, lane 2 vs. lane 1). The 5-uM verbascoside treat-
ment significantly downregulated the phosphorylation of
p65 and IkBa. The 10-uM verbascoside treatment almost
completely abolished the activation of the NFkB compo-
nents, with phosphorylation of p65 and IkBa being re-
duced to a level similar to that in the DMSO-treated con-
trols. We also quantified the activation of IkBa and p65
with densitometry. Verbascoside showed a dose-depen-
dent suppression of DNCB-induced IkBa and p65 phos-
phorylation (Fig. 5d). This result revealed that verbasco-
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Fig. 5. Effects of verbascoside on the biological response of THP-1
to DNCB. a THP-1 cells were treated with the indicated chemicals
for 24 h before harvesting. Cell surface markers CD86 and CD54
were measured by flow cytometry. The mean fluorescence inten-
sity (MFI) was used as indicator of surface marker expression.
b The cell supernatants were also collected for the measurement of
TNF-a and IL-6 production. ¢ The cell lysate of THP-1 after treat-
ment was subjected to SDS-PAGE to determine the levels of total

side was able to potently suppress the DNCB-induced ac-
tivation of NFkB signaling pathways; this served as part
of the underlying mechanism for the previous results ob-
tained in THP-1 (Fig. 5a, b). In addition, we also tested

Verbascoside, a Therapeutic Agent for
AD

p65, phosphorylated (p)-p65 (S536), total IkBa, and p-IkBa (S32).
d Densitometry analysis of Western blot was performed on THP-
1 cells. The values represent the ratio of p-IkBa/total IkBa or
p-p65/total p65. Data are representatives of at least three indepen-
dent experiments. ** p < 0.01, significantly different from DMSO
treatment; * p < 0.05, ** p < 0.01, significantly different from
DNCB treatment as analyzed with unpaired  test.

the effect of verbascoside in vitro on differentiated Th2
cells. We measured the production of Th2 cytokines IL-4
and IL-5 as a functional readout. As shown in online sup-
plementary Figure 5, activated Th2 CD4+ cells produced
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higher levels of IL-4 and IL-5. As expected, verbascoside
treatment directly decreased IL-4 and IL-5 production in
Th2 cells with a dose-dependent effect. Taken together,
verbascoside may exert pleiotropic immunomodulatory
effects on the different immune cells involved in AD
pathogenesis.

Discussion

AD is the most common chronic inflammatory skin
disease, and it often precedes asthma and allergic disor-
ders. It is driven by both terminal keratinocyte differen-
tiation defects and a strong type 2 immune response. AD
pathology is characterized with skin barrier abnormali-
ties and immune dysregulation, at local and systemic lev-
els and with high heterogeneity [1, 2, 4]. It imposes con-
siderable burdens upon the quality of life, health out-
comes, and work productivity of sufferers, given that the
standard steroid treatment has intrinsic side effects and
that AD is often associated with microbial organism in-
fection [10, 15]. Verbascoside is a naturally occurring,
water-soluble phenylethanoid glycoside, which is hydro-
philic in nature and possesses pharmacologically benefi-
cial activities for human health, including antioxidant,
anti-inflammatory, and antineoplastic properties, in ad-
dition to numerous wound-healing and neuroprotective
properties [17, 18, 35].

In this study, we tested the effect of verbascoside in an
DNCB-induced AD-like murine model. Our results dem-
onstrated that verbascoside could ameliorate the overall
manifestation of AD-like symptoms such as scratching
behavior and skin lesion severity. At the whole-body lev-
el, verbascoside significantly suppressed DNCB-induced
IgE and Th2 cytokines in the peripheral blood. At local
skin lesion sites, verbascoside inhibited DNCB-induced
proinflammatory cytokines like TNF-a and IL-6 as well
as IL-4 mRNA production. Using a human monocyte
model with THP-1, we revealed that verbascoside could
suppress the upregulation of CD86 and CD54 at the cell
surface, and abolish the DNCB-induced proinflamma-
tory cytokines TNF-a and IL-6 as well as the activation of
the NFkB pathway (which served as a mechanism of its
anti-inflammatory effect in the AD-like lesions).

As mentioned previously, AD is a highly heteroge-
neous and complex disease characterized by abnormal
immunological and inflammatory pathways, and in-
volves a defective skin barrier, exposure to environmental
agents, and neuropsychological factors [2]. AD patients
often develop evidence of allergic IgE-mediated sensitiza-
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tion. Acute AD skin lesions exhibit Th2-dominant in-
flammation characterized by dermal infiltration of CD4+
T cells and eosinophils, with the deposition of eosinophil
products and the increased skin expression of Th2 cyto-
kines. Subsequently, the chronic phase demonstrates alo-
cal Th1 IFN-y response and tissue remodeling, with in-
creased deposition of collagen and dermal thickening [6,
12]. In the DNCB-induced murine AD-like model adopt-
ed in our study, we clearly observed the upregulation of
serum IgE and Th2 cytokines such as IL-4 and IL-13
(Fig. 3), suggesting that the model recapitulated the man-
ifestation of AD. The downregulation of IgE and IL-4/
IL-13 serum levels by verbascoside treatment correlated
well with ameliorated AD-like lesion severity and scratch-
ing behavior (Fig. 2). The level of proinflammatory cyto-
kines at the lesion was consistently suppressed by verbas-
coside treatment in AD. Our result is supported by the
report that an IL-4-deficient mouse model showed inhib-
itory effects in DNCB-induced dermatitis [36] versus
transgenic mice with overexpression of IL-4 developing
spontaneous pruritus and chronic dermatitis at the age of
4 months [37]. An earlier report was mainly focused on
the anti-inflammatory effect of verbascoside being due to
the inhibition of histamine and arachidonic acid release
from mast cell [35]. Our study is the first to point out the
suppressive role of verbascoside on IgE and the type 2 im-
mune response in AD model.

It has been described that epidermal cytokines such as
IL-1f, TNF-a, and IL-6 play a crucial role in the induc-
tion and elicitation phases of allergic contact dermatitis
upon exposure to sensitizers [15, 25]. Following antigen
uptake, and in the presence of a danger signal generated
by microbial antigens that include normal flora and/or
mechanical injury (with its release of mediators such as
IL-1 and TNF-a), immature dendritic cells acquire the
phenotype of functional antigen-presenting cells. They
can induce the expression of major histocompatibility
complex class I molecules and key costimulatory mole-
cules such as CD80 and CD86 [38]. In our study, we mea-
sured TNF-a in the overall body serum and locally at the
lesion site. We chose THP-1, a widely used monocyte
and macrophage model, to investigate the molecular
mechanism of the effect of verbascoside on a DNCB-in-
duced allergic immune response. Verbascoside has
shown a potent anti-inflammatory effect in the same cell
line. It can inhibit LPS- and IFN-y-induced activation of
iNOS and the production of free radical species [33]. Be-
sides its effect in macrophages and leukocytes, it has also
been reported to inhibit TNF-a- and IFN-y-induced
NFxB activation, ERK phosphorylation, and subsequent
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AP-1 activation in human keratinocytes [19]. The sup-
pression of these proinflammatory pathways by verbas-
coside leads to a more potent inhibition of the chemo-
kine IL-8, downstream recruitment of granulocytes to
the inflammatory loci, and cell proliferation [19, 39], all
characteristics of inflamed tissues [12]. Our finding of
the inhibitory effect of verbascoside on the activation of
the NFkB pathway in THP-1 cells is consistent with these
reports. Specifically, 40 uMm of verbascoside has been
shown to strongly inhibit NO, TNF-a, and IL-12 produc-
tion in response to LPS and IFN-y [40]; in our study, the
concentrations of verbascoside were much lower, to
achieve the suppressive effect in both the animal model

and the cell line model, further supporting its therapeutic
application for AD treatment.

In conclusion, we demonstrate, for the first time, that
verbascoside has a potent anti-inflammatory effect in a
DNCB-induced AD model. As an antioxidant, anti-in-
flammatory, water-soluble natural compound, verbasco-
side robustly suppressed the Th2 immune response and
relieved AD symptoms without severe side effects. Ver-
bascoside is a promising therapeutic agent, especially for
patients with chronic AD, since this involves systemic
dysregulation of the immune response, and the current
standard treatment of prolonged topical steroid adminis-
tration is frequently associated with severe side effects.
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Figure S1. Effect of verbascoside on dorsal skin in animal dermatitis model. A)
Representative examples of skin sections (4 um) stained with hematoxylin—eosin.
Skin samples were harvested from dorsal skins of mice from different treatment

groups on the last day of the study. Scale bar = 100 pm. B) Histological analysis of



skin thicknesses of the mice from different experimental groups. The data are
presented as the meanSD (n =6). ## p<0.01, significantly different from control
group by paired t-test; * p<0.05, significantly different from DNCB treated group by
paired t-test. C) Skin samples were lysed and total proteins were extracted. Filaggrin
protein in the lysate was measured by ELISA. The expression level was normalized to
total protein. The data are presented as the meanSD (n =6). ** p<0.01, significantly

different from vehicle group.
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Figure S2. Effect of verbascoside on DNCB induced increase of DNP-specific IgE
in serum. Sample blood was collected on the last day of the study (day 19). The level
of serum DNP-specific IgE was measured with ELISA. The data are presented as the
meanSD (n =6). ## p<0.01, significantly different from control group; ** p<0.01,

significantly different from DNCB treated group.
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Figure S3. Effects of DNCB or verbascoside treatments on THP-1 cells viability.
THP-1 cells were harvested with exposure to the indicated chemicals for 24 h. Cell
viability was determined by TUNEL assay. Positively stained cells in the assay were
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p<0.01, significantly different from the respective positive group as analysed with

unpaired t-test.

1000

##
800 |

600
ok

400

IL-4 production (ng/ml)

200

o[

Naive CD4+ Cells Th2 CD4+ Cells Th2 CD4+ Cells Th2 CD4+ Cells
+Verbascoside 5 uM  +Verbascoside 10 uM

B 600 H

400

*3k

200

IL-5 production (ng/ml)

)

Naive CD4+ Cells Th2 CD4+ Cells Th2 CD4+ Cells Th2 CD4+ Cells
+Verbascoside 5 uM  +Verbascoside 10 uM

Figure S5. Effects of verbascoside on Th2 CD4+ cells. Naive CD4+ Cells were first
differentiated into Th2 CD4+ cells in culture. The activated Th2 cells were then
treated with PBS, 5 UM or 10 M verbascoside for 24 h and the cell culture media
were harvested. IL-4 and IL-5 levels in the media were quantified by ELISA. The
data are presented as the meanaSD (n=4). ## p<0.01, significantly different from
naive T cells group; *p<0.05, ** p<0.01, significantly different from Th2 cells control

group treated with PBS as analysed with unpaired t-test.



	2018-175-220-30.pdf
	IAA486958_FigS1S5.pdf

