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ABSTRACT Atopic dermatitis (AD) is a chronic inflammatory skin disease, which requires safe and effective treatment. In
this study, we evaluated the effects of SSC201, a herbal formulation consisting of Stemonae Radix, Spirodelaec Herba, and
Cnidii Fructus, on the development of AD induced by 2,4-dinitrochlorobenzene in the NC/Nga murine model. Oral admin-
istration of SSC201 significantly reduced the severity of dermatitis and the tendency of mice to scratch their lesions. SSC201
significantly reduced the thickening of the epidermis/dermis and the infiltration of T cells, eosinophils, and mast cells into the
dermis. These results were supported by findings of reduced numbers of CD4*, CCR3*, and CD117*FceRIa* cells in the
skin. Furthermore, SSC201 significantly decreased the number of CD4*, CD8", and CD3*CD69" T cells in lymph nodes.
SSC201 not only decreased the plasma levels of immunoglobulin E (IgE) and the numbers of IgE-producing B cells
(B220*CD23*), but also reduced the number of eosinophils and the levels of eotaxin as well as concentrations of thymus and
activation-regulated chemokine in the periphery. Splenic levels of Th2 cytokines, including interleukin (IL)-4, IL-5, and IL-
13, were reduced, whereas the levels of IL-12, a Th1 cytokine, were increased. Taken together, our data suggest that SSC201
may be an effective therapeutic agent for the treatment of AD.
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INTRODUCTION

TOPIC DERMATITIS (AD) is a chronic inflammatory skin

disease characterized by eczematous and pruritic le-
sions.! Its clinical signs and symptoms are associated with
underlying immunological imbalances dominated by Th2
immune responses, leading to immunoglobulin E (IgE)
production and the accumulation of eosinophils,>® and
therefore resembles a Th1 deﬁciency.4 Indeed, the number of
Th2 cells producing interleukin (IL)-4, IL-5, and IL-13 in-
creases during the acute and chronic stages of AD in in-
flamed skin and contributes to epidermal hyperplasia,
keratinization, and barrier dysfunctions.5 ¢ Furthermore, IL-4
and IL-13 mediate the IgE-isotype switch in B cells.” The
levels of IL-5, which promote survival and activation of
eosinophils, are also increased in the sera of patients with
AD, resulting in eosinophilia.8 Chemokines, such as eotaxin
and thymus and activation-regulated chemokine (TARC)
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produced by Th2 cells, increase the number of immune cells
expressing CCR3, a C-C chemokine receptor, such as eo-
sinophils and mononuclear cells,” as well as mast cell pre-
cursors in the circulation and assist in their recruitment into
dermal infiltration.'® Furthermore, the levels of IgE are as-
sociated with the severity of AD, and mast cells display
FceRI on their surfaces; crosslinking of FceRI by surface IgE
and antigen generates rapid release of various inflammatory
mediators that contribute to clinical manifestations, such as
itching, erythema, and edema.'!

NC/Nga (NC) mice develop clinical signs of AD that
begin with scratching followed by the onset of eczematous
skin lesions.'> The AD-like skin lesions are caused by in-
filtration of various inflammatory cells, including T cells,
mast cells, and eosinophils. NC mice also produce high
concentrations of total IgE in plasma.'® Because the Th2
dominant pathophysiological characteristics of NC mice
closely resemble those of human patients with AD, these
mice provide a useful animal model to study the efficacy of
medicine on human AD as well as the pathogenesis
of AD.™

SSC201 is a herbal formulation containing Stemonae
Radix, Spirodelae Herba, and Cnidii Fructus. SSC201 has
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been used as a medicinal formula to alleviate skin inflam-
mation and itching in traditional herbal medicine.'>~'7 The
biological activities of each herb have been reported as
follows: Stemonae Radix has been used to treat eczema.'®
Chnidii Fructus has been reported to have antipruritic effects
in substance P-induced itching ICR mice,'® and suppress
chemical-induced contact dermatitis.’® An extract of Spir-
odelae Herba inhibited lipopoly-saccharide-induced in-
flammation in macrophages by suppressing NO production
and nuclear factor-kappa B activation.?'*> However, the
therapeutic potential of SSC201 for AD has not been in-
vestigated. In this study, we tested whether oral adminis-
tration of SSC201 inhibits AD in 2,4-dinitrochlorobenzene
(DNCB)-induced atopy model of NC/Nga mice.

MATERIALS AND METHODS
Preparation of SSC201

The herbs, Stemonae Radix (Stemona japonica, Stemo-
naceae), Spirodelae Herba (Spirodela polyrhiza, Lemna-
ceae), and Cnidii Fructus (Torilis japonica Dc.,
Umbelliferae) were purchased from Nanum Pharm Co., Ltd.
(Yeongcheon, Gyeongbuk, Korea), SSC201 was prepared
by boiling the three herbs (1:1:1) in distilled water (DW) at
100°C for 2 h. The boiled herbs were then filtered through a
Whatman no. 2 filter (Maidstone, United Kingdom), con-
centrated under vacuum conditions, and freeze dried. The
yield of the dried extract was ~10.5%.

Standardization of SSC210

Coumaroylquinic acid (Stemonae Radix), vitexin
(Spirodelae Herba), and torilin (Cnidii Fructus) were used
as surrogates”>?* and quantified using high-performance
liquid chromatography (Waters Alliance 2695 system;
Waters Co., Milford, MA, USA) coupled with a 2996
photodiode array detector as follows: Phenomenex Luna
C18 column (250x 4.6 mm; particle size 5 pm; Phenom-
enex, Torrance, CA, USA) was used as stationary phase
and the mobile phase was composed of 0.1% (v/v) tri-
fluoroacetic aqueous solution (A) and acetonitrile (B). The
elution conditions were as follows: at =0 min, the mobile
phase consisted of 90% A/10% B and was held for 10 min.
From 10 to 70 min, a gradient was applied to 30% A/70%
B, which was followed by a wash with 100% B for 5 min
and a 15-min equilibration period at 90% A/10% B. The
separation temperature was kept at 40°C throughout
the analysis, with a flow rate of 1.0 mL/min and injection
volume of 20 pL. Identification was based on retention
time and UV spectra by comparison with standards.
The components were quantified based on peak areas at
the maximal wavelength. The quantification was deter-
mined by comparison with standard curves for authentic
coumaroylquinic acid (identified from Stemonae Radix
by electrosprayionization-MS and 'H-NMR, '3C-NMR)
(KOC Biotec Corp., Daejeon, Korea), vitexin (Sigma-
Aldrich, St. Louis, MO, USA), and torilin (Hankook-
shinyak Corp., Chungnam, Korea).

Animal experiments

Specific pathogen-free (SPF) 6-week-old male NC/Nga
(NC) mice were purchased from Central Lab Animal, Inc.
(Seoul, Korea). Animal experiments complied with the
guidelines of the Daejeon University Animal Care and Use
Committee (Written approval number DJUARB2012-008).
NC mice were divided into five groups (n=10-12 per
group) and were orally administered DW, dexamethasone
(Dex) (3 mg/kg/day; Sigma-Aldrich), or SSC201 (250 or
500 mg/kg/day) for 5 weeks. The shaved dorsal skin of four
of these groups was treated with 0.2% DNCB diluted in an
acetone and olive oil solution (3:1) once each week to in-
duce dermatitis (Sigma-Aldrich). The Naive group was not
treated with DNCB and was administered oral doses of DW.
The Normal group was maintained in SPF condition without
DNCB treatment. The severity of dermatitis was assessed
once each week by three persons unaware of the identities of
the groups, according to the method described by Leung et
al.?® The total clinical index of dermatitis severity was de-
fined as the sum of the individual scores graded as follows: 0
(none), 1 (mild), 2 (moderate), and 3 (severe) for each of the
five signs and symptoms (erythema/hemorrhage, edema/
hematoma, excoriation/erosion, itching/dryness, and liche-
nification (thickness of the skin). The frequency of using
the hind paws to scratch the body was measured during a
20-min period.

Enzyme-linked immunosorbent assay

Splenocytes (2 x 10°) were stimulated with a plate-bound
anti-CD3 antibody (5 ug/mL; BD Biosciences, San Diego,
CA, USA) for 72h. The levels of mouse IL-4, IL-5, IL-
12p40, IL-13, and interferon (IFN)-y in the supernatants of
the suspensions were determined using enzyme-linked im-
munosorbent assay (ELISA) kits (BD Biosciences or Life
Technologies, Camarillo, CA, USA). The plasma levels of
mouse IgE (Shibayagi, Gunma, Japan), eotaxin, and TARC
(R&D Systems, Minneapolis, MN, USA) were measured
using ELISA Kkits.

Analysis of total leukocytes and eosinophils in peripheral
blood

Blood was collected from individual groups of mice, 11
weeks of age, through heart puncture. The number of total
leukocytes and eosinophils in the heparinized blood was
counted using a CELL-DYN® 3200 (Abbott Laboratories,
Santa Clara, CA, USA).

Flow cytometry (fluorescence-activated cell sorting)

Dorsal skin and axillary lymph node were minced and
incubated in phosphate-buffered saline (PBS) containing
I mg/mL collagenase IV (Sigma-Aldrich) and 2mg/mL
dispase (BD Biosciences) for 40 min at 37°C. Cells were
stained with antibodies specific for mouse CD4-FITC, CD8-
PE, CD3-PerCP, CD69-PE, B220-PE, CD23-FITC, CCR3-
PE, CD117-PE, and FceRIz-FITC (BD Biosciences) in a
staining buffer (PBS containing 1% fetal bovine serum and
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0.01% sodium azide) for 30 min on ice and analyzed by
fluorescence-activated cell sorting (FACS) on a FACScan
analyzer, using Cell-Quest software (both from BD Bios-
ciences).

Histological examination of AD-like skin lesions

Small biopsies were obtained from the dorsal skin of the
mice (n=8-10/group). Skin sections were fixed and em-
bedded in paraffin, cut to a thickness of 4 um, stained with
hematoxylin and eosin or Toluidine blue for detection of
various inflammatory cells and mast cells, respectively.
Cells in the dermis were observed using a visible light mi-
croscope at a magnification of 200X

Statistical analysis

All data are expressed as mean =+ standard deviation and
represent one of three independent experiments. One-way
analysis of variance (ANOVA using SPSS Software) was
used to analyze the differences between the Control and
experimental groups. Duncan’s multiple comparison tests
were used to compare the mean values of the treatments.

(b) Vitexin

A (a) Coumaroylquinicacid
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P values<.05 were considered statistically significant. A
repeated measures ANOVA was performed to determine the
effects of the treatments during the oral administration pe-
riod. One-way ANOVA was used to analyze the interaction
effect between the groups for which the parameters were
found to be significantly different at the indicated week
(Figs. 2 and 5).

RESULTS

Oral administration of SSC201 inhibits the development
of DNCB-induced dermatitis in NC mice

As shown in Figure 1, we standardized SSC201 using
coumaroylquinic acid (0.253+0.007 mg/g), vitexin
(0.725+0.013 mg/g), and torilin (0.061 £0.003 mg/g). To
evaluate whether SSC201 suppressed AD, NC mice were
fed SSC201 (250 or 500 mg/kg/day), Dex (3 mg/kg/day),
or DW (Control, 100 uL/mouse/day) daily for 5 weeks.
The increase in the dermatitis severity index of the Con-
trol group indicated the development of dermatitis with
time (Fig. 2A). However, oral administration of SSC201
for 3 weeks significantly decreased the dermatitis index,

(c) Torilin
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resulting in less hemorrhage, edema, dryness, and ery-
thema in a dose-dependent manner, which was accompa-
nied by less frequent scratching. SSC201 significantly
lowered the scratching frequency almost to that of the Dex
group (Fig. 2B). Although scratching frequency in the
Control group at 11 weeks was slightly less compared with
the values at 10 weeks, the treatment with this herbal
formula maintained the scratching frequency lower than
Control. Moreover, these outcomes were consistent with
the analysis of the overall clinical appearance of the mice
(Fig. 2C). Treatment with Dex also lessened the severity of
dermatitis and scratching frequency. These data indicate
that SSC201 suppressed DNCB-induced dermatitis in NC
mice.

SSC201 not only inhibits the thickening of the epidermis/
dermis, but also T-cell activation and infiltration
of inflammatory cells

Control NC mice exhibited a marked thickening of the
epidermis and dermis, prominent hyperkeratosis, hemor-

rhage, and infiltration of inflammatory cells (Fig. 3A[b],
B[g]). However, SSC201 inhibited the pathologic changes
(Fig. 3A[d, e]) resulting in a histological environment very
similar to that of the Naive group. Toluidine blue staining
indicated that SSC201 inhibited the infiltration of mast cells
(Fig. 3B, j]). Dex also produced suppressive effects (Fig.
3A[c], B[h]). Further, in dorsal skin, there was a prominent
increase in the percentage of CD4* T cells (~3-fold) and
CCR3™ cells (~4.6-fold) in the Control group, respectively
(Table 1). SSC201 treatment resulted in significantly fewer
numbers of CD4* T cells and CCR3" cells, to almost
normal levels. There was also a significant increase up to
1.8-fold of mast cells by detection of CD117 (a mast cell
marker) and the IgE receptor (FceRIaz™) in the Control
group; however, SSC201 reduced their levels to that of the
Dex group. Furthermore, in axillary lymph nodes, the
Control group showed a three- to fourfold increase in T-cell
populations, including CD4* and CD8" cells as well as
CD3*CD69* cells, which express a very early inducible
activation marker (CD69) of T lymphocytes.”® However,
there were significant decreases with SSC201 treatment,
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FIG. 3. Effects of SSC201 on skin lesions in NC mice. Histological ex-
amination of dorsal skin in SSC201-treated NC mice. Dorsal skin of NC mice
was stained with A (a—e) hematoxylin and eosin or B (f-j) Toluidine blue for
detection of various inflammatory cells and mast cells, respectively. Cells in
the dermis were observed using a visible light microscope at a magnification
of 200 . Color images available online at www.liebertpub.com/jmf

resulting in a 50% decrease in the numbers of all T-cell
populations analyzed (Fig. 4). These data suggest that
SSC201 treatment suppressed AD-like skin lesions, possibly
by mediating the suppression of T-cell activation and in-
hibiting infiltration of inflammatory immune cells into skin.

TABLE 1. EFFeEcTs OF SSC201 oN LYMPHOCYTE POPULATION
IN THE SKIN OF NC MICE

Treatment
Concentration
(mglkg CDI117*
Sample  body weight) CD4" (%) CCR3*(%) FceRIo" (%)
Naive — 1.3£0.1%%*%* 1.7£0.1*%*  43%0.6*
Control — 45103 79+1.6 7.8+1.0
Dex 3 1.2£0.7%%%  25+£1.2%*% 34%0.6%*
SSC201 250 22+03%xx#  48+0.2% 45109
500 1.4£0.4%*%  20£0.5%* 3.5£0.5%*

The isolated cells were stained with cell-type-specific antibodies and
detected using FACS.

The data represent the mean=SD of triplicate determinations. n=10.

*P<.05, **P< .01, *#*P<.001 versus control. ¥P < .05 versus Dex (one-way
ANOVA).

Dex, dexamethasone; SD, standard deviation; ANOVA, analysis of variance;
FACS, fluorescence-activated cell sorting.

SSC201 not only reduces the number of eosinophil, but also
decreases the levels of eotaxin and TARC

As shown in Table 2, the number of total leukocytes of the
Control group increased greatly compared with the Naive
group. In particular, the number of eosinophils increased
considerably in the Control group, although it could not reach
eosinophilia (>4.5). However, SSC201 reduced the numbers
of total leukocytes and eosinophils, presumably by contrib-
uting to the suppression of increasing eosinophils. In addition,
Dex significantly reduced the number of eosinophils. The
levels of eotaxin and TARC decreased in SSC201-treated
mice by 50% and 65%, respectively, compared with those in
the Control group (Table 2). These data indicate that SSC201
inhibited the production of eotaxin and TARC, which pre-
vented Th2-mediated increase in the number of eosinophils.

SSC201 reduces the level of IgE in plasma and the number
of IgE-producing B cells

The concentration of IgE in the plasma of Naive group was
~370ng/mL. In contrast, IgE levels in the Control group
gradually increased with age to almost 16 mg/mL at 10
weeks. Administration of SSC201 and Dex lowered the IgE
concentration, resulting in a 51-59% and 84% lower level of
IgE, respectively (Fig. 5A). Further, the percentage of B cells
expressing FceRII (identified by surface expression of B220,
a B cell marker, and CD23, an FceRII marker) increased in
the Control group by threefold compared with the Naive
group. However, in the SSC201 group, the percentage of B
cells decreased almost to the same extent as the Naive group
(Fig. 5B). These data indicate that SSC201 lowered the
production of IgE and the number of IgE-producing B cells.

SSC201 regulates the balance of Thi/Th2 cytokine
production in splenocytes

To understand the molecular basis of the effects of
SSC201, the levels of cytokines produced by Thl and Th2
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cells were measured in splenocytes. In the presence of anti-
CD3 antibodies, the cells from the Control group produced
IL-4,1L-15, and IL-13 at levels up to 5.3-, 5.5-, and 7.5-fold,
respectively, compared with those of the Naive group.
However, treatment with SSC201 (500 mg/kg/day) de-
creased production of IL-4, IL-5, and IL-13 by 19%, 50%,

and 32%, respectively (Table 3). The levels of IL-12p40
increased by CD3 stimulation in the Control group, and
SSC201 further increased the levels up to 132-149%
compared with the Control group. In contrast, SSC201
showed no significant effects on IFN-y production. The
levels of IFN-y increased by anti-CD3 up to 1.6-fold in the

TABLE 2. EFFECTs OF SSC201 oN THE NUMBER OF EOSINOPHILS AND THE CONCENTRATIONS OF EOTAXIN AND THYMUS
AND ACTIVATION-REGULATED CHEMOKINE IN PERIPHERAL BLOOD

Treatment Cell (x 10° cells/mL) Chemokine (pg/mL)
Sample Concentration (mg/kg of body weight) Total leukocyte Eosinophils Eotaxin TARC
Naive — 32.0£5.1%* 0.2£0.1%* 503.7+36.7 94+1.6
Control — 46.2%1.5 32102 774.6£46.9 21.2+£29
Dex 3 28.7+5.9%* 0.9+0.2* 447.1+42.0* 16.5+£5.2
SSC201 250 35.9+4.4%* 1.4£0.3%# 543.5+133.5 12.3+4.4*
500 32.6+5.4%* 0.5£0.1%%# 390.6£8.5* 7.5+3.9%

Blood samples were isolated from each group of mice at the age of 11 weeks. Levels of eotaxin and TARC were determined by ELISA. The data represent the

mean+ SD of triplicate determinations. n=10.

*P<.05, #*P<.01 versus control. *P<.05 versus Dex (one-way ANOVA).

TARC, thymus and activation regulated; ELISA, enzyme-linked immunosorbent assay.
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Control group, but SSC201 treatment had no detectable
effects (Table 3). Dex potently suppressed the levels of
Th2-cytokines, but increased IL-12p40 levels as previously
reported.?” These results suggest that SSC201 regulates the
production of cytokines by splenic Th1/Th2 cells, resulting
in decreased or increased levels of Th2 or Thl cytokines,
respectively.

DISCUSSION

Systemic corticoids are effective for treating AD by
mediating a wide range of immunomodulatory effects, such
as suppressing cytokine and IgE production, and inhibiting
leukocyte chemotaxis.?® However, they can cause adverse
effects, including altering metabolism, suppressing the hy-
pothalamic—pituitary—adrenal axis,?® inhibiting growth and
increasing susceptibility to infection and rebound flare-ups.
The diminishing effectiveness of corticosteroids over time,
along with these side effects, significantly limits their use.*°
Oral antihistamines are relatively safe, but seem to be in-
effective; however, they prevent the interruption of sleep
caused by pruritus.’! Therefore, medicinal herbs have at-
tracted considerable attention as beneficial therapeutics for
treating AD. However, because only a few herbal medicines
have been demonstrated to be effective treatments for AD,>?
further research for developing safe and effective orally
applicable alternative therapies is required. The results of the
present study indicate that this will be a worthy endeavor.

SSC201 consists of three medicinal herbs having well-
recognized safety for long history of use and effectiveness
for inflammatory skin disease as alternative therapy; how-
ever, their efficacy and cellular and molecular mechanisms
for AD have been rarely studied.

Our present results indicate that oral administration with
SSC201 suppresses the development of DNCB-induced
dermatitis, possibly by controlling processes associated with
Th1 and Th2 cell function, specifically, downregulation of
the expression of IL-4, IL-5, IL-13, chemokines, and IgE as
well as the upregulation of the expression of IL-12. The
biological consequences of treatment with SSC201 in this
model included the suppression of the thickening of the
epidermis and dermis, the highly decreased number of eo-
sinophils, and early activated T cells (CD4+CD69 +) and
inhibition of the infiltration of various inflammatory cells,
including T cells, eosinophils (CCR3+), and mast cells
(CD117%/FceRIa™) into skin. There was a significant de-
crease in the levels of eotaxin, IL-5, IL-13, and TARC
(Tables 1 and 3). A particularly interesting aspect of our
present findings is the upregulation of the expression of IL-
12. IL-12 suppresses the production of cytokines by Th2
cells, such as IL-4 and IL-5 as well as IgE. IL-12 also plays a
role in IgE-mediated-mast cell activation through the aug-
mented expression of IFN-7.3* Based on our data (Table 3),
we assume that the increased expression of 1L-12, induced
by SSC201 treatment, likely contributed to the suppression
of the production of Th2-cytokines and IgE as well as the
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TABLE 3. EFFeEcTs oF SSC201 OoN THE PRODUCTION
oF TH1 AND TH2 CYTOKINES BY CULTURED SPLENOCYTES

Th2 cytokines

Treatment

Concentration
(mg/kg of IL-4 IL-5 IL-13
body weight) (pg/mlL) (pg/mlL) (pg/mL)

Normal — 1.5+04 0.8+£0.2 3508
Naive CD3 (5 ug/mL) 13.0£2.3%*% 42.0+8.4%* 218.4+£25.2%*

Sample

Control 70.4£8.5 2309+10.5 1646.4+31.5
Dex 3 25.4+2.7%*% 163.0£5.8% 1296.3+17.4*
SSC201 250 64.2+8.1% 153.7+5.1* 1307.9+15.3*
500 57.8+£3.2%#% 117.1£8.2%* 1121.6+ 14.6%*
Thil cytokines
Treatment
Concentration
(mg/kg of IFN-y IL-12p40
Sample body weight) (pg/mL) (pg/mlL)
Normal — 49+0.3 9.5+£0.5
Naive CD3 (5§ pg/mL) 306.3£26.8* 559.6+£40.8
Control 510.8+24.8 520.9+£53.7
Dex 3 512.7+£25.6 731.5+£98.8*
SSC201 250 535.5+£21.6 687.6+59.1%
500 512.4+29.2 773.6£54.0%

The isolated cells were stimulated with anti-CD3 antibody (5 ug/mL) for
72 h. Levels of IL-4, IL-5, IL-13, IFN-y, and IL-12p40 were determined using
ELISA. The data represent the mean+ SD of three independent experiments.

*P<.05, ##P<.01 versus control. *P<.05, #P < .01 versus Dex (one-way
ANOVA).

IL, interleukin; IFN, interferon.

activation of mast cells.>® Taken together, our results sug-
gest that by balancing the immune responses mediated by
Thl and Th2 cells, SSC201 may serve as an effective
treatment for AD through targeting multiple pathologic
factors.

Osthol from Cnidii Fructus has been identified as an ac-
tive compound for itching'® and exerts antiallergic effects.°
Intake of stemonine found in Stemonae Radix has been
known to suppress immune activation by reducing the
number of macrophages and lymphocytes,** and stemofo-
line is supposed to have anti-inflammatory activity, in-
hibiting the production of NO in macrophages.*> Spirodelae
Herba has several compounds such as apigenin, luteolin, and
vitexin,?® which suppress dermatitis as well as secretion of
IgE and Th2 cytokines in basophils and animals.>®37

Although several compounds from the three herbs used in
this study are known to prevent dermatitis and allergies, this
study did not include data for their active ingredients. Fur-
thermore, most of herbal medicines are administrated by the
oral route and multiple active ingredients can undergo
chemical modification and are metabolized in the absorption
process; studies on bioavailability of active compounds in
herbal mixtures are very important for quality control and

safety.’® Finding active compounds and bioavailability
study are definitely needed for further development of
SSC201 as an anti-AD agent. Considering that current orally
available therapeutics for AD not only are ineffective, but
also have harmful side effects, further investigations of
SSC201 are clearly warranted.
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