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Abstract

Alternatively activated macrophages (AAMs) are not only associated with asthma but also lead to asthmatic airway inflammation and
remodeling. Inhibition of AAMs is an alternative therapeutic strategy for treating asthma. In this study we investigated whether emodin
(1,3,8-trihydroxy-6-methylanthraquinone), isolated from the rhizome of Rheum palmatum, alleviated asthmatic airway inflammation
and reduced AAM polarization in a murine asthma model. Mice were sensitized with a triple allergen mix containing dust mite, ragweed
and aspergillus (DRA). In mice with DRA-induced asthma, asthmatic inflammation was significantly enhanced. Intraperitoneal injection
of emodin (20 mg-kg*-d™, ip) 1 h prior to DRA challenge on days 12-14 significantly decreased pulmonary eosinophil and lymphocyte
infiltration, mucus secretion and serum IgE production, as well as IL-4 and IL-5 production in bronchoalveolar lavage fluid. In response
to emodin treatment, activated markers of AAM Ym-1, Fizz-1 and arginase-1 in the lung tissues were remarkably decreased. In mouse
bone marrow-derived macrophages (BMDMs) in vitro, emodin (2-50 umol/L) dose-dependently inhibited IL-4-induced AAM polarization

and STAT6 phosphorylation. Collectively, our results suggest that emodin effectively ameliorates asthmatic airway inflammation and
AAM polarization, and it may therefore become a potential agent for the treatment of asthma.
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Introduction

Asthma is a complex pulmonary disease that affects approxi-
mately 300 million people worldwide, from infants to seniors,
and leads to 0.25-0.345 million deaths per year™?. Tt is a long-
term recurring inflammatory disease characterized by inflam-
matory cell infiltration, reversible airflow obstruction, mucus
secretion and bronchospasm®.. Because the underlying molec-
ular, cellular and pathogenic mechanisms of this disease have
not been fully defined, clinical treatment strategies have been
limited to targeting the symptoms of asthmal’l. Therefore, it
is of great importance to develop novel medicines for treating
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asthma.

As an inflammatory disease, asthma is considered a Th2-
dominant disease marked by increased IgE generation,
enhanced IL-4 and IL-5 production, mucus secretion, and
substantial eosinophil accumulation in the lung lobes?. In
response to general antigens such as house dust mites or
aspergillus, the adaptive immune system recognizes the anti-
gens presented by the antigen-presenting cells (APCs), acti-
vates the Th2 cells, and increases antigen-specific IgE produc-
tion, which is predominantly modulated by Th2 lymphocytes,
dendritic cells, mast cells and eosinophils“"gl. Recently, mac-
rophages have been identified as additional immune cells that
not only are associated with Th2 responses but also contribute
to asthmatic inflammation”. Depletion of pulmonary macro-
phages or the adoptive transfer of alternatively activated mac-
rophages (AAMs) is able to attenuate or accentuate asthmatic
airway inflammation". Therefore, restricting Th2-related
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macrophage polarization may provide an alternative strategy
for the clinical treatment of asthma.

Two classes of medicines are generally used to treat asthma.
Short-acting, selective beta-2 adrenergic agonists (SABA) are
the first-line treatment for acute asthmatic symptoms, whereas
corticosteroids and long-acting, selective beta-2 adrenergic
agonists (LABA) are the most effective medicines for long-
term control™. Although these medicines can ameliorate
the symptoms of asthma, complications of treatment may
include immunosuppression, microorganism infection, and
progressive loss of pulmonary function™. In addition, some
asthmatic patients, including those patients with asthma with
neutrophilic inflammation, resist the use of the standard corti-
costeroid therapy™. Therefore, new therapeutic medicines for
treating asthma must be developed.

Natural compounds have been widely used for treating
inflammatory diseases including allergic diseases. Emodin
(1,3,8-trihydroxy-6-methylanthraquinone) can be isolated from
the rhizome of Rheum palmatum L, and it has been used to treat
inflammation, tumors, and cardiovascular diseases™"”). In the
present study, we demonstrated that emodin alleviated triple
allergen (dust mice, ragweed, and aspergillus; DRA)-induced
asthmatic inflammation, including decreased IgE generation,
reduced IL-4 and IL-5 production, and attenuated pulmonary
eosinophil infiltration. Notably, emodin down-regulated IL-
4-mediated macrophage polarization and reduced STAT6
phosphorylation. Thus, these findings suggested that emodin
might become a potential candidate agent for treating asth-
matic airway inflammation.

Materials and methods

Animals

Male C57BL/6 mice (6 weeks old, 20+2 g, specific pathogen
free) were purchased from SLAC Laboratory Animal Corpo-
ration (Shanghai, China). Five mice were housed in one cage
in a climate-controlled room (25 °C, 55% humidity and 12 h
light/dark cycle). The mice were allowed ad libitum access to
water and food and were allowed to acclimate for at least 2
weeks prior to the beginning of the specific pathogen-free con-
dition of the experiment. This research adhered to the Prin-
ciples of Laboratory Animal Care (NIH publication No 85-23,
revised 1996). All experimental protocols described in this
study were approved by the Animal Care and Use Committee
of Shanghai Jiao Tong University.

Reagents

Emodin was purchased from Sigma (St Louis, MO, USA),
and a 50 mmol/L stock solution was prepared in DMSO and
stored in small aliquots at -20 °C. The ELISA kits for detecting
IL-4 and IL-5 were ordered from R&D systems (Minneapo-
lis, Minnesota, USA). The primers used in this study were
synthesized by HuaGene Biotech Co, Ltd (Shanghai, China).
The primary antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA), including antibodies against
pY-STATS, total-STAT6, KLF4 and GAPDH. Other chemi-
cal reagents without special indications were obtained from
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Sigma (St Louis, MO, USA).

Allergens

The triple allergens include extracts of dust mite (Dermatopha-
goides farina), ragweed (Ambrosia artemisiifolia), and Aspergillus
fumigates (Greer Laboratories, Lenoir, NC). Aluminum (Inject
Alum; Thermo Scientific) was used as an adjuvant. The quan-
tities of allergens for intraperitoneal injection (200 pL) per
mouse included: dust mite (5 png), ragweed (50 pg), and Asper-
gillus fumigates (5 ng). The quantities of allergens for intrana-
sal administration (50 pL) were as follows: dust mite (8.3 pg),
ragweed (83.4 ug), and Aspergillus fumigates (8.3 ug)"'.

Murine asthma models

To determine the effect of emodin on murine asthma, we
dissolved emodin in vehicle (10% DMSO, 60% cremophor,
20% ethanol and 10% PBS) (final concentration) for the in
vivo experiments™. Mice were randomly assigned to one of
three treatment groups: the control group (PBS+vehicle), the
DRA group (DRA+vehicle) or the emodin treatment group
(DRA+emodin). Each group contained five mice. The mice
were sensitized by an intraperitoneal (ip) injection of 200
uL alum-precipitated antigens containing the triple allergen
mix (60 ug of DRA) in PBS vehicle. Five days after the first
immunization (DO0), the mice were given a second intraperi-
toneal booster of the same dose of allergens in alum adjuvant
(D5) followed by exposure to DRA (100 pg) combination (50
uL) or PBS (50 uL) as a control on d 12-14 by intranasal (in)
administration after anesthesia with pentobarbital sodium.
Emodin was administered 1 h prior to DRA administration by
intraperitoneal injection on d 12-14. On day 15, the mice were
anesthetized, and peripheral blood, bronchoalveolar lavage
(BAL) fluid and lung tissues were collected for further analy-
sis.

Collection of bronchoalveolar lavage fluid (BALF) and total cell
count

The lungs were lavaged three times with 0.6 mL of PBS via
a tracheal catheter, and BAL fluid was centrifuged at 4 °C*",
The cell pellets were resuspended in PBS for total cell counts
using a hemocytometer. Cell smears were prepared using
cytospin (Thermo Electron Corporation, UK) and were stained
with Hema-3. Neutrophils, macrophages and lymphocytes
were identified via microscopy.

Flow cytometry assay

Cells collected from BAL fluid were incubated with Fc block-
ing antibody and anti-mouse CD16/32 antibody (BD Biosci-
ence), followed by PE-conjugated anti-Siglec F (BD Bioscience)
and APC-conjugated anti-CD11c (Biolegend) antibodies. Cells
were detected via flow cytometry (LSRFortessa TM X-20,
BD Biosciences, San Jose, CA, USA), and data were analyzed
using FlowJo software.

Histopathological analysis
Lung tissues (left lobe) were fixed with 4% paraformaldehyde,



embedded in paraffin and cut into 5-um-thick sections in a
microtome (RM2235, Leica Biosystems, Wetzlar, Germany).
Sections were stained with hematoxylin and eosin (H&E) and
Periodic acid-Schiff (PAS) for analysis of inflammatory goblet
cells, and then images were captured by a microscope (RX51,
Olympus Optical Co Ltd, Tokyo, Japan). To quantify mucus
production, the “Polygen selections” function in Image] soft-
ware was used to draw the outline of the bronchioles, and
then we calculated the perimeter of each bronchiole length
using pixels as a measurement unit under the same magnifica-
tion rate. The number of PAS-positive cells in each bronchiole
was divided by the bronchiole length. The mucus score was
determined by the number of PAS-positive cells per 100 pixel
lengths of the bronchiole.

Collection of serum and analysis of ISE

The mice were anesthetized on day 15 (D15), after which the
blood was collected and centrifuged at 4 °C (3000 r/min) for
15 min. Next, the serum was used to detect the total IgE level
with an ELISA kit (eBioscience) according to the manufactur-
er’s instructions.

Measurement of cytokine production

BALF was collected to measure the expression of cytokines
IL-4 and IL-5 using ELISA kits (R&D Systems, Minneapolis,
MN, USA). The cytokine concentrations were interpolated
from the standard curves for recombinant IL.-4 and TL-5",

Preparation of BMDMs

BMDMs were isolated from male C57BL/6 mice and cul-
tured in DMEM supplemented with antibiotics (100 U/mL
of penicillin and 100 pg/mL streptomycin), 10% FBS and
10% culture supernatant of L929 cells for 7 d (37 °C, 5%
CO,) P, Cells were treated with the indicated concentra-
tions of emodin according to experiment requirements, and
0.1% DMSO was added into the culture medium as the solvent
control.

RNA isolation, reverse transcription and quantitative PCR
Frozen lung tissue (from one of the right upper lobes) was
homogenized, and total RNA was isolated using TRIzol
Reagent (Invitrogen, Carlsbad, CA, USA)™. For in vitro analy-
sis, BMDMs (5><105) were incubated with emodin (0, 2, 10 and
50 pmol/L) and challenged with IL-4 for 24 h. The cells were
collected, and total RNA was isolated as well. ¢cDNA was
prepared using a ReverTra Ace qPCR RT Kit (Toyobo, Osaka,
Japan) and amplified by real-time PCR on a StepOne Plus
(Thermo Fisher Scientific, Waltham, MA, USA) with primer
sets for arginase-1 (forward, 5-CAATGAAGAGCTGGCTG-
GTGT-3’; reverse, 5-GTGTGAGCATCCACCCAAATG-3"),
Ym-1 (forward, 5'-GGGCATACCTTTATCCTGAG-3;
reverse, 5-CCACTGAAGTCATCCATGTC-3"), Fizz-1 (for-
ward, 5'-GAGACCATAGAGATTATCGTGGA-3’; reverse,
5-CACACCCAGTAGCAGTCATC-3") and GAPDH (forward,
5-TGCGACTTCAACAGCAACTC-3’; reverse, 5-CTTGCT-
CAGTGTCCTTGCTG-3).
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Western blotting analysis

BMDMs were plated in 6-well plates (1.0x10° cells per well)
and incubated overnight (37 °C, 5% CO,). Next, the cells were
treated with different doses of emodin (0, 2, 10 and 50 pmol/L)
for 0.5 h before they were stimulated with IL-4 (10 ng/mL) for
either 30 min or 24 h. Cells were collected with loading buf-
fer (175 mmol/L Tris-HCI, 100 mmol/L DTT, 4.0% SDS, 7.5%
glycerinum and 0.2% bromophenol blue in ddH,0), and the
proteins were subjected to sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) and were subsequently
transferred to a polyvinylidene difluoride (PVDF) membrane.
The membranes were washed and blocked in 5% bovine serum
albumin (BSA) at room temperature for 1 h. The samples were
then probed at 4 °C overnight with primary antibodies (1:1000
dilution) as mentioned above, followed by incubation with
secondary antibodies (KPL, Gaithersburg, MD, USA) for 1 h
at room temperature®™. Quantification of Western blots was
performed using Image]J software (National Institute of Mental
Health, Bethesda, MD, USA).

Statistical analysis

Data are presented as the mean+SEM and were obtained from
at least three independent tests. One-way ANOVA and Stu-
dent’s t-test (paired comparison) were performed using Prism
5 (GraphPad, San Diego, CA, USA). P<0.05 was considered
statistically significant.

Results

Emodin dampened the development of DRA-induced asthmatic
inflammation

Pulmonary eosinophil infiltration is one characteristic of asth-
matic inflammation. To determine whether emodin alleviates
asthma, we established a DRA-induced murine asthma model,
and the role of emodin in asthma was evaluated (Figure 1A).
On day 15, 24 h after the last challenge with DRA, the lungs
were lavaged, and the bronchoalveolar lavage fluid (BALF)
was collected for the assessment of inflammatory cell accumu-
lation. Based on the flow cytometry assay, compared with the
control mice that received vehicle and had no eosinophil accu-
mulation except for alveolar macrophages (Siglec-F*CD11c"),
DRA challenge led to 96% eosinophil (Siglec-F*CD11¢) infil-
tration in BAL cells in the lung. Emodin significantly reduced
eosinophil accumulation to 69% in BAL cells (Figure 1B).
Then, we performed quantitative analysis and found that DRA
remarkably induced total inflammatory cell and eosinophil
infiltration, which were dramatically decreased in response to
emodin treatment (Figure 1C and D). In addition, emodin also
significantly reduced DRA-induced lymphocyte infiltration
(Figure 1E). These results indicated that emodin ameliorated
pulmonary inflammatory cell and eosinophil infiltration in
DRA-induced asthmatic inflammation.

Emodin alleviated eosinophilic lung injury in DRA-induced
asthma

After the last DRA or PBS challenge, lung tissues were col-
lected, and histological examinations were performed to
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Figure 1. Emodin dampened the development of DRA-induced asthmatic inflammation. (A) The schematic timeline showed that mice were sensitized
with DRA on days O and 5 and challenged with DRA on days 12, 13 and 14. On day 15, the mice were sacrificed for analysis of the asthmatic
inflammation. In the emodin treatment group, the mice received intraperitoneal injections of emodin (20 mg/kg) 1 h prior to DRA administration on
days 12, 13 and 14. (B) Infiltrated inflammatory cells in BAL fluid were stained with different markers for identifying eosinophils (Eos, Siglec F'CD11c)
and macrophages (Mac, Siglec F*CD11c"), and then they were analyzed using flow cytometry. Total infiltrated cells (C), eosinophils (D) and lymphocytes (E)
in BAL fluid were counted based on the total number of BAL cells and the percentage of different cell types. Values represent mean+SEM. n=5 mice
per group, and ND stands for ‘not detected’. ““P<0.01 between the indicated groups.

determine the extent of eosinophilic lung injury. As shown in
Figure 2A, compared with the PBS challenge, DRA induced
increased inflammatory cell infiltration into the peribronchio-
lar and perivascular connective tissues. Moreover, emodin
significantly attenuated the eosinophil infiltration. Mucus
secretion is another inflammatory feature of allergic asthma,
and PAS staining was performed to evaluate airway hyper-
secretion of mucus and goblet cell hyperplasia. In DRA-
challenged mice, increased mucus hypersecretion and goblet
cell hyperplasia were detected in the bronchi compared with
no PAS-positive cells in the PBS-treated control mice. DRA-
induced mucus hypersecretion was significantly diminished
in response to emodin treatment (Figure 2B). To further assess
the degree of mucous gland and goblet cell hyperplasia, the
PAS-positive cells were quantified (Figure 2C). These patho-
logical results demonstrated that emodin inhibited DRA-
induced allergic airway inflammation.

Emodin inhibited DRA-induced IgE generation and type 2
cytokine production
Asthma has been defined as Th2-mediated airway allergic
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inflammation, in which the production of IgE, IL-4 and IL-5
is increased in response to allergen challenge. Twenty-four
hours after the last stimulation with DRA, IgE in serum and
IL-4 and IL-5 in BALF were enhanced (Figure 3). Emodin sig-
nificantly reduced IgE (Figure 3A), IL-4 (Figure 3B) and IL-5
(Figure 3C) production with inhibition rates of approximately
24.4%, 34.2% and 39.7%, respectively. These data revealed
that emodin attenuated asthmatic inflammation and reduced
type 2 cytokine production.

Emodin decreased polarization of AAMs during acute allergic
airway inflammation

Type 2 cytokine IL-4 can induce AAMs, and our previous
reports have proven that AAMs are not only associated with
asthmatic inflammation but also required for asthma develop-
ment™, Therefore, we determined whether emodin attenuates
the polarization of AAMs in vivo in a murine asthma model.
Here, we isolated and collected lung tissues and detected the
expression of AAM marker genes arginase-1, Ym-1 and Fizz-1.
With treatment with DRA, murine lung tissues displayed a
9-fold increase in the amount of arginase-1, a 55-fold increase
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indicated that acute challenge with DRA induced AAM polar-
ization, and emodin could attenuate the polarization of AAMs
in vivo.
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Figure 2. Emodin ameliorated asthmatic lung injury in DRA-induced asthma.
Lung lobes were excised, fixed and processed for histological evaluation. (A) H&E
staining was performed to determine the asthmatic inflammation in DRA-induced

atic inflammation in response to vehicle or emodin treatment. The black

arrows indicate pulmonary infiltrated eosinophils. (B) PAS staining was performed
for the identification of goblet cells in the epithelium. Black arrows indicate PAS-
positive goblet cells. (C) The number of PAS-positive cells per 100 pixel lengths

bronchiole was determined as described in the materials and methods

section. The results represent mean+SEM (n=5 mice for each group), and ND
stands for ‘not detected’. "P<0.05 between the indicated groups.

Emodin inhibited AAM polarization in vitro

Since the expression of AAM markers was attenuated in the
emodin-treated asthma model, we investigated whether emodin
inhibits AAM polarization in vitro. After bone marrow-derived
macrophages (BMDMs) isolated from C57BL/6 mice were stimu-
lated with 10 ng/mL IL-4 for 24 h, arginase-1 (Figure 5A), Ym-1
(Figure 5B) and Fizz-1 (Figure 5C) were significantly induced.
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Figure 3. Emodin inhibited IgE generation in serum and IL-4 and IL-5 production in BALF. Mouse serum and BALF were collected 24 h after the last DRA

challenge. (A) Total IgE production in mouse serum was detected by ELISA.
presented as the mean+SEM (n=5 mice for each group). ND stands for ‘not

The production of IL-4 (B) and IL-5 (C) was detected by ELISA. Values were
detected’. "P<0.05 between the indicated groups.
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Figure 4. Mice receiving emodin treatment displayed impaired AAM polarization during acute allergic airway inflammation. The lung tissues were
excised and collected 24 h after the last DRA challenge, the total RNA was isolated from lung homogenates, and the supernatant was stored. The
mRNA levels of arginase-1 (A), Ym-1 (B) and Fizz-1 (C) were then quantified by real-time PCR. Values were represented as the mean+SEM. n=5.

“P<0.05, ""P<0.01 between the indicated groups.

However, pretreatment with emodin at 10 and 50 umol/L
reduced IL-4-triggered AAM marker expression, including
arginase-1, Ym-1 and Fizz-1 (Figure 5). These data suggested
that emodin attenuated IL-4-induced AAM polarization.

Emodin decreased IL-4-induced STAT6 activation and KLF4
expression

STATS6 is a transcription factor of IL-4 that induces AAM
polarization by modulating AAM biomarkers™!. Though
AAM polarization is controlled by multiple different signal-
ing pathways, IL-4 receptor-mediated STAT6 activation is a
classic signal for AAM polarization. To elucidate how emodin
modulates AAM polarization, we stimulated BMDMs with
10 ng/mL IL-4 for 30 min; phosphor-STAT6 (Tyr641) was
induced, and emodin remarkably inhibited STAT6 activation
at 10 and 50 pmol/L (Figure 6A and B). Kruppel-like factor 4
(KLF4) is a DNA-binding transcriptional regulator®, which
is another vital gene for controlling AAM polarization™,
Upon treatment with IL-4 for 24 h, the expression of KLF4
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was increased. The increased KLF4 was inhibited by pretreat-
ment with emodin at 10 and 50 pmol/L (Figure 6C and D).
Based on the dose-dependent inhibition of STAT6 activation
and KLF4 expression by emodin, we considered that emodin
reduced AAM polarization via the down-regulation of STAT6
and KLF4, which in turn alleviated asthmatic inflammation.

Discussion

Natural substances are the most important resources in drug
discovery and development processes. Emodin is a purga-
tive resin that is widely found in Rheum palmatum, buckthorn
and Polygonum multiflorum™!. In this study, we identified that
emodin had a pharmacological activity in alleviating asthmatic
inflammation and reducing alternatively activated macro-
phages via IL-4 mediated signaling. In an experimental triple
allergen DRA-induced asthma model, emodin attenuated lung
eosinophilic infiltration, IgE production, mucus glycol conju-
gates and Th2 cytokine production. In addition, our results
indicated that emodin inhibited the expression of AAM mark-
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Figure 5. Emodin inhibited the IL.-4-mediated AAM polarization. BMDMs isolated from WT mice were cultured and pretreated with emodin at O, 2, 10
and 50 pmol/L for 30 min and then stimulated with 10 ng/mL of IL-4 for 24 h. Total RNA was isolated, and the mRNA levels of arginase-1 (A), Ym-1
(B) and Fizz-1 (C) were quantified by quantitative real-time PCR. Statistical analysis was performed using Student’s t test. n=3. "P<0.05, “"P<0.01

between the two indicated groups.
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Figure 6. Emodin reduced the phosphorylation of STAT6 and the expression of KLF4 in IL-4-induced BMDMs. BMDMs isolated from WT mice were
pretreated with emodin at 0, 2, 10 and 50 pymol/L for 30 min and then stimulated with 10 ng/mL of IL-4. Next, Western blotting was performed to
detect the expression of STAT6 and KLF4. (A) The phosphorylation of STAT6 and total STAT6 was detected at 30 min after IL-4 stimulation. (C) The
expression of KLF4 and GAPDH was detected by Western blotting. The ratio of phosphorylated and total STAT6 (B) and the ratio of KLF4 and GAPDH (D)
in densitometry were analyzed using ImageJ software. Statistical analysis was performed using Student’s t test. n=3. "P<0.05, ""P<0.01 between the

indicated groups.

ers, including arginase-1, Ym-1 and Fizz-1 both in vivo and in
vitro. Upon stimulation with IL-4, emodin decreased STAT6
phosphorylation, which is a critical signal for AAM polariza-
tion. Therefore, our studies revealed emodin as a potential
agent for treatment of asthmatic inflammation.

Macrophages are a type of tissue-resident innate immune
cell that not only acts as a first-line defense against pathogen
invasion but also modulates the tissue immune microenviron-
ment via the production of cytokines and chemokines™ >,
Recent studies have demonstrated that the diversity and plas-
ticity of macrophages play critical roles in the modulation of
severe chronic diseases, including cancer, type II diabetes, cys-
tic fibrosis and atherosclerosis™ *.  Although asthma is tradi-
tionally considered to be a type 2 immune response in which
Th2 lymphocytes, B cells, mast cells and dendritic cells are of
importance for pathological development, IL-4-mediated mac-
rophage polarization also contributes to asthmatic inflamma-
tion™*. To determine whether emodin attenuates asthmatic
inflammation by modulation of the pulmonary microenvi-
ronment, we injected mice with emodin in the DRA-induced
late phase of allergic responses in which adaptive immune
responses have been completely established. Decreased eosin-
ophilic inflammation indicated that emodin had effects on the
later-phase allergic responses. According to the decreased
expression of the AAM markers arginase-1, Ym-1 and Fizz-1 in
lung tissues, emodin may ameliorate asthma by at least partly
reducing AAM polarization. The role of AAMs in asthmatic
lung inflammation has been proven by using MAFIA (macro-
phage Fas-induced apoptosis) mice. Following specific deple-

tion of macrophages in the late-phase of allergic responses,
DRA-induced asthmatic pulmonary inflammation is remark-
ably reduced”. Therefore, interference of AAM polarization
by agents such as emodin is a potential therapeutic strategy
for treating asthma.

IL-4, a type-2 cytokine, not only induces differentiation
of naive T cells to Th2 cells but also polarizes resting mac-
rophages to AAMsP'. In macrophages, I1L-4 binds to 1L-4
receptors (IL-4Rs) and initiates the JAK2/3/STAT6 signal
pathway, leading to AAM polarization and inducing the
expression of Fizz-1, arginase-1, Ym-1 and CD206. The effect
of emodin on macrophage activation has been well explored.
Recent studies have shown that emodin can decrease LPS-
TLR4-mediated signaling pathways through inhibiting the
activation of NF-xB/IRF5/STAT1"? or PPARY™. In addition,
emodin also suppresses IL-1p-mediated NLRP3 inflamma-
some activation®! and IL-1B-induced mesangial cell prolif-
eration and extracellular matrix production by inhibiting
p38 MAPKP. Here, our results showed that emodin dose-
dependently inhibited IL-4-mediated STAT6 phosphorylation,
which was associated with decreased expression of Fizz-1,
Ym-1 and arginase in response to IL-4 treatment® *!. Because
IL-4-triggered STAT6 activation is required for AAM polariza-
tion", emodin can suppress AAM polarization by inhibiting
STAT6 phosphorylation. Given that STAT6 deficient mice
are protected against experimental asthma in which STATS is
involved in Th2 lymphocyte differentiation™], emodin may
also inhibit Th2-mediated immune responses. Thus, targeting
the STAT6 signal pathway is an alternative therapeutic target
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for the treatment of asthma. In fact, a novel STAT6 inhibi-
tor, AS1517499 (leflunomide), attenuates ovalbumin antigen
(OVA)-induced asthma®. Therefore, STAT6 inhibitory agents
such as AS1517499 and emodin might be helpful for ameliorat-
ing asthma.

Emodin, a traditional Chinese medicine, has primarily been
used as an anti-bacterial and anti-inflammatory agent™®*",
whereas little is known about its effect on asthma. Previ-
ous studies have shown that emodin protects against OVA-
induced asthmatic inflammation by reducing IL-4, IL-5 and
MMP-9 expression and inducing HO-1 expression™?. How-
ever, the underlying mechanism has not been identified. The
OVA model is characterized as ‘type 2-mediated immune
responses’, which lacks the impressive asthmatic airway
remodeling or chronic changes that are found in human
asthma™!. Here, we used a DRA-induced asthma model
instead of the traditional OVA-induced animal model to study
the effect of emodin on allergic asthma. Because the triple
allergens dust mite, ragweed and aspergillus are general aller-
gens for inducing human asthma, the pathological process is
more similar to that of typical clinic patients. In our study, we
found that emodin exhibited protective effects against DRA-
induced asthma. We also demonstrated that emodin attenu-
ated mucus production and airway remodeling by inhibit-
ing AAM polarization and Fizz-1 expression, not just type 2
immune responses. Therefore, we believe that emodin may be
useful as a new agent to treat asthma. Recently, inhaled corti-
costeroids are the first-line therapy for the treatment of chronic
asthma in many countries. However, several reports have
shown that severe asthmatic patients cannot be adequately
controlled by an ICS only. In addition, corticosteroid phobia
and fears are prevalent, influencing the therapeutic efficacy
and asthma control. The use of complementary and alterna-
tive medicine has become a more prevalent option for asthma
patients™!. For instance, previous reports have demonstrated
the modulation effect of Osthole, Herba Epimedii and chryso-
phanol on asthmatic inflammation>*”. Our study determined
that emodin alleviated DRA-induced asthma by interfering
with AAM polarization. Different from emodin, corticoste-
roids have been shown to bind to glucocorticoid receptors and
suppress the multiple inflammatory genes that are activated in
asthmatic airways by reversing histone acetylation of the acti-
vated inflammatory genes™l. Further studies should focus
on the combination use of corticosteroids and emodin in the
DRA-induced animal model to determine whether combined
therapy could further alleviate asthma symptoms.

Our study proved that emodin had an effect on reducing
asthmatic inflammation. Previous reports revealed that emo-
din inhibited tumor proliferation, reduced inflammation and
alleviated diabetes™ "', Various effects of emodin indicate
that it may target several genes, and future research should
focus on identification of the drug targets and discovery of the
mechanisms of its direct regulation. Since AAMs display dif-
ferent regulatory functions in various diseases except asthma,
emodin may exert therapeutic effects on several chronic
inflammatory diseases in addition to asthma.
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