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In this special collection of research results, we present a
group of original works performed by employing natural
compounds as tools to approach immunomodulation at dif-
ferent levels and against different diseases.

Natural compounds have contributed enormously to
immunomodulatory therapeutics. Since ancient times, nat-
ural medicines have constituted treatments with minimal
side effects. There are thousands of natural compounds
that are known to influence the immune system by either
affecting the functions of immune cells or affecting anti-
body secretion to control the infection and to maintain
immune homeostasis. The relevance of this research
would be crucial to the search for better treatments, both
to complement those that already exist and to develop
new strategies for the prevention and treatment of
immune-related diseases. Therefore, it is interesting to
dissect the molecular mechanisms of the immunomodula-
tory effects of natural compounds and to discover novel
promising candidates that can be used in the future
immunotherapeutic strategies.

Immunomodulation is a key issue in tissue homeostasis
for the physiological stability of organisms. Consequently, it
is important to search for immunoregulators, such as those
derived from natural immunomodulators, with less severe
side effects. This is the case for the work of Y.-H. Cheng
et al. in which the authors demonstrate Th-1 selective
immunomodulatory activity for crude leaf extracts from
Neolitsea spp., which contains phytochemicals meriting
further research as potentials for development as selective

immunomodulators. Additionally, M. O. Arruda et al.
reported the modulatory activity ofMentha piperita (pepper-
mint) leaf hydroalcoholic extract on macrophages, which are
essential cells against bacterial infection, by attenuating their
oxidative stress and improving their survival. Furthermore,
S. Lewicki et al. explored the immunomodulatory proper-
ties of the Rhodiola kirilowii aqueous extract to stimulate
innate immunity in an attempt to avoid, or to limit, the
excessive use of antibiotics during pregnancy and lactation,
which has been associated with a risk for immune system
developmental disorders.

The immune system encounters one of its great chal-
lenges against cancer. In the beginning, cell proliferation
dysregulations begin in a small microenvironment, and
distinct immune cell populations are recruited to the
vicinity of tumor [1], thus the high relevance of cancer
immunotherapy and the need to conduct exploration for
new natural compounds, or derived compounds, with
antitumor properties, as that which the aqueous extract
of Viscum album exhibits in the work presented by
R. M. Stammer et al. against alveolar rhabdomyosarcoma.
In addition, J.-T. Yang et al. demonstrated that propyl
gallate, a phytochemical polyphenolic compound, can
affect migration of malignant glioma cells through inhibi-
tion of ROS and the NF-κB pathway.

Cytokines and chemokines regulate immune responses
by signaling, through membrane receptors, whose signaling
pathways can be evaded or mimicked by viruses [2]. Conse-
quently, research on natural compounds that can prevent,
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reduce, or counter viral infective process acquires relevance,
in diseases such as that presented by S. Feustel et al. in which
an extract of Moringa oleifera exhibits protective effects
against hepatitis B virus (HBV) infection, particularly for
genotypes C and H.

The largest organ in the human body is the skin, and it
represents the greatest upon which the immune system needs
to act. Therefore, an imbalance or lack of adjustment of
innate or adaptative immunity leads to immune diseases.
Three of the works presented herein approach immunity
modulation in this organ’s epithelium, dealing with atopic
dermatitis and psoriasis.

Atopic dermatitis is not a life-threatening disease; how-
ever, it severely affects patients’ quality of life. Again, it is
derived from immune-response deregulation and with an
undefined etiology to date. Recently, air pollutants have been
involved as inductive factors [3]; therefore, it became relevant
to find some natural elements that can counteract this
pathology, as F. C. Muñoz et al. present in their results on
glycomacropeptide, a dairy bioactive peptide derived from
milk, κ-casein, which possesses prebiotic, anti-inflammatory,
and immunoregulatory properties that can lead to prophy-
lactic and therapeutic actions.

Likewise, psoriasis is the most common type of chronic
inflammatory dermatosis, derived from a disorder of the
immune system. Several genetic-susceptibility factors have
been discovered to be involved in this disease [4]. However,
their treatment comprises a search for compounds able to
prevent or thwart its effects. Here, C.-Y. Lai et al. present a
comprehensive review focusing on the natural modulators
able to inhibit endosomal TLR activation that can represent
candidate drugs for developing novel treatment options for
psoriasis. In addition, S. J. Kim et al. revealed promissory
experimental results with the use of the Euphorbia kansui
methanol extract, which ameliorates the symptoms of psori-
asis through inhibition of Th17 differentiation and dendritic
cell activation.

Undoubtedly, there remains much more work to be done,
but this avenue of natural immunomodulators is one highly
promissory pathway to continue to explore and investigate.
Many more surprises are awaiting to be discovered in the
prevention and treatment of inflammatory and immune-
regulated diseases. In the future, an extensive investigation
is required with respect to their mechanisms of action at
the systemic, cellular, and molecular levels and extension to
a broad spectrum clinical trial. Given the multiple biological
effects of natural compounds, it is exceedingly interesting to
design future therapeutic strategies for inflammatory pathol-
ogies and malignant diseases with a synergistic combination
of natural products together and various conventional thera-
pies. We hope that researchers enjoy the analysis of this
special issue.

Acknowledgments

We would like to thank the authors for having confidence
in us with regard to this initiative and for their commit-
ment to this proposal, by sending their manuscripts and
sharing their leading-edge research data and stimulating

ideas. We are also in debt and grateful to all of the
reviewers for their generously devoted time and highly
valuable insights.

D. Ortuño-Sahagún
K. Zänker

A. K. S. Rawat
S. V. Kaveri

P. Hegde

References

[1] N. Nagarsheth, M. S. Wicha, and W. Zou, “Chemokines in the
cancer microenvironment and their relevance in cancer immu-
notherapy,” Nature Reviews Immunology, vol. 17, no. 9,
pp. 559–572, 2017.

[2] J. Felix and S. N. Savvides, “Mechanisms of immunomodula-
tion by mammalian and viral decoy receptors: insights from
structures,” Nature Reviews Immunology, vol. 17, no. 2,
pp. 112–129, 2017.

[3] Y. Bordon, “Allergy: pollutants drive atopic dermatitis,” Nature
Reviews Immunology, vol. 17, no. 1, p. 1, 2017.

[4] A. M. Bowcock and J. G. Krueger, “Getting under the skin: the
immunogenetics of psoriasis,” Nature Reviews Immunology,
vol. 5, no. 9, pp. 699–711, 2005.

2 Journal of Immunology Research



Research Article
Administration of Rhodiola kirilowii Extracts during Mouse
Pregnancy and Lactation Stimulates Innate but Not Adaptive
Immunity of the Offspring

Sławomir Lewicki,1 Ewa Skopińska-Różewska,1,2 Aleksandra Brewczyńska,1 and
Robert Zdanowski1

1Department of Regenerative Medicine and Cell Biology, Military Institute of Hygiene and Epidemiology, Kozielska 4, 01-163
Warsaw, Poland
2Pathomorphology Department, Center for Biostructure Research, Warsaw Medical University, Chałubińskiego 5,
02-004 Warsaw, Poland

Correspondence should be addressed to Robert Zdanowski; rztox@yahoo.com

Received 2 March 2017; Accepted 14 September 2017; Published 30 October 2017

Academic Editor: Daniel Ortuño-Sahagún

Copyright © 2017 Sławomir Lewicki et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The use of antibiotics during pregnancy and lactation is associated with an increased risk of developmental disorders. One of the
natural medicinal plants—Rhodiola kirilowii, widely used as an immunostimulant in adults—might be a good alternative to
antibiotic treatment. The aim of present study was to assess whether daily oral administration of 20mg/kg of Rhodiola kirilowii
aqueous (RKW) or 50% hydroalcoholic (RKW-A) extracts affected hematological and immunological parameters of 6-week-old
mouse progeny. There was no significant change in hematological parameters of blood with the exception of hemoglobin, which
was significantly higher (about 4%) in RKW group. Offspring of mothers fed Rhodiola kirilowii extracts had increased
percentage of granulocytes and decreased percentage of lymphocytes. These changes correlated with decreased percentage of
CD3+/CD4+ T-cells (RKW and RKW-A), decrease of CD8+ cells, and increase percentage of NK cells in RKW group. In
addition, both types of Rhodiola kirilowii extracts stimulated granulocyte phagocytosis and increased level of respiratory burst.
In conclusion, the long-term supplementation of mouse mothers during pregnancy and lactation with RKW or RKW-A extracts
affects the immune system of their progeny. These results should be taken into consideration before administration of Rhodiola
kirilowii to pregnant and lactating women.

1. Introduction

Treatment of illnesses during pregnancy and in early infancy
can be problematic because of its potential effects on develop-
ment of infant immune system [1]. Vast majority of
infections are treated with antibiotics that cause plethora of
side effects. FDA (Food and Drug Administration) of the
U.S. Department of Health and Human Services created a list
of antibiotics, divided into 5 groups (A, B, C, D, and X)
depending on the potential risk of side effects. Only
antibiotics from group A are considered as being safe to use
during pregnancy and lactation [2]. The validity of such a
classification was confirmed in studies conducted on mouse
model. Using experimental model of pregnant mice,

Skopińska-Różewska and collaborators showed that pre-
natal exposure to antibiotics modifies the immune system
in progeny [3, 4]. Moreover, the offspring of mothers treated
during pregnancy with antibiotics from penicillin and ceph-
alosporin group (group B) showed an altered reactivity of
the immune system manifested by decreased intensity of cel-
lular response and increased intensity of humoral immune
response to pathogens. In addition, a prenatal and postnatal
exposure to antibiotics is associated with an increased risk
of asthma and obesity in childhood [5].

The overuse of antibiotics not only in medicine but
also in food industry causes increasing antibiotic resistance
and other side effects [6–8]. Thus, there is an increasing
demand for a natural antimicrobial and immunostimulatory

Hindawi
Journal of Immunology Research
Volume 2017, Article ID 8081642, 10 pages
https://doi.org/10.1155/2017/8081642

https://doi.org/10.1155/2017/8081642


medications, which could be safely administered during
pregnancy; the herbs from the Rhodiola genus seem to be
an excellent candidate.

Rhodiola genus from Crassulaceae family consists of
more than 200 species out of which over 20 species have
medicinal properties. They were used in traditional medicine
of Asia and Europe as tonic, adaptogen, antidepressant, and
anti-inflammatory drugs, and for these properties, they are
being tested recently in some clinical trials [9–11]. Clinical
trials showed lack of adverse effects and interactions between
Rhodiola extracts and other drugs. Plants from Rhodiola
species are known not only as a diet supplement that
supports mental and physical performance of the body but
also for the beneficial antitumor, antimicrobial, and immu-
nomodulatory activity [12, 13]. Importantly, Rhodiola has
antiviral and antimicrobial properties against hepatitis C
virus (HCV) and Mycobacterium tuberculosis [14, 15]. Cur-
rently, several novel clinical therapies based on the abilities
of Rhodiola extracts to stimulate the immune system are
under development [16].

All these properties make Rhodiola an attractive source
for producing various medications. Biological activity of
Rhodiola spp. depends on the phytochemicals such as poly-
phenols, phytosterols, caretonoids, saponines, and alkaloids.
Using mouse model, we showed that Rhodiola kirilowii, R.
rosea, and R. quadrifida extracts stimulated granulocyte and
lymphocyte activity. Feeding mice with Rhodiola extracts
for 7 days lowered intensity of Pseudomonas aeruginosa
infection, increased blood leukocyte number, and had modu-
latory effect on their metabolic activity [17–22].

The aim of the present study was to investigate if and how
50% hydroalcoholic (RKW-A) and aqueous (RKW) extracts
of underground (roots and rhizomes) parts of Rhodiola
kirilowii administrated to pregnant and lactating mice stimu-
late innate immunity of the offspring.

2. Material and Methods

2.1. Plant Cultivation. Rhodiola kirilowii (Crassulaceae)
plants were collected from the Institute of Natural Fibers
and Medical Plants (Poznań, Poland) field cultivations of
herbal plants. The taxonomic status of plant was confirmed
with Flora of the Soviet Union (Vol. 9, 1939) and Flora of
China (Vol. 8, 2001). A voucher specimen is kept in the
herbarium of the Department of Botany, Breeding and
Agriculture in Plewiska near Poznań.

2.2. Preparation of Extracts. Extracts have been prepared as
previously described [23]. Briefly, for RKW extract produc-
tion, the finely powdered R. kirilowii roots were extracted
twice with water (first for 2 h and then for 1 h) in a raw mate-
rial to solvent ratio of 1 : 5, at temperature between 40 and
45°C. Supernatants from each extraction were mixed
together, centrifuged (15min, room temperature, 2000×g),
and lyophilized. RKW extract contained about 14μg of
analyzed polyphenols (kaempferol, epicatechin, quercetin,
(+)-catechin, salidroside, fisetin, naringenin, luteoli, p-
coumaric acid, ellagic acid, epigallocatechin, ferulic acid,
chlorogenic acid, epicatechin gallate, and epigallocatechin

gallate) per mg of dry extract. For RKW-A extract produc-
tion, the finely powdered R. kirilowii roots were extracted
with a 50% ethanol, in a raw material to solvent ratio of
1 : 10 using the percolation method. The percolates were
lyophilized following distillation at 40–45°C. RKW-A extract
contained about 21μg of analyzed polyphenols.

Dry extract ratio (g of medical herb to g final extract) was
5.09 : 1 for RKW and 3.27 : 1 for RKW-A. Extracts were
stored at −70°C until further use.

2.3. Animals. All animal experiments were conducted
according to the Polish regulation and standards of the well-
ness of laboratory animals. All experiments were accepted by
and conducted according to the ethical guidance of Local
Bioethical Committee (permission 73/2011).

Experiments were performed on 6-week-old progeny of
70 adult inbred female BALB/c mice (8-9 weeks old; ~20 g
weight; purchased from Mossakowski Medical Research
Centre Polish Academy of Sciences, Warsaw, Poland), which
were mated with adult males of the same strain. After
confirmation of pregnancy (the presence of copulatory plug),
Balb/c females were fed daily (up to the 28th day after
delivery) with lyophilized RKW or RKW-A extracts (20mg
of extract/kg of body weight) dissolved in sterile water. The
control group received sterile water only. To avoid stress
related to gavage feeding and handling that can lead to mis-
carriage, 20 microliters of tested substance dissolved in sterile
water was placed on one corn chip and served to the
mouse in a petri dish. Female and male progenies were
housed separately.

Mice were maintained under conventional conditions
(22.5–23°C, relative humidity 50–70%, 12h day/night cycle)
with free access to breeding rodent feed (Labofeed H,
Wytwórnia Pasz “Morawski”) and water. Pups were with-
drawn from mothers 24 days after delivery.

2.4. Blood Isolation. Mice were anesthetized (intraperitoneal
injection of ketamine (120mg/kg) and xylazine (12mg/kg);
Polypharm S.A., Warsaw, Poland), and retro-orbital blood
was collected in the EDTA-containing tubes (for further
hematological and immunological analysis) and heparin-
containing tubes (for further phagocytosis and oxidative
burst analysis).

2.5. Hematological Analysis. Blood (50μl from EDTA tubes)
was analyzed in a hematological analyzer (Exigo veterinary
hematological system; Boule Medical AB, Stockholm,
Sweden). The following parameters were evaluated: WBC
(white blood cells), RBC (red blood cells), HGB (hemoglo-
bin), HCT (hematocrit), MCV (mean corpuscular volume),
MCH (mean corpuscular hemoglobin), MCHC (mean
corpuscular hemoglobin concentration), RDW% (red cell
distribution width (%)), RDW-a (red cell distribution width
absolute), PLT (platelets), and MPV (mean platelet volume).
Additionally, WBC number and cell percentage from flow
cytometry analysis were used to calculate a total number of
lymphocytes, lymphocyte subpopulations, monocytes, and
granulocytes per μl of blood. The results are presented as
the mean± standard error.
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2.6. Determination of White Blood Cell Phenotype. Determi-
nation of WBC phenotype was performed as described
previously for splenocyte phenotyping [24]. Briefly, the cells
in whole blood (100μl from EDTA tubes) were labeled with
the following fluorochrome-conjugated anti-mouse mono-
clonal antibodies: Mouse T lymphocyte Subset Antibody
Cocktail with Isotype Control (hamster anti-mouse cluster
of differentiation (CD) 3e, rat anti-mouse PE CD4, and rat
anti-mouse CD8a; cat. number 558431), Mouse B Lympho-
cyte Activation Antibody Cocktail with Isotype Control
(rat anti-mouse CD25, hamster anti-mouse CD69, and rat
anti-mouse CD19), and rat anti-mouse CD335 (natural killer
cell p46-related protein all purchased from BD Biosciences,
Warsaw, Poland). Staining (20min incubation at room
temperature) was performed according to the manufacturer’s
instructions. Subsequently, the red blood cells were lysed
(10min, Lysing Solution 10x Concentrate; BD Biosciences)
and remaining cells were washed twice with PBS. Phenotypic
analysis was performed by flow cytometry (FACSCalibur; BD
Biosciences). Additional phenotypic determination of WBC
population (lymphocytes, monocytes, and granulocytes)
was made using FSC/SSC parameters. The results are pre-
sented as the mean %± standard error of the mean of WBC
(for lymphocytes, monocytes, and granulocytes) or lympho-
cytes (for CD3, CD4, CD8, CD19, and CD335 analysis) and
also as mean± standard error of cell number in liter of blood.

2.7. Treg Analysis.Mouse Treg cell evaluation was performed
analogously as previously described for Treg cells [25].
Briefly, cells in whole blood samples (100μl) were immuno-
stained with 20μl of primary antibodies CD4-PerCP and
CD25-APC (extracellular staining, BD Biosciences, Poland)
or an appropriate isotype control for 20 minutes at room
temperature. Subsequently, erythrocytes were lysed in BD
FACS Lysing Solution for 10 minutes at room temperature.
Remaining immune cells were fixed, permeabilized (fixa-
tion/permeabilization buffer) in accordance with the manu-
facturer’s protocol (BD Pharmingen, Poland), and stained
with 20μl of FoxP3 PE or isotype IgG1 kappa PE antibody
(45min/RT in the dark). Afterwards, the cells were washed
twice with PBS and fixed in 300μl of 1% PFA in PBS solution.
The cells were counted by flow cytometry—10000 counts of
CD4-PerCP-positive cells stopped the acquisition. Evalua-
tion of CD4+/CD25+ cells or Treg cells (CD4+/CD25+ and
FoxP3+) was performed using CellQuest Pro software
(BD). The results are presented as the mean percentage
of CD4+ cells± standard error of the mean.

2.8. Phagocytosis. Blood cell phagocytosis was assessed by
PHAGOTEST™ (BD Biosciences, Warsaw, Poland) accord-
ing to the manufacturer’s protocol. 100μl of whole blood
(collected in heparin tube) was used per test. Blood was
incubated for10min. With opsonized GFP-stained E. coli
in control (0°C) and experimental (37°C) conditions, then
quenching solution was added, and red blood cells were lysed
in lysing solution. Level of phagocytosis (in granulocytes or
monocytes) was measured by flow cytometry (FACSCalibur).
The results are presented as the mean % of cells (granulocytes

or monocytes) containing phagocytized E. coli± standard
error of the mean.

2.9. Oxidative Burst.Quantitative determination of leukocyte
oxidative burst was performed in heparinized whole blood
using PHAGOBURST™ assay (BD Biosciences, Warsaw,
Poland) according to the manufacturer’s protocol, with our
ownmodification. Standard kit contains unlabeled opsonized
E. coli bacteria as particulate stimulus, the protein kinase C
ligand phorbol 12-myristate 13-acetate (PMA) as high stim-
ulus, and the chemotactic peptide N-formyl-Met-Leu-Phe
(fMLP) as low physiological stimulus. We modified protocol
by replacing PMA with the zymosan (20μg/ml). Oxidative
burst analysis was performed by flow cytometry (FACSCali-
bur). The results are presented as the mean % of cells
(granulocytes or monocytes) with oxidative burst± standard
error of the mean.

2.10. Statistical Analysis. Statistical evaluation of the results
obtained, from the control and experimental groups, was per-
formed using unpaired t-tests and one- or two-way analysis of
the variance, followed by the Tukey test or Bonferroni correc-
tion (in the case of a normal distribution) or nonparametric
Kruskal-Wallis and Mann–Whitney U tests (in the case of
abnormal distribution). Assessment of the distribution of
the data was evaluated using the Shapiro-Wilk test. GraphPad
Prism software was used to carry out these tests (version 5;
GraphPad Software Inc., La Jolla, CA, USA). P < 0 05 was
considered as statistically significant.

3. Results

3.1. Hematological Analysis. There was no significant differ-
ence in RBC, HCT, MCH, MCHC, RDW%, RDWa, PLT,
and MPV parameters between control and experimental
groups. The offspring of mice fed during pregnancy and lac-
tation with water extract of Rhodiola kirilowii exhibited
slightly higher (about 4%, P = 0 0325, statistically significant)
concentration of hemoglobin in blood in comparison to
control group. There was also a slight but statistically signif-
icant (P = 0 0354) difference between RKW and RKW-A
group in mean corpuscular volume. The results of hemato-
logical analysis are presented in Table 1.

3.2. WBC Analysis. Water and hydroalcoholic extract of
Rhodiola kirilowii did not affect the total number of WBC
populations (lymphocytes, monocytes, and granulocytes)
or percentage of monocytes in blood when compared to con-
trol group. Both extracts of Rhodiola kirilowii decreased
proportion of lymphocytes and increased proportion of
granulocytes. However, statistically significant differences
(approximately 7% for lymphocytes (P = 0 0288) and 12%
for granulocytes (P = 0 0243)) were observed for water
extract of Rhodiola kirilowii. Described results are presented
in Table 2.

3.3. Lymphocyte Phenotyping. The offspring of mice that
received Rhodiola kirilowii extracts during pregnancy and
nursing period exhibited significantly lower percentage of
CD3+ (approximately RKW-14%, P = 0 0434; RKW-A-10%,
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P = 0 0337) and CD4+ cells (15%, P = 0 0184 and 13%,
P = 0 0116, resp.) in comparison to control group. Feeding
with RKW extract caused statistically significant decrease
in percentage of CD8-positive cells (P = 0 0342) and
increase in percentage of CD335-positive NK cells
(P = 0 0134) in comparison to control. There was no
significant change in B-cell percentage between all studied
groups (Figure 1).

There were some slight changes in the total number of
lymphocytes in each studied subpopulation; however, the
differences between control and extract-fed groups were not
statistically significant (Figure 2).

3.4. Treg Analysis. There was no statistically significant
difference in the percentage of CD4+/CD25+ and Treg cells
between examined groups (Figure 3).

3.5. Phagocytosis. Both extracts of Rhodiola kirilowii signifi-
cantly stimulated granulocyte phagocytosis as measured by
the number of cells containing opsonized E. coli, when com-
pared to control group. The stimulation was approximately

7% higher in RKW group (P = 0 0311) and 6% in RKW-A
group (P = 0 0370). Interestingly, monocytes isolated from
blood of the offspring, which mothers were fed during preg-
nancy and nursing with water extract of Rhodiola kirilowii,
exhibited significantly lower level of monocyte phagocytosis
(about 12%, P = 0 0075). Level of monocyte phagocytosis in
RKW-A group remained unaffected (Figure 4).

3.6. Oxidative Burst. Similar to phagocytosis, extracts of
Rhodiola kirilowii administrated to pregnant and lactating
mice increased level of respiratory burst stimulated by expo-
sure to E. coli or fMLP. The granulocytes from RKW group
exposed to E. coli (strong stimulant of oxidative burst)
showed approximately 26% enhancement (P = 0 0021) of
oxidative burst when compared to control. Addition of low
physiological stimulant, fMLP caused significant increase of
granulocyte respiratory burst in both RKW and RKW-A
groups (46% with P = 0 0010 and 40% with P = 0 0066,
resp.). There was no significant change after zymosan (all
groups) and E. coli (RKW-A group) exposure (Figure 5).

There was also no significant difference between control
and Rhodiola kirilowii groups in monocyte oxidative burst
after E. coli and fMLP stimulation. The statistically signifi-
cant decrease of oxidative burst occurred only after zymosan
stimulation and only in RKW (around 28%, P = 0 0098)
group. There was no difference in RKW-A group (Figure 5).

4. Discussion

The immune system of fetus develops slowly during preg-
nancy and rapidly during the first period after birth [26].
Proper functioning of the immune system is essential for
defense against pathogens and regulation of homeostasis.
Our previous experiments in mouse model showed that
Rhodiola kirilowii extract affects certain parameters of
pregnancy such as litter size and number of females without
progeny [23, 27].

In this study, we showed that the Rhodiola kirilowii
extracts administrated to the mouse mothers during lactation
and nursing did not affect the hematological parameters. The
only exception was a slight but statistically significant
increase in the concentration of hemoglobin in the group
supplemented with an aqueous extract of Rhodiola kirilowii.
Similar results were obtained by Gupta et al. [28] with
another Rhodiola species. In these studies, rats treated with
Rhodiola imbricate did not show significant changes in the
blood. Also, Senthilkumar et al. [29] had not observed any
significant differences in blood parameters of Wistar rats
after administration of the acetone extract of Rhodiola imbri-
cata (200 and 400mg/kg). Moreover, Rhodiola imbricata
supplementation showed hepatoprotective properties against
paracetamol-induced liver toxicity.

There are many factors, which are able to modify
(increase or decrease) the population of WBC cells. Such
biologically active compounds are probably present in water
extract and hydroalcoholic extract of Rhodiola kirilowii.
In our previous study, we showed that both extracts of
Rhodiola kirilowii contain kaempferol, epicatechin quercetin,
(+)-catechin, salidroside, fisetin, naringenin, luteolin, p-

Table 2: Blood WBC analysis. Analysis was performed in the
offspring of mothers fed during pregnancy and lactation with
water (RKW) or hydroalcoholic (RKW-A) extract of Rhodiola
kirilowii. Bold font indicates statistically significant differences in
comparison to control group (P < 0 05).

Parameters Unit
Control RKW RKW-A

Mean SEM Mean SEM Mean SEM

WBC ×109/l 5.49 0.57 4.66 0.30 5.36 0.44

Lymphocytes
×109/l 3.70 0.37 3.00 0.21 3.51 0.33

% 68.62 1.63 64.02 1.06 64.17 1.64

Monocytes
×109/l 0.37 0.05 0.27 0.03 0.32 0.03

% 6.60 0.62 5.71 0.37 5.97 0.43

Granulocytes
×109/l 1.00 0.14 0.98 0.07 0.99 0.07

% 17.82 1.10 21.49 1.11 19.91 1.66

Table 1: Blood hematological analysis. Analysis was performed in
the offspring of mothers fed during pregnancy and lactation with
water (RKW) or hydroalcoholic (RKW-A) extract of Rhodiola
kirilowii. Bold font indicates statistically significant differences in
comparison to control group (P < 0 05).

Parameters Unit
Control RKW RKW-A

Mean SEM Mean SEM Mean SEM

RBC ×1012/l 10.3 0.1 10.5 0.1 10.3 0.1

HGB g/dl 15.4 0.2 16.0 0.2 15.7 0.2

HCT % 55.8 0.8 57.1 0.8 56.0 0.7

MCV fl 54.2 0.3 54.1 0.3 54.4 0.3

MCH pg 15.3 0.1 15.4 0.1 15.3 0.1

MCHC g/dl 28.3 0.2 28.5 0.1 28.1 0.1

RDW % 20.6 0.4 20.5 0.6 20.4 0.3

RDWa fl 39.1 0.5 38.4 0.6 39.1 0.3

PLT ×109/l 510.1 47.8 521.6 62.2 487.2 32.9

MPV fl 5.8 0.2 5.9 0.1 6.1 0.2
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coumaric acid, ellagic, acid epigallocatechin, ferulic and
chlorogenic acid, epicatechin gallate, and epigallocatechin
gallate [27]. Some of these compounds were also found in
sera of mouse mothers [30]. It is known that some of biolog-
ical compounds found in Rhodiola kirilowii may affect the
number, percentage distribution, and activity of WBC popu-
lations. For example, the salidroside modulates mouse

inflammatory responses, both in the number of immunolog-
ical cells and in secretion of inflammatory cytokines [31]. It
also positively affects bone marrow (BM) function by modu-
lating the number of peripheral white blood cells in bone
marrow-depressed mice [32].

We showed here that the offspring of mice that received
Rhodiola kirilowii extracts during pregnancy and nursing
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period exhibited statistically significant lower percentage of
CD3+ T-cells and decrease of CD4+ T-cells, in comparison
to control group. CD4+ T-cells are important for adaptive

immunity response [33]. These cells recognize MHC class
II protein complex and are involved in the induction and
the restraint of most immunological functions. A deficiency
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of CD4+ T-cells causes significant attenuation of adaptive
response. This is especially visible in HIV patients where
reduction of CD4+ T-cells causes immunological failure
[34]. To confirm this conjectures, in our previous studies
[24], we checked the functionality of the components of
adaptive response in the progeny after Rhodiola extract
administration. Spleen cell number and spleen cell pheno-
type (CD3+, CD4+, CD8+, and CD19+) were not affected after
RKW treatment. Also, spleen cell proliferation (after lipo-
polysaccharide and phytohaemagglutinin) was not affected;
however, we noted significant reduction of spleen cell prolif-
eration after concanavalin A stimulation in RKW group,
which is somewhat worrying. Reduction in the percentage
of CD4+ cells observed in previous work was also not
associated with the significant reduction in the total number
of CD4+ cells. CD4+ T-cells cooperate with B-cells and
together promote strength and duration of adaptive immune
response. Here, we showed that there was no significant
difference in B-cell percentage and number between
Rhodiola-treated and control groups. All these data indicated
that RKW extract did not have negative effect on the adaptive
functionality. Administration of SRBC to the progeny which
mothers were fed with RKW extracts during pregnancy and
nursing did not influence antibody production [24]. In
contrast, the hydroalcoholic extract of Rhodiola kirilowii
significantly decreased the level of antibodies in serum
(SRBC test) and significantly reduced spleen cell prolifera-
tion. This suggests that about 33% increase of polyphenols
in mothers’ diet (differences between RKW and RKW-A)
significantly affects adaptive immune response.

Similar situation (significantly lower percentage of CD8+

T-cells in the blood) was observed in RKW group. Decreased
level of both T-cell populations suggests their faulty produc-
tion in bone marrow or faulty development in the thymus.
However, the results of our previous studies indicated that
feeding pregnant and lactating mothers with water or hydro-
alcoholic extract of Rhodiola kirilowii decreased thymus T
lymphocyte apoptosis and did not significantly affect IL-7
expression in progeny’s thymocytes [35]. Similar results were
reported by Liu et al. [36] in the model of septic rats after
administration of Rhodiola rosea (50mg/kg body weight).
These changes correlated with downregulation of tumor
necrosis factor-α-induced protein 8-like 2. Taken together,
these results indicate that the extracts from Rhodiola help
to preserve thymus function in the progeny of treated ani-
mals. We believe that a decreased level of CD8+ T-cells in
the blood may be a consequence of the increased mobility
of these cells. Our previous studies showed significantly
higher number of CD8+ T-cells in the spleen of the progeny
whose mothers were fed with Rhodiola kirilowii extracts
[37]. Moreover, CD8+ T-positive cells were found in the non-
typical location within the spleen, that is, not only in the
PALS but also in the B-cell follicle and in the red pulp.

The lack of effect of RKW extracts on the adaptive immu-
nity is also confirmed by the results of Treg cell analysis. Our
present study showed that there was no significant difference
in the total number and percentage of regulatory T-cells
(Treg) between control and Rhodiola-treated groups. Also,
Xu et al. [38] did not observe significant changes in the ratio

of circulating Tregs or Treg cell differentiation in the mice
treated with Rhodiola rosea. These results should be seen as
positive outcome of the treatment, because changes in the
number and percentage of Tregs may be one of the reasons
for the development of autoimmune, allergic, or malignant
diseases [39].

Another positive outcome of the Rhodiola treatment is
visible in the behavior of NK cells. We observed significant
increase of NK cell percentage in the blood of mice whose
mothers were fed during pregnancy and lactation with water
extract of Rhodiola kirilowii. The NK cells exhibit cytotoxic
properties and are the part of the innate immune system.
The NK cells survey the body for aberrant expression of
MHC class I molecules and stress markers on the autologous
cells [40]. Increased number and activity of NK cells are espe-
cially desirable for negative regulation of growth and metas-
tasis of tumors. Lee et al. [41] showed that NK cells isolated
from human blood reduce systemic metastasis and inhibit
development of glioblastoma cells in nude mouse. Also,
Diwaker et al. [42] noted increased number of NK cells after
Rhodiola treatment in dengue-virus-infected human PBMCs.

Phagocytosis is a major process in which granulocytes
and monocytes eliminate pathogens [43]. Several studies
showed that the granulocytes exhibit higher level of phagocy-
tosis than monocytes [44, 45]. Filias et al. [46] showed that
phagocytotic ability of granulocytes and monocytes in the
neonates is fully functional few days after birth. Although
the standard isolation procedures do not affect phagocyto-
sis of Escherichia coli bacteria [47], the isolation proce-
dures may affect the granulocyte respiratory burst but
only after anti-CD15 antibody-conjugated microbead
isolation (positive selection).

We observed an increased level of phagocytic activity in
granulocytes from Rhodiola extract group. Additionally,
there were changes in oxidative burst after strong (E. coli)
and weak (fMLP) stimulation. RKW groups showed higher
stimulation of phagocytosis and oxidative burst than RKW-
A groups. There is strong evidence that herbs from Rhodiola
species stimulate innate immunity by enhancement of
phagocytosis. These effects were found in several mammalian
species (mice, rats, and pigs) after administration of Rhodiola
quadrifida or Rhodiola rosea [20, 21]. Administration of
Rhodiola kirilowii to the mouse mothers during pregnancy
and nursing significantly improves activity of innate immu-
nity cells of their offspring. These are very promising results;
however, further studies are needed to elucidate the mecha-
nisms of Rhodiola action in pregnancy and lactation.

Cytokines are hormone-like messengers regulating
development and functionality of both adaptive and innate
immune responses [48, 49]. There are several studies describ-
ing the effects of Rhodiola spp. on the cytokine secretion. Lin
et al. [50] showed increased secretion of both Th1- and Th2-
pattern cytokines in a dose- and time-dependent manner
after Rhodiola rosea treatment. The Rhodiola rosea supple-
mentation enhanced production of interferon (IFN) β and
other cytokines, including IL-1β, TNF-α, IL-6, and IL-8, in
the monocytes infected with dengue virus [42]. We also
checked the expression of cytokines in the serum of the
progeny which mothers were fed during pregnancy and
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lactation with the RK extracts. The RKW and RKW-A
extracts supplementation did not change the expression of
IFN γ, IL-2, IL-4 or IL-6 in progeny sera compared with
the control. However, TNF-α and IL-10 expression was
higher in the progeny of mice fed with RKW-A extract
[24]. The RKW administration lowered the concentration
of interleukin-17a. It is known that IL-17a induces and
mediates the proinflammatory responses and promotes
production of IL-6, TNF-α, GCF, GM-CSF, IL-1β, TGF-β,
and IL-8 [51, 52].

Our present and previously published studies tried to
assess, which one of the two extracts, water (RKW) or hydro-
alcoholic (RKW-A) of Rhodiola kirilowii when given during
pregnancy and lactation period that are less detrimental to
the health of the offspring. We showed that the water extract
(RKW) is less detrimental to the health of the offspring. This
conclusion is based on the following data:

(i) The offspring of mothers fed during pregnancy
and nursing period with water extract (RKW) of
Rhodiola kirilowii exhibits stimulation of innate
immune response (granulocytes and NK cells)
and slight decrease of monocyte activity (present
work), without changes in adaptive immune response
(SRBC blood test). In contrast, feeding with RKW-A
impaired adaptive response [24].

(ii) There were no significant differences in spleen cell
response after lipopolysaccharide and phytohae-
magglutinin, and there was a decreased response
after concanavalin A stimulation in RKW group. In
contrast, feeding with RKW-A diminished response
to all these stimulants [24].

(iii) Both extracts protected thymus cells from
apoptosis [35].

(iv) The offspring of RKW-fed group, in contrast to
RKW-A-fed group, had no significant differences
in kidney structure and function [53]. In addition,
mice from RKW-A group had higher level of
angiogenic factors (VEGF and bFGF) in serum [30].

(v) There were no neonatal deaths in RKW and control
groups and several neonatal deaths in RKW-A
group [23].

Taking together, these results suggest that water extract
of Rhodiola kirilowii is safer to use during pregnancy
and lactation.

5. Conclusions

Long-term supplementation of mouse mothers during
pregnancy and lactation with water extract or hydroalcoholic
extract of Rhodiola kirilowii affects some parameters of the
immune system of their progeny. These treatments increase
the number and activity of innate immune cells in blood
and slightly decrease the percentage of T-cells (mainly
CD4+). The results obtained in the present work provide
evidence that plant-derived biologically active compounds

administrated to the mothers during pregnancy and nurs-
ing period may significantly and permanently affect the
immune response of their offspring. These results can be
useful for creation of guidelines for pregnant and lactating
women’s diet.
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Chronic hepatitis B infection treatment implicates a long-lasting treatment. M. oleifera extracts contain compounds with
antiviral, antioxidant, and antifibrotic properties. In this study, the effect of M. oleifera was evaluated in Huh7 cells
expressing either HBV genotypes C or H for the antiviral, antifibrotic, anti-inflammatory, and antioxidative responses.
Huh7 cells were treated with an aqueous extract of M. oleifera (leaves) at doses of 0, 30, 45, or 60 μg/mL. The replicative
virus and TGF-β1, CTGF, CAT, IFN-β1, and pgRNA expressions were measured by real time. HBsAg and IL-6 titers were
determined by ELISA. CTGF, TGF-β1, IFN-β1, and pgRNA expressions decreased with M. oleifera treatment irrespective
of the HBV genotype. HBsAg secretion in the supernatant of transfected Huh7 cells with both HBV genotypes was
decreased regardless of the dose of M. oleifera. Similar effect was observed in proinflammatory cytokine IL-6, which had a
tendency to decrease at 24 hours of treatment. Transfection with both HBV genotypes strongly decreased CAT expression,
which is retrieved with M. oleifera treatment. M. oleifera treatment reduced fibrosis markers, IL-6, and HBsAg secretion
in HBV genotypes C and H. However, at the level of replication, only HBV-DNA genotype C was slightly reduced with
this treatment.

1. Introduction

Hepatitis B virus (HBV) belongs to the Hepadnaviridae fam-
ily. It is a noncytopathic and hepatotropic virus and causes
inflammation, cirrhosis, and, eventually, hepatocellular car-
cinoma (HCC). There are around 2 billion people infected
with the virus worldwide, and more than 240 million people
are chronic carriers of HBV [1]. There are ten different recog-
nized genotypes of HBV. In Mexico, the most prevalent
genotype is H followed by G and A [2, 3]. When HBV infects
a host cell, the partial double-stranded DNA is repaired
generating the covalently closed circular DNA (cccDNA),
and then, this DNA is transcribed into different mRNAs;
one is the pregenomic RNA (pgRNA). This RNA represents

a replication intermediate and is reverse transcribed into viral
DNA by viral polymerase. Together with translated surface
antigens (HBsAg), the virus is able to leave the host cell for
further infection [4, 5].

Nowadays, there are five antiviral drugs (lamivudine,
adefovir, entecavir, telbivudine, and tenofovir) and IFN
(conventional or pegylated) approved by the United States
Food and Drug Administration for HBV treatment. Accord-
ing to international guidelines, treatment with antiviral drugs
implicates a long-lasting administration. On one side, in the
United States, treatment is for the entire life, while in Europe,
treatment is prescribed until complete virus elimination and
antigen disappearance. During long-term treatment, there is a
risk of developing resistant HBV mutants. Favorable IFN
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treatment is limited to less than30%of thepatients. Treatment
success is defined with normalization of functional hepatic
tests, seroconversion, decrease of viral load, and histological
improvement. The loss of HBsAg is the best predictor of
sustained remission after treatment but is not achieved
very frequently with the actual HBV treatment [6–11].

TheMoringa oleifera (M. oleifera) tree belongs to the fam-
ily of Moringaceae [12]; its origin is in the north of India, and
the cultivation is possible in tropical and subtropical coun-
tries [13]. The different parts of the tree are used especially
in traditional medicine. Extracts of leaves of M. oleifera have
shown the highest antioxidant activity [14]. Additionally to
antioxidative properties, M. oleifera leaves are rich in vita-
mins, carotenoids, polyphenols, phenolic acids, flavonoids,
alkaloids, glucosinolates, isothiocyanates, tannins, saponins/
oxalates, and phytates [15]. There is only one report about
antiviral effect ofM. oleifera in cccDNA of HBV with no con-
clusive evidence [16]. In that paper, buffered and alcoholic
extracts ofM. oleifera (leaves) were evaluated as a preventive
therapy. Since, extracts were added previously to transfection
at HepG2 cells and only cccDNAwas measured. In our study,
M. oleifera was added after transfection of Huh7 cells, and
antiviral, antifibrotic, and antioxidative responses in Huh7
cells expressing genotypes C or H of HBV were evaluated.

2. Materials and Methods

2.1. M. oleifera. TheM. oleifera leaves were obtained from the
south coast of Jalisco, Mexico and were validated by the
Instituto Nacional de Investigaciones Forestales, Agrícolas y
Pecuarias (INIFAP). The leaves were pulverized and dis-
solved in sterile water at a final concentration of 10mg/mL.
This aqueous extract was left to sit for 65h at 4°C in the dark
and was centrifuged 2 times at 13,000×g for 10min, and then
the supernatant was filter-sterilized (0.2μm). The extracts
were stored at −80°C.

2.2. Cell Culture. Huh7 cells were maintained at 37°C and 5%
CO2 in Dulbecco’s Modified Eagle Medium (Gibco™) sup-
plemented with 10% fetal bovine serum (Gibco) and 1% pen-
icillin/streptomycin (Gibco). Medium was changed every
third day, and when cells reached a confluence of 80 to
90%, they were passaged to a new culture flask.

2.3. Viability. 5× 104 Huh7 cells were seeded in 6-well plates.
After 24 h of culture, the first dose of aqueous M. oleifera
extract (0, 30, 45, 60, 120, 250, and 500μg/mL) was added
and repeated two times every 24h until cell viability was
determined at 72 h with a Guava ViaCount (Guava Technol-
ogies) flow cytometer. The cell concentration of stained cells
was between 1× 104 and 5× 105 cells/mL in accordance with
the recommendations of the manufacturer.

2.4. Plasmid Construction. The complete genome of HBV
genotype H was amplified from DNA obtained from serum
of an infected patient. The full genome of HBV was cloned
in pGEM-T EASY (Promega). The clones were analyzed by
restriction enzymes. Clones with the HBV were selected to
subclone into pHY-106 vector (kindly donated by William
Delaney). This vector contains the minimum HBV sequence

necessary for viral transcription and replication after inser-
tion of a full length HBV genome [17]. Then, selected clones
(pHY-H) were analyzed by restriction enzymes (EcoRI/XhoI)
(ChemiDoc™ XRS+, Bio-Rad), and DNA sequencing was
performed to verify the integrity of the insert. The plasmids
were analyzed by CLC Sequence Viewer and genotypified
by NCBI genotyping. Plasmids with the complete genome
of genotype C cloned into pHY-106 vector were a kind gift
from Dr. Jake Liang.

2.5. Transfection. 2× 105 Huh7 cells were seeded in 6-well
plates. When the cells reached a confluence of 80 to 90%,
cells were transfected transiently with 0.7μg of plasmid
pHY-C, pHY-H, or pHY-106 (control) and lipofectamine
2000 (Invitrogen) according to the manufacturer’s instruc-
tion. Transfection efficiency and green fluorescent protein
(GFP) were detected by fluorescent microscopy. All trans-
fections were performed in triplicate.

2.6. M. oleifera Treatment.After 6 h of transfection, cells were
washed with PBS, then DMEM plus either 0, 30, 45, or 60 μg/
mL of M. oleifera was added. This treatment was repeated
further at 24 and 48 h, and the supernatant was stored at
−80°C. Cells were harvested after 72 h.

2.7. Quantitative Real-Time Reverse Transcriptase PCR. RNA
extraction was performed with TRIzol reactive according to
the manufacturer’s instruction. Briefly, 500 ng of total RNA
was treated with DNase I (Thermo Fisher Scientific) and
reverse transcribed using M-MLV (Invitrogen) according to
the manufacturer’s instruction, respectively. The resulting
cDNA was used for real-time PCR using LightCycler® 96
(Roche), LightCycler TaqMan® Master (Roche), and appro-
priate primers for pgRNA (S: 5′-GTT CAT GTC CYA CTG
TTC AAG CC, AS: 5′-TAG AGG GCT GAA GCG GTG
TC). CAT (S: 5′-CTG ACA CTC ACC GCC ATC GCC, AS:
5′-GCT GTG CTC CAG GGC AGA AGG), CTGF (S: 5′-
AAT GCT GCG AGG AGT GGG, AS: 5′-TGG CTC TAA
TCA TAG TTG GGT CT), and TGF-beta1 (S: 5′-CAC TGC
TCC TGT GAC AGC AG, AS: 5′-GGT GGC CAT GAG
AAG CAG GA) and IFNbeta1 (Applied Biosystems:
Hs01075529_m1). The relative expression was normalized
by GAPDH (S: 5′-CAT GAG AAG TAT GAC AAC AGC CT,
AS: 5′-AGT CCT TCC ACG ATA CCA AAG T) expression.

2.8. HBV-DNAQuantification.Amixture from the triplicates
from the cell culture supernatant of transfected Huh7 cells was
prepared with proportional volumes. DNAwas extracted from
200 μL of the mixture using QIA ampminElute Virus Spin Kit
(Qiagen). 2.5 μL was used as a template for real-time PCR
using 480 SBYR Green I master (Roche Molecular Systems,
Inc.), according to the manufacturer’s instruction. Two stan-
dard curves were generated: one for HBV-DNA quantitation
and the other to quantify the plasmid to be subtracted to
avoid interference with the quantity of the viral DNA.
Appropriated primers were PHY-106, S: 5′ GTAAACTGC
CCACTTGGCAG, R: 5′ AGCGATGACTAATACGTAGAT
G. HBV, S: 5′ TTCGCAGTCCCCAAYCTC (310-327), and
R: 5′ CAMACGGGCAACATACCTTG (474-455).
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2.9. Secretion of HBsAg and IL-6. HBsAg secretion was
detected with Monolisa™ HBsAg ULTRA (Bio-Rad) in
100 μL of the cell culture supernatant of transfected
Huh7 cells according to the manufacturer’s instruction.
The OD was read at 450/700 nm. IL-6 was determined
by competitive ELISA (R&D Systems) according to the
manufacturer’s instructions. Levels of IL-6 and HBsAg
were determined in an ELISA reader (μQuant Bio-Tek,
Instruments, Inc.).

2.10. Statistical Analysis. To compare the data between two
independent groups, the t-test was used. For no parametric
data, Kruskal-Wallis and Mann–Whitney U tests were
applied. Values with ∗p < 0 05 were considered statistically

significant. For statistical analysis, SPSS version 20 and
Microsoft Office Excel 2010 were used.

3. Results

3.1. Viability. The aqueous M. oleifera extract decreased the
viable cell number (p < 0 05) at concentrations of 250 and
500μg/mL (74.3 and 44.7%, resp.) (Figure 1(a)). In general,
the lower the concentration of M. oleifera, the lower was
the number of death cells. Concentrations of 30, 45, 60, and
120μg/mL ofM. oleifera decreased the number of viable cells
in an average of 2.8%. Thus, for further experiments, the
three lowest concentrations of M. oleifera (30, 45, and
60μg/mL) were used to test our proof of concept.

30

40

50

60

70

80

90

100

110

0 30 45 60 120 250 500

Vi
ab

le
 ce

lls
 in

 % ⁎

⁎

Concentration of Moringa oleifera in �휇g/mL

(a)

Concentration of Moringa oleifera in �휇g/mL

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 30 45 60

Fo
ld

 ch
an

ge

pgRNA

pHY-C
pHY-H

⁎

⁎

⁎

(b)

6.5

7

7.5

8

8.5

9

24 48 72

H
BV

 D
N

A
 in

 su
pe

rn
at

an
t

(L
og

10
)

Genotype C

0
30

45
60

(h)

(c)

(h)

0
30

45
60

6

6.5

7

7.5

8

8.5

24 48 72

H
BV

 D
N

A
 in

su
pe

rn
at

an
t (

Lo
g 1

0)
Genotype H

(d)

Figure 1: (a) Effect of aqueous leaf extract of Moringa oleifera on the viability of Huh7 cells. ∗p < 0 05. (b) pgRNA expression of Huh7 cells
transfected with genotype C (white bars) or H (black bars) of HBV and treated with Moringa oleifera. Fold change (2−ΔΔCt) was calculated
with reference data without treatment. ∗p < 0 05 based on ΔCt values. (c and d) HBV-DNA was quantified from supernatants
recovered at 24, 48, and 72 hours after treatment by real-time PCR (copy number expressed in Log10); x-axis specifies the Moringa
oleifera dose at μg/ml.
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3.2. Pregenomic RNA Expression. There was a slight tendency
of pgRNA expression reduction in cell cultures of transfected
cells with HBV genotypes C and H and the treatment of
30 μg/mL of M oleifera (Figure 1(b)). The doses of 45 and
60 μg/mL of M. oleifera reduced (p < 0 05) the pgRNA
expression with HBV genotype C-transfected cells (0.55
and 0.36, resp.). Cells transfected with HBV genotype H
showed a decrease (0.74, p < 0 05) at the highest concentra-
tion of M. oleifera studied (60 μg/mL).

3.3. HBV-DNA Quantitation. Treatment with M. oleifera
reduced HBV-DNA from genotype C, 1.09 Log10 at 60 μg/
mL at 72h of treatment (Figure 1(c)). Viral DNA from geno-
type H was not reduced by the treatment at any dose and
time (Figure 1(d)).

3.4. HBsAg Secretion. The HBsAg secretion in the superna-
tant of transfected Huh7 cells with genotypes C and H of
HBV was decreased (p < 0 05) independently of the dose of
M. oleifera treatment (Figures 2(a) and 2(b)). At 24 h, the
HBsAg secretion was lower than at 48 and 72 h, though
M. oleifera treatment displayed the same effect. The ratio
of immunoassay signal strength of the sample to cut-off
(S/CO) at 24 h without treatment was 49.8 with genotype C
of HBV. M. oleifera treatment of 30, 45, and 60 μg/mL
reduced the S/CO to 43.0, 39.5, and 37.3, respectively. This
data represents a decrease up to 25.1% of HBsAg secretion
with the highest dose of M. oleifera at 24 h. At 48 and 72 h,
the reduction of secretion was similar (21.5 and 24.3%,
resp.). Compared with genotype H of HBV, HBsAg secre-
tion was higher but treatment with M. oleifera also reduced
the S/CO value. At 24 h, the S/CO without treatment was
60.6 and decreased with M. oleifera treatment of 30, 45,
and 60 μg/mL (54.4, 47.7, and 44.6, resp.). Independently of
the time point of measurement, M. oleifera treatment
reduced the HBsAg secretion between 24.6 and 26.4%
(72 and 24h, resp.).

3.5. CTGF and TGF-β1 Gene Expression. The gene expression
of CTGF and TGF-β1 decreased with M. oleifera treatment
independently of the genotype of HBV (Figures 3(a) and
3(b)). There was no difference in CTGF expression in Huh7
cells compared with Huh7 cells transfected with the plasmid
without HBV insert (pHY-106; Figure 3(a)). Transfection of
the cells with genotypes C and H of HBV increased the
expression (1.64 and 1.2 times, resp.). M. oleifera treatment
with 60 μg/mL significantly reduced CTGF expression (geno-
type C up to 0.83 times and genotype H up to 0.71 times).
TGF-β1 expression was induced by the transfection of the
plasmid without HBV insert (pHY-106) compared with
Huh7 cells (0.71< 1; Figure 3(b)). The transfection with
HBV genotypes C and H enlarged this induction of expres-
sion (1.63 and 1.32 times, resp.). M. oleifera treatment of
30, 45, and 60 μg/mL significantly reduced TGF-β1 expres-
sion with genotype C of HBV (1.01, 0.95, and 0.41, resp.).
With genoytpe H of HBV, the decrease (p < 0 05) of TGF-
β1 expression started with 45 μg/mL ofM. oleifera treatment
(0.81 and 0.58 times with 60 μg/mL dose).

3.6. CAT Gene Expression. The gene expression of CAT was
decreased in Huh7 cells transfected with the plasmid without
HBV insert (pHY-106) compared with Huh7 cells (1> 1.59;
Figure 3(c)). Transfection with genotypes C and H of HBV
strongly decreased CAT expression (0.19 and 0.41 times).
Interestingly, treatment with M. oleifera restored this reduc-
tion (p < 0 05) starting with 45μg/mL dose with both geno-
types of HBV. The increase of CAT expression was more
marked with genotype H than with genotype C of HBV
(45μg/mL dose 0.94> 0.53 and 60μg/mL dose 1.63> 0.84).

3.7. IFNbeta1 Gene Expression. The gene expression for
IFNβ1 was increased by transfection of Huh7 cells with
HBV genotypes C and H compared with the plasmid without
insert (pHY-106; 1< 1.34< 1.60; Figure 3(d)). M. oleifera
treatment reduced the IFNβ1 expression (p < 0 05) with 45
and 60 μg/mL doses with HBV genotype H (0.95 and 0.74
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Figure 2: HBsAg secretion after Moringa oleifera treatment. Huh7 cells transfected with genotype C (a) and genotype H (b) of HBV and
treated with 0, 30, 45, and 60μg/mL of Moringa oleifera. ∗p < 0 05.

4 Journal of Immunology Research



times, resp.). With genoytpe C of HBV, the highest dose of
M. oleifera treatment decreased (p < 0 05) the IFNβ1 expres-
sion (0.83 times).

3.8. IL-6 Quantitation in the Supernatant of Huh7-
Transfected Cells. IL-6 levels determined by ELISA in the
supernatant of transfected Huh7 cells were detected only
at 24 hours (genotype C from 3.7 to 6.14 ng and genotype
H from 0 to 4.89 ng). The quantitation of IL-6 at 48 and
72 hours after M. oleifera did not show positive values.
Interestingly, after M. oleifera treatment, IL-6 showed a
tendency to decrease in a dose-dependent manner in the

supernatant of Huh7-transfected cells with genotypes C
and H (Figure 4).

4. Discussion

The viability of Huh7 cells was not affected with the aqueous
extract of the M. oleifera leaves at the concentrations of 30,
45, 60, and 120μg/mL after 72 h (Figure 1). There is no report
about the cytotoxic effect of M. oleifera in Huh7 cells.
Waiyaput et al. [16] studied HepG2 and COS-7 cell viability
after 5 days of treatment with an ethanolic leaves extract of
M. oleifera (50, 150, and 300μg/mL). The viable cell number
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Figure 3: (a) CTGF, (b) TGF-beta1, (c) CAT, and (d) IFNbeta1 gene expressions of Huh7 cells transfected with genotype C (white bars) or H
(black bars) of HBV and treated with Moringa oleifera. Fold change (2−ΔΔCt) was calculated with reference data without treatment and
plasmid pHY-106 (without HBV genome). ∗p < 0 05 based on ΔCt values.
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of HepG2 cells decreased about 15.5, 27.9, and 65%, respec-
tively. Compared with COS-7 cells, the cell viability was
reduced significantly in comparison with HepG2 cells with
the treatment of 150μg/mL (63.5> 27.9%). In a different
study, Sangkitikomol et al. [18] reported the cell viability of
HepG2 cells treated with an ethanolic extract of M. oleifera
leaves at 29 h. M. oleifera concentrations of 100, 200, and
400μg/mL had no cytotoxic effect on the cells, and higher
concentrations, such as 600, 800, and 1000μg/mL, induced
only a slight tendency in cell death (5–10% of viable cell
reduction). Regarding this issue, scientific literature shows
us a report about cell viability of HeLa, HepG2, MCF-7,
CACO-2, and L929 cells at 24 h with treatment with an
essential oil ofM. oleifera seeds [19]. In all cell lines, viability
decreased with the increase ofM. oleifera concentration. Our
results shown here are in accordance with the published data.
Cell viability is affected by the M. oleifera in a dose-
dependent manner. The different extracts showed at various
times of measurement an increase of cytotoxicity in distinct
cell lines. The extract preparation is not standardized
between the studies. In dependence of the preparation of
the extract and the buffer used, there is a divergence of com-
ponents in the extracts. This variation of the components can
cause distinct cytotoxic effects in the same cell line.

The pgRNA expression decreased with an increase of M.
oleifera treatment in accordance with the HBsAg secretion,
which was reduced independently of M. oleifera concentra-
tion and HBV genotype (Figure 2). There are no reports
about the effect of M. oleifera on pgRNA expression and/or
HBsAg secretion. There is only one study published about
HBV and M. oleifera [16]. They measured the cccDNA
expression in HepG2 cells treated with a buffer or alcoholic

extract of M. oleifera leaves and further transfected with
HBV. The alcoholic extract of M. oleifera (30 μg/mL) had
no effect on the cccDNA expression, meanwhile 0.3 μg of
total protein of a buffer extract of M. oleifera decreased
significantly the cccDNA expression (0.2 times). The meth-
odology of the experiment varies with our study. In the pres-
ent study, we transfected first Huh7 cells with two different
genotypes of HBV and then treated with M. oleifera. Thus,
our proof of concept was rationalized in a different manner,
since we studied M. oleifera effect as a therapeutic agent
instead of a preventive action as Waiyaput et al. [16]
reported. Additionally, our data shows that pgRNA did not
differentiate the replicative virus from the transfected plas-
mid. However, it is very important to state that the drop in
pgRNA levels were statistically evidenced by repeating the
experiment three times in triplicate cultures as well as by
real-time PCR. Nevertheless, this pgRNA level reduction
was only supported by a slightly reduction in HBV-DNA
levels in the supernatant of Huh7 cells transfected with geno-
type C at 60 μg/mL after 72 hours of treatment (Figure 1(c)).
Probably, the reduction observed in the pgRNA of genotype
H was not enough to reduce the rate of replication of the
virus, but the antifibrotic and antioxidant effects deduced
by the changes in CTGF, TGFβ, and CAT gene expressions
with M. oleifera treatment support the fact that Moringa
might be used as a valuable nutritional supplement for
patients with chronic hepatitis B. There are additional stud-
ies, both in vivo and in vitro, reporting effects of M. oleifera
in different viruses, like herpes simplex virus type 1 [20],
Epstein-Barr virus [21], Newcastle disease virus [22], and
infectious bursal disease virus [23]. Nevertheless, the
complete elucidation of the molecular mechanisms driving
M. oleifera action remains to be defined.

CTGF expression was not modified by transfection with
the plasmid without HBV insert (pHY-106) in contrast to
an increase of expression when transfected with HBV
(Figure 3(a)), though expression of TGF-β1 was enhanced
in cells transfected with the HBV-less plasmid (pHY-106;
Figure 3(b)). This effect was amplified when cells were trans-
fected with HBV genotypes C and H. M. oleifera decreased
the expression ofCTGF and TGF-β1 in Huh7 cells transfected
with genotypes C and H of HBV (Figures 3(a) and 3(b)).

HBV infection causes a profibrogenic environment with
increase of CTGF and TGF-β1 protein expressions in human
hepatic stellate cells (HSCs) cocultivated with HBx [24]. Pan
et al. reported an increase of TGF-β1 protein expression in
HepG2 cells expressing HBxAg [25]. CTGF and TGF-β1
expressions activate HSCs and triggers a profibrogenic
response, increase of extracellular matrix, and expression of
collagen 1 alpha [26, 27]. In this study, we detected antifibro-
genic potential of M. oleifera. There is no data about the
possible mechanism of regulation of CTGF and TGF-β1
expressions byM. oleifera. However, it is known that querce-
tin is one of the components of M. oleifera [28, 29], and our
group [30] reported the potential quercetin effect to regulate
the balance of pro- and antifibrogenic stimuli, rendering
reduction of activated HSCs and ameliorating fibrosis in rats.

Quercetin in M. oleifera leaves moderates inflammation
of high-fat-fed mice [28]. Park and Chang [31] showed a
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Figure 4: IL-6 levels after Moringa oleifera treatment determined
in the supernatant of Huh7 cells transfected with genotypes C and
H. A mixture from the triplicates from the cell culture supernatant
of transfected Huh7 cells was prepared with proportional volumes.
ELISA was performed with a capture-specific mouse anti-human
IL-6 antibody (100 μL at 2μg/mL). After incubation and washing
steps, detection was performed with Biotinylated Goat anti-
human IL-6 detection antibody (100 μL at 50 ng/mL) using
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decrease of mRNA and protein expression of fibronectin,
type I collagen, and plasminogen activator inhibitor I in a
rat kidney fibrosis model. On the other hand, hepatoprotec-
tive effects in rats by M. oleifera were reported by Fakurazi
et al. [32]. Our results are in accordance with that published
data. Furthermore, it is necessary to measure more inflam-
mation and fibrosis markers and oxidative stress molecules
to obtain a wider spectrum about the potential of M. oleifera
in cells transfected with HBV.

The expression of CAT was decreased in transfected
Huh7 cells with HBV (Figure 3(c)). After M. oleifera treat-
ment, the CAT expression was reestablished. There are stud-
ies in vivo and in vitro about antioxidant components of M.
oleifera leaves [33]. Sreelatha and Padma [34] reported an
antioxidative activity in vitro arisen from phenol and flavo-
noid components of different parts of the M. oleifera plant.
In vitro, the higher the total content of polyphenols the
higher the antioxidant activity [35, 36]. Verma et al. showed
potential of M. oleifera to increase enzymatic levels of cata-
lase and superoxide dismutase in rats [37]. It is known that
infection with HBV decreases antioxidative components
[38] and increases reactive oxygen species (ROS) and proox-
idants [39]. The endoplasmic reticulum of the host cell is
saturated because of the high amount of proteins being syn-
thesized for the viral particle assembly. This provokes an
imbalance in the transport of calcium to the mitochondria,
which results in inflammation, oxidative stress, and increase
of ROS [39–42]. M. oleifera acts on the side of antioxidants
restoring the imbalance by increasing CAT expression.
Furthermore, it would be interesting to study the protein
expression of catalase and the expression of other anti-
and prooxidative components, which could be modified
in response to M oleifera.

The gene expression of IFNβ1was increased inHuh7 cells
transfectedwithboth genotypes ofHBVand further decreased
with increasing M. oleifera treatment (Figure 3(d)). It is
reported that cells in response to a virus attack enhance IFNβ
production as a defense [43, 44]. Patients infected with HBV
genotype C are lower responders for IFNα treatment, proba-
bly the same resistance is for IFNβ treatment. In this study, in
spite that M. oleifera treatment decreased mRNA-IFNβ, the
decrease in cellular pgRNA and in the HBV-DNA observed
in the supernatant from Huh7-transfected cells with geno-
type C could be influenced by a different mechanism not by
IFNβ production. In the case of genotype H, there are no
reports about the reaction to interferon type 1 treatment. In
this regard, we have previous unpublished results showing
that genotype H responds to IFNβ in a similar way as geno-
type A which is more sensitive to IFNα treatment. Probably,
the decrease observed in the mRNA-IFNβ nullifies the anti-
viral activity of M. oleifera in Huh7 cells transfected with
genotype H.

Also, in this study, M. oleifera showed a tendency to
decrease IL-6 in Huh7 cells transfected with genotypes C
and H (Figure 4). This interleukin is produced mainly by
Kupffer cells and regulates HBV gene expression and replica-
tion shortly after infection [45]. Complete neutralization of
IL-6 for treatment of certain diseases may represent a risk if
the patient is HBV infected [45]. Nevertheless, a balance of

IL-6 is very important since transcriptionally enhanced IL-6
strongly facilitates the activation of human hepatic stellate
cells favoring the advance of liver fibrosis. In animal models
using rats with hepatotoxicity and diabetes induced by
streptozotocin, M. oleifera showed a hepatoprotective, anti-
inflammatory, and lipid-lowering effect in the treated dia-
betic rats compared to controls. IL-6 was returned to normal
levels as well as TNF-α in the rats treated with Moringa [46].
It is possible that in patients with chronic hepatitis B, supple-
mentation with Moringa could delay fibrosis progression.

5. Conclusion

Aqueous leaf extract ofM. oleifera had no cytotoxic effect on
Huh7 cells at selected concentrations (30, 45, and 60μg/mL)
but modulated the pgRNA levels and HBsAg secretion posi-
tively in Huh7 cells transfected with genotypes C and H of
HBV. The antiviral effect determined by reduction of DNA-
HBV in the supernatant was only evidenced by genotype C
and probably was independent of IFNβ1 activity. In spite of
the differences in the antiviral activity between genotypes C
and H, gene expression modification of CTGF, TGF-β1,
and CAT was modulated by M. oleifera treatment, favoring
an antifibrotic, antioxidative, and anti-IL-6 environment.
Further experiments are necessary to extend the obtained
benefits of M. oleifera on HBV.
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Mentha piperita L. (peppermint) possesses antimicrobial properties, but little is known of its ability to modulate macrophages.
Macrophages are essential in bacterial infection control due to their antimicrobial functions and ability to link the innate and
adaptive immune responses. We evaluated the effects of the peppermint leaf hydroalcoholic extract (LHAE) on cultured murine
peritoneal macrophages stimulated or not with lipopolysaccharide (LPS) in vitro. Vehicle-treated cells were used as controls.
The constituents of the extract were also identified. Epicatechin was the major compound detected in the LHAE. LPS-induced
macrophage death was reversed by incubation with LHAE (1–30 μg/ml). Higher concentrations of the extract (≥100 μg/ml)
decreased macrophage viability (49–57%) in the absence of LPS. LHAE (1–300μg/ml) attenuated H2O2 (34.6–53.4%) but not
nitric oxide production by these cells. At similar concentrations, the extract increased the activity of superoxide dismutase
(15.3–63.5-fold) and glutathione peroxidase (34.4–73.6-fold) in LPS-treated macrophages. Only LPS-unstimulated macrophages
presented enhanced phagocytosis (3.6–6.6-fold increase) when incubated with LHAE (3–30 μg/ml). Overall, the LHAE obtained
from peppermint modulates macrophage-mediated inflammatory responses, by stimulating the antioxidant pathway in these
cells. These effects may be beneficial when the excessive activation of macrophages contributes to tissue damage during
infectious disease.

1. Introduction

Macrophages are on the first line of the host’s immune
response to bacterial infection. Indeed, these cells play detri-
mental roles in pathogen recognition, bacterial killing, and
antigen presentation, leading to further activation of adaptive
immune responses (see for review [1–3]). Gram-negative

bacterial strains are major pathogens causatives of severe
infectious diseases in humans, associated with high mortality
rates [4, 5]. This is due not only to their ability to become
resistant to the available antimicrobials [4] but also depends
on an effective macrophage response to these pathogens [6].

The production of oxidant species by macrophages is a
hallmark of the inflammatory response to infection (see for
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review [7, 8]). Oxidant species such as hydrogen peroxide
(H2O2) and superoxide (O2

−) are produced following
phagocytosis of the pathogen by these cells as part of their
machinery to respond to harmful insults [9]. Alongside an
excessive nitric oxide (NO) production, increased levels of
prooxidant species may lead to damage and poor perfu-
sion of vital organs of the host, contributing to multiple
organ failure; thus, to counteract this response, antioxidant
pathways are activated [10].

Natural antioxidants including phenolic compounds
have been identified in a variety of plants. Additionally,
antimicrobial properties have been attributed to these
compounds, suggesting them to be potential therapies for
bacterial infections. Mentha piperita L., a member of the
family Lamiaceae and popularly known as peppermint, is
native to the Mediterranean region and has been spread
worldwide due to its medicinal properties, taste, and aroma
[11]. Its medicinal properties include antitumor, antimicro-
bial, and antioxidant actions and have been reported
especially for its essential oil [12–17]. Of importance, M.
piperita essential oil was previously shown to be effective
against Gram-negative and Gram-positive bacteria and to
act as a potential antioxidant in vitro [12]. This essential oil
was also shown to reduce the numbers of leukocytes in a
murine model of skin inflammation [18] and modulate
cytokine production in vivo [19]. However, the underlying
mechanisms of the effects of M. piperita on macrophages
remain unclear. Considering peppermint antioxidant and
anti-inflammatory potentials, we hypothesized whether its
leaf hydroalcoholic extract (LHAE) is able to modulate
macrophage-mediated inflammatory responses. Therefore,
the aim of this study was to investigate the effects of the
peppermint leaf hydroalcoholic extract (LHAE) on cultured
murine peritoneal macrophages in vitro.

2. Material and Methods

2.1. Plant. The leaves ofM. piperitawere collected in Septem-
ber at Santa Luzia, Maranhão, Brazil (4°4′8″S, 45°41′24″W). A
voucher specimen (number 01275) was deposited in the her-
barium Ático Seabra of the Federal University of Maranhão,
São Luís, Brazil.

2.2. Preparation of the Crude Hydroalcoholic Extract. The
collected leaves were washed in running water before being
dried under forced air circulation at 45°C. The dried leaves
were triturated, and the resulting powder was macerated for
10 days in 70% ethyl alcohol (Sigma-Aldrich, St. Louis,
MO, USA) at room temperature. The mixture was filtered
through cellulose filter paper (Whatman No. 4, GE Health-
care UK, Amersham, UK) and evaporated to dryness
under reduced pressure using a rotary evaporator (Eyela
N-1200BV-W, Tokyo, Japan) at 40°C. The residual solvent
was removed in a vacuum centrifuge at 40°C to yield
crude ethanol extracts of leaves.

2.3. Chemical Characterization by High-Performance Liquid
Chromatography (HPLC). For HPLC analysis, the pepper-
mint LHAE was dissolved in methanol and water to a final

concentration of approximately 5mg/ml and filtered through
a 0.22μm nylon filter. An HPLC (Surveyor Plus/Finnigan)
coupled to an ultraviolet-visible detector (HPLC-UV-Vis),
with an ACE 5 C18 reverse phase analytical column
(250× 4.60mm, 5μm, ACE) protected by a C18 precolumn
(4× 3mm, 5μm, Gemini, Phenomenex), was used for the
analysis. Compounds were separated at room temperature
using an elution gradient at a flow rate of 0.6ml/min. Mobile
phases consisted of purified water containing 0.1% acetic acid
(A) and methanol (B). The following gradient was used:
0–2min, 5% B; 2–10min, 25–40% B; 10–20min, 40–50% B,
20–30min, 50–60% B; 30–40min, 60–70% B; and 40–
50min, 70–80% B. Injection volume was 10μl and UV-Vis
detection was performed at 254nm. Ursolic acid, epicatechin,
caffeic acid, rutin, quercetin, naringenin, andkaempferol stan-
dards were diluted and analyzed under the same conditions.

2.4. Macrophage Assays

2.4.1. Animals. Nonfasted outbred male Swiss mice (2-3
months old) were used. Mice were obtained from the ani-
mal’s facility of the Universidade CEUMA (UNICEUMA).
Mice were kept in a climatically controlled environment
(room temperature of 22± 2°C and humidity of around
60%) under 12 : 12 h light-dark cycle (lights on 07:00 h). All
procedures were approved by the Ethics Committee of
UNICEUMA and carried out in accordance with the
Brazilian Society for Animal Welfare (SBCAL).

2.4.2. Macrophage Culture and Viability. Peritoneal cells
were collected from animals injected intraperitoneally with
1ml of phosphate-buffered saline (PBS, Sigma-Aldrich,
Brazil) containing 1% oyster glycogen (Sigma-Aldrich,
Brazil). Briefly, 18 h following injection, the peritoneal
cavity was washed with 10ml of cold PBS and the perito-
neal cells were harvested, centrifuged (10min, 4°C), and
resuspended (final concentration of 2× 106 cells/ml) in
DMEM-Glutamax® (Life Technologies, Brazil) containing
10% FCS (v/v, Life Technologies, Brazil) and 1x penicillin-
streptomycin (Sigma-Aldrich, Brazil). Cells (6× 105/well)
were incubated in 96-well plates, at 37°C under 5% CO2,
and after 2 h, nonadhered cells were removed and the
adherent cells (macrophages) were incubated with either
peppermint LHAE (1–300μg/ml) or vehicle (1% dimethyl
sulfoxide (DMSO, Sigma-Aldrich, Brazil) in PBS), and after
15min, stimulated with K. pneumoniae lipopolysaccharide
(LPS, 100ng/ml in PBS, Sigma-Aldrich, Brazil) or PBS for
24 h. After this period, the supernatant was collected and
stored at −80°C for further analysis of NO2

−/NO3
− (NO

end products) and H2O2 concentrations. For analysis of
macrophage viability, the remaining cells were incubated
with PrestoBlue® reagent (1 : 10, Life Technologies, Brazil)
for 90min; and then, the absorbances were read at 550 and
650 nm. Results were calculated according with the manu-
facturer’s instructions and are expressed as absorbance in
percentage (%) of cell viability in relation to vehicle/
PBS-treated cells.

2.4.3. Phagocytosis. In a separate series of experiments, peri-
toneal macrophages were obtained and cultured (6× 105/
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well) as described above in eight chamber culture slides (BD
Falcon). Just after removal of nonadherent cells, macro-
phages were incubated with 2μm fluorescent latex beads
(1 : 100; 5μl/well; Sigma-Aldrich, Brazil), for 24h as
described by Fernandes et al. [20]. After the incubation
period, the cell culture medium was removed and each well
was washed three times with PBS. Wells were fixed in 2%
paraformaldehyde for 10min and washed three times with
PBS for the removal of excessive paraformaldehyde. Then,
10μl PBS were added per well and slides were covered with
a glass slip. Slides were analyzed in a fluorescence microscope
(Zeiss Axio Image Z2, German, ×40 objective, bright field).
Two lots of 100 cells were counted for each well, and the
average for each well was considered as an n number. Results
are expressed as percentage of cells containing beads and
number of phagocytosed beads per 100 cells.

2.4.4. NO End Product (Nitrate NO3
− plus Nitrite NO2

−)
Measurement. The NO2

−/NO3
− content was measured by

the Griess reaction assay as an indicator of NO production
in supernatant samples as previously described [21]. NO3

−

was reduced to nitrite (NO2) by incubating 80μl of the
sample with 20μl of 1U/ml nitrate reductase and 10μl of
1mM NADPH for 30min at 37°C in a 96-well plate. Next,
100μl Griess reagent (5% v/v H3PO4 containing 1% sulfanilic
acid and 0.1% N-1-napthylethylenediamine) was added and
incubated for 15min at 37°C. Absorbance at 550nm was
immediately measured using a spectrophotometer (Plate
reader MB-580; Heales, Shenzhen, China). After subtrac-
tion of background readings, the absorbance in each
sample was compared with that obtained from a sodium
nitrite (0–100μM) standard curve and expressed as NOx

concentrations (μM).

2.4.5. Measurement of H2O2 Concentrations. H2O2 produc-
tion by macrophages was measured by using a H2O2/
peroxidase assay kit (Amplex Red H2O2/Peroxidase assay
kit, Invitrogen, Brazil), as described by Mendes et al. [21].
Briefly, 50μl of the supernatants were incubated with 50μl
of a 0.05M NaPO4 (pH7.4) solution containing 0.2U/ml
horseradish peroxidase (HRP) and 25.7mg/ml Amplex Red
reagent (10-acetyl-3,7-dihydroxyphenoxazine) for 2 h, at
37°C. Samples incubated with 0.05M NaPO4 only were used
as controls. After incubation, the absorbance was read at
560nm. After subtraction of background readings, the absor-
bance in each sample was compared with that obtained from
a H2O2 standard curve (0–40μM). H2O2 concentrations are
expressed in μM.

2.4.6. Antioxidant Enzyme Activities

(1) Sample Preparation. In another series of experiments,
macrophages were obtained, isolated, cultured (6× 105/well)
in 24-well plates, and stimulated as described above. Follow-
ing incubation with LPS (24 h), the supernatant was removed
and 500μl of 0.05M NaPO4 (pH7.4) (containing ethylenedi-
aminetetraacetic acid (EDTA), 1mM) was added to each
well. Plates were placed on ice for 15min. Then, cells were
scraped from each well, transferred to tubes, and lysed by
three snap freezing/defrosting times. Tubes were centrifuged

at 10,000×g for 10min at 4°C, and the supernatants were
used for the enzyme activity assays.

(2) Superoxide Dismutase (SOD) Activity Assay. SOD activity
was measured as described by Ukeda et al. [22], with
modifications. Briefly, 20μl of sample were incubated with
200μl of a solution containing 2.5ml sodium carbonate
buffer (50mM; pH9.4) and 0.1ml of a mixture containing
xanthine (3mM), EDTA (3mM) and 2,3-Bis-(2-Methoxy-
4-Nitro-5-Sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT,
153mU/ml), in the presence and absence of SOD. Samples
(200μl/well) were added in 96-well plates and the absorbance
was read at 470nm for 20min. Results are expressed as milli-
units (mU) of SOD/mg of protein. One unit of SOD was
defined as the amount of enzyme capable of dismutating
1μmol of O2

−/min.

(3) Glutathione Peroxidase (GPx) Activity Assay. GPx activity
was determined as described by Paglia and Valentine [23].
For this, 30μl of sample per well (diluted 1 : 3) was incu-
bated for 5min at 37°C, with 145μl per well of 0.05M
phosphate buffer (pH7.4) containing 0.1M EDTA, 5μl
of glutathione (GSH, 80mM), and 5μl glutathione reductase
(0.0096U/μl). After incubation, 5μl of 0.46% tert-butyl
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Figure 1: HPLC analysis of the peppermint LHAE. Peaks are
numbered 1–7 and were shown to coelute with (1) ursolic acid, (2)
epicatechin, (3) caffeic acid, (4) rutin, (5) quercetin, (6) naringenin,
and (7) kaempferol.

Table 1: Registered retention times obtained by HPLC analysis of
the peppermint LHAE. Retention times in minutes were registered
for each peak.

Peak number Retention time in min Compound

1 13.8 Ursolic acid

2 14.5 Epicatechin

3 16.3 Caffeic acid

4 23.6 Rutin

5 27.6 Quercetin

6 33.5 Naringenin

7 37.8 Kaempferol

3Journal of Immunology Research



hydroperoxide solution and 10μl of 1.2mM NADPH were
added to each well. Absorbances were monitored at 340nm
for 10min. The results are expressed as μmol of GSH/
min/mg of protein.

2.5. Statistical Analysis. Data are expressed as mean± stan-
dard error (SEM). Differences between groups were analysed
by two-way analysis of variance (ANOVA), followed by
Bonferroni’s multiple comparison tests, or paired t-test as
appropriate. Percentages of inhibition were calculated as the
mean of the inhibitions obtained for each individual experi-
ment. p values < 0.05 were considered statistically significant.

3. Results

3.1. Chemical Analysis. HPLC analysis of peppermint LHAE
detected the presence of seven peaks that coeluted with urso-
lic acid, epicatechin, caffeic acid, rutin, quercetin, naringenin,
and kaempferol (Figure 1). Epicatechin and naringenin were
the major compounds, with retention times of 14.5min and
33.5min, respectively (Table 1).

3.2. Peppermint LHAE Modulates Macrophage Viability.
Peppermint LHAE effects were evaluated on macrophage

viability stimulated or not with LPS. As expected, LPS
reduced macrophage viability by 40% (Figure 2(a)). LPS-
induced macrophage death was reversed by incubation
with LHAE (1–30μg/ml; Figure 2(a)). At higher concen-
trations (≥100μg/ml), the extract decreased (49–57%) the
viability of macrophages cultured in the absence of LPS
(Figure 2(a)).

3.3. Macrophage-Mediated Phagocytosis. LPS stimulated
phagocytosis in comparison with vehicle-treated cells, as
denoted by an increase in the percentage of cells contain-
ing beads (4.1-fold increase) and in the number of beads
per cell (6.2-fold increase; Figures 2(b) and 2(c)). Pepper-
mint LHAE potentiated the ability of macrophages to
phagocytose in the absence but not in the presence of
LPS (Figures 2(b) and 2(c)). This potentiation was as high
as 6.6- and 8.8-fold for the percentage of macrophages con-
taining beads and number of beads per cell, respectively
(Figures 2(b) and 2(c)).

3.4. Peppermint LHAE Reduces H2O2 but Not NO Production.
Figures 3(a) and 3(b) show the measured concentrations of
H2O2 and NO, respectively, in supernatant samples from
macrophages incubated or not with LPS and LHAE.

150

100

50

0
0 1 3 30 100 300

M
ac

ro
ph

ag
e v

ia
bi

lit
y

(%
 to

 co
nt

ro
l)

M. piperita (�휇g/ml)

⁎
⁎ ⁎

# # #

LPS (−)
LPS (+)

(a)

150

100

50

0
0 3 30

C
ell

s c
on

ta
in

in
g 

be
ad

s (
%

)

M. piperita (�휇g/ml)

LPS (−)
LPS (+)

⁎ ⁎

⁎

(b)

5

4

3

2

1

0
0 3 30

N
um

be
r o

f b
ea

ds
/c

el
l

M. piperita (�휇g/ml)

LPS (−)
LPS (+)

(c)

Figure 2: Effect of peppermint LHAE on peritoneal macrophage viability and phagocytosis. Cell viability (a), number of cells containing
beads (b), and number of beads per cell (c) were quantified on peritoneal macrophages pretreated with peppermint LHAE (1–300μg/ml,
in 1% DMSO in PBS) and stimulated with LPS for 24 h. Vehicle-treated cells were used as controls. Data are expressed as mean± SEM.
∗p < 0 05 compared with vehicle-treated cells; #p < 0 05 compared with LPS-treated cells.
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Incubation of macrophages with LPS triggered the release of
both H2O2 and NO by these cells, with fold increases of 5.6
and 10.0, respectively, for LPS-treated cells in comparison
with vehicle controls. H2O2 but not NO release was reduced
(34.6–53.4%) in LHAE-treated macrophages.

3.5. SOD and GPx Activities Are Increased in LPS-Stimulated
Macrophages Treated with Peppermint LHAE. Figures 3(c)
and 3(d) show the measured activities of SOD and GPx
in cultured macrophages. Peppermint LHAE increased
the activation of both enzymes in LPS-treated macro-
phages in comparison with vehicle controls. SOD activity
was increased by 15.3–63.5-fold (Figure 3(c)), whilst GPx
activity was raised by 34.4–73.6-fold (Figure 3(d)).

4. Discussion

M. piperita was previously suggested to have antimicrobial
activity against both Gram-negative and Gram-positive
bacteria [12], in addition to presenting with antioxidant
potential in vitro [12, 17, 24]. In vivo anti-inflammatory
actions were also reported for this plant in murine models
of infection and inflammation. However, little is known on
the modulatory effects of this plant in inflammatory cells.
Here, we investigated the effects of a peppermint LHAE on

cultured macrophages stimulated or not with LPS from
K. pneumoniae. We found that this extract is able to mod-
ulate macrophage responses to LPS.

Mentha spp. effects on macrophage viability in vitro have
been suggested to be concentration dependent. Indeed,
RAW264.7 macrophage viability was previously shown not
to be affected by treatment with M. piperita essential oil at
concentrations as high as 100μg/ml [16]. On the other hand,
extracts from different Mentha species were found to be
cytotoxic in both macrophage and monocyte cell lines when
assessed at concentrations >200μg/ml [25]. Thus, we initially
evaluated the effects of LHAE on peritoneal macrophage
viability. LPS-stimulated cells had their viability increased
when incubated with LHAE in comparison with LPS con-
trols. This was observed for the smallest concentrations
tested and did not affect macrophage’s ability to phagocytose
when stimulated with LPS. On the other hand, at higher
concentrations (≥100μg/ml), LHAE caused cytotoxicity in
cells not stimulated with this endotoxin. Additional effects
were also observed for LPS-untreated cells, as they presented
increased phagocytosis. To the best of our knowledge, we
present here the first evidence on that M. piperita affects
the viability and phagocytosis of LPS-stimulated murine
peritoneal cells. This set of results allows us to suggest that
M. piperita effects on macrophage may be not only
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Figure 3: Effect of peppermint LHAE on H2O2 and NO release. H2O2 (a) and NOx (b) concentrations in supernatant samples of cultured
peritoneal macrophages. SOD (c) and GPx (d) activities in cultured peritoneal macrophages. Cells were pretreated with peppermint LHAE
(1–300 μg/ml, in 1% DMSO in PBS) and stimulated with LPS for 24 h. Vehicle-treated cells were used as controls. Data are expressed as
mean± SEM. ∗p < 0 05 compared with vehicle-treated cells; #p < 0 05 compared with LPS-treated cells.
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Figure 4: Mechanisms of action of LHAE on macrophage-mediated responses. (a) As part of the host’s immune response during bacterial
infections, macrophages are activated by bacteria-derived products, such as lipopolysaccharide (LPS); and as a result of this activation,
reactive species are formed. Superoxide (O2

−) anion produced by NADPH oxidase is converted to hydrogen peroxide (H2O2) by
superoxide dismutase (SOD). H2O2 can, in turn, be further reduced to H2O by glutathione peroxidase (GPx) or even render hydroxyl
radical (HO.), a much more potent oxidant that can lead to diminished cell survival via peroxidation (and further breakdown) of lipids, as
well as oxidation of protein and DNA bases. In parallel, nitric oxide (NO.) continuously produced by inducible NO synthase (iNOS) can
react with O2

− and form peroxynitrous acid (ONOOH) which, after homolytic breakdown, can also render HO.in addition to the highly
reactive nitro (NO2

.) radical (a potent modifier of proteins and lipids), thus potentiating cell death. (b) The incubation of LPS-stimulated
macrophages with LHAE does not affect NO formation but rather increases SOD and GPx activities (thus lowering O2

− and H2O2
availability). As a consequence, OH and/or NO2

.formation is avoided, thus improving macrophage survival.
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dependent on concentration but also on the culture condi-
tions (presence versus absence of LPS).

In a recent study by Sun et al. [16], a peppermint essential
oil reduced LPS-induced NO production by naïve RAW264.7
macrophages at similar concentrations to those tested for
LHAE herein. A similar result was observed for an aqueous
extract from Mentha haplocalyx when incubated with LPS-
stimulated macrophages [26]. These studies and others
[12, 17, 24] also suggested an antioxidant potential for
peppermint and other plants from the same genus. We
found that H2O2, but not NO production, was decreased
in LHAE-treated cells stimulated with LPS at concentrations
as low as 1μg/ml. The same cells presented increased SOD
and GPx activities, as key antioxidant enzymes. Increased
SOD activity was previously reported in mice treated with
peppermint aqueous extract [27]. More recently, peppermint
essential oil was shown to act as a scavenger of hydroxyl rad-
icals and to be an antioxidant at concentrations ≥200μg/ml
[16]. These results allow us to suggest that peppermint anti-
oxidant actions on macrophages may be due to increased
activation of SOD and GPx, which in turn, leads to decreased
H2O2 production by these cells. These evidences, in addition
to recent reports on that peppermint LHAE increases serum
concentrations of anti-inflammatory cytokines in Schisto-
soma mansoni-induced infection [19], indicate an important
anti-inflammatory action for M. piperita.

In regards to NO production, our results contradicted
those described for Mentha spp. in the literature [28] as
LHAE did not affect its levels upon macrophage stimuli with
LPS. However, the inhibitory effects of Mentha spp. on NO
release by LPS-stimulated macrophages were shown for
hexane and ethyl acetate fractions [28], in addition to
aqueous extract [26], suggesting that compounds found in
different fractions and extractions of Mentha spp. may
present different actions on NO production.

Different compounds were detected in essential oils
obtained from peppermint leaves in previous studies
[12, 17, 24, 29]. M. piperita antioxidant actions were pre-
viously suggested to be due to the presence of phenolic
constituents in its leaves including rosmarinic acid and
different flavonoids such as rutin, naringin, eriocitrin,
luteolin, and hesperidin [30–33]. Here, HPLC analysis of
the peppermint LHAE detected some peaks that coeluted
with pure ursolic acid, epicatechin, caffeic acid, rutin, quer-
cetin, naringenin, and kaempferol. These compounds were
previously shown to act as anti-inflammatory and/or antiox-
idants [30, 33, 34]. It is possible that all these compounds
contribute to the modulatory actions of LHAE observed in
our study. However, we observed an unexpected lack of
effect for LHAE on NO release by LPS-stimulated cells. This
was rather surprising as it’s detected compounds are known
as potent inhibitors of NO production [35–40]. On the other
hand, ursolic acid effects on NO release by macrophages are
controversial and may be concentration dependent. Indeed,
some evidences suggest this compound increases NO pro-
duction by both infected [41] and resting [42] macrophages,
whilst others show ursolic acid inhibits NO release by LPS-
stimulated cells [43]. We suggest that, although the different
compounds detected in the LHAE may contribute

synergistically to its antioxidant effects, it is possible they
counteract each other’s abilities to stimulate or inhibit
NO production by macrophages depending on their bio-
availability in the extract.

Overall, our data show that the peppermint LHAE
modulates macrophage-mediated inflammatory responses,
by stimulating the antioxidant pathway in these cells
(Figure 4). These effects may be beneficial when the excessive
activation of macrophages contributes to tissue damage in
diseases in which there is an unbalanced oxidative stress,
such as those of infectious nature.
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In this study, we demonstrated that temozolomide (TMZ) and propyl gallate (PG) combination enhanced the inhibition of
migration in human U87MG glioma cells. PG inhibited the TMZ-induced reactive oxygen species (ROS) generation. The
mitochondrial complex III and NADPH oxidase are two critical sites that can be considered to regulate antimigration in TMZ-
treated U87MG cells. PG can enhance the antimigration effect of TMZ through suppression of metalloproteinase-2 and
metalloproteinase-9 activities, ROS generation, and the NF-κB pathway and possibly provide a novel prospective strategy for
treating malignant glioma.

1. Introduction

Malignant gliomas, the most common primary brain tumor
with an annual incidence of about 5.26 cases per 100,000
people, have high growth rates and necrotic characteristics
[1]. Glioblastoma multiforme (GBM), a type of malignant
glioma, is one of the most difficult cancers to treat, and
median survival is about 14.6 months in spite of aggressive
treatment with surgery, radiotherapy, chemotherapy, and
immunotherapy [2]. Temozolomide (TMZ) is an oral alky-
lating and well-tolerated chemotherapeutic drug and has
been approved for the treatment of malignant glioma clini-
cally for a long time. However, O6-methylguanine-DNA
methyltransferase gene (MGMT) promoter methylation
status influences the efficacy of the drug, and therapeutic
outcomes are still unsatisfactory [3]. In addition, GBM is
highly neovascularizated with the appearance of angiogenesis

and vasculogenesis. The modification of preexisting blood
vessels combined with antiangiogenesis drugs for blocking
new vessel formation may possibly improve the therapeutic
outcome [4]. Bevacizumab, a vascular endothelial cell prolif-
eration inhibitor, is currently an alternative treatment choice
for GBM but fails to extend overall survival time [5, 6]. In
experimental studies, drugs such as betulinic acid, lonida-
mine, and CD437, which target the mitochondrial pore
[7–9], and crizotinib, which inhibit mesenchymal-epithelial
transition (MET) expression [10], possibly provide a strategy
for GBM therapy. Our previous study also demonstrated that
valproic acid could enhance the apoptotic effect of TMZ
through a redox regulation mechanism [11].

Propyl gallate (PG), a polyphenolic compound family
that is synthesized by the condensation of propanol and gallic
acid, has an antiproliferation effect on tumor cells [12]. In
one study, PG could modulate heme oxygenase-1 (HO-1)
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activation and decrease lung cancer cell survival [13]. PG also
induces apoptosis in human leukemia cells [14] and HeLa
cells [15] by increasing reactive oxygen species (ROS) levels
and glutathione (GSH) depletion. In brain ischemia, PG
inhibits the activity of NF-κB, reduces COX-2 and TNF-
alpha G expression, and decreases ischemic-reperfusion
injury [16]. However, PG effects on brain glioma cells are still
questionable and not well investigated. In this study, we
examined whether PG can potentiate the antimigration
effects of TMZ on malignant glioma cells and elucidate the
possible molecular mechanisms.

2. Materials and Methods

2.1. Cell Lines, Reagents, and Chemicals. U87MG (a human
primary glioblastoma cell line) was obtained from the Biore-
source Collection and Research Center (Food Industry
Research and Development Institute, Hsinchu, Taiwan).
HBVP (a human brain vascular pericyte cell line), HA
(a human astrocyte cell line), and HBMEC (a human brain
microvascular endothelial cell line) were purchased from
ScienCell Research Laboratories Inc. (Carlsbad, CA, USA).
Gibco™ Eagle’s minimum essential medium (MEM) and fetal
bovine serum (FBS) were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Pericyte medium (PM),
astrocyte medium (AM), and endothelial cell medium
(ECM) were obtained from ScienCell Research Laboratories
Inc. (Carlsbad, CA, USA). Primary antibodies against IκB
kinase (IKK), IκB, p65, p-IKK, p-IκB, p-p65, lamin B,
and β-actin were obtained from Santa Cruz Biotechnology
Inc. (Dallas, TX, USA). The Bradford protein assay reagent
for protein concentration determination was purchased from
Bio-Rad Laboratories Inc. (Hercules, CA, USA). PG, propi-
dium iodide (PI), TMZ, 2′,7′-dichlorodihydrofluorescein
diacetate (DCFDA), dimethyl sulfoxide (DMSO), Trypanblue
solution, crystal violet, and other chemicals were purchased
from Sigma-Aldrich Corp. (St. Louis, MO, USA).

2.2. Cell Culture and Drug Treatment. U87MG cells were
cultured in MEM containing 10% FBS, 2mM L-glutamine,
100 units/mL penicillin G, and 100μg/mL streptomycin
and placed in a 5% CO2/95% incubator at 37°C. HBVP
cells, HA cells, and HBMEC cells were cultured in PM,
AM, and ECM, respectively, and placed in a 5% CO2/
95% incubator at 37°C. PM consists of 500mL of basal
medium, 10mL of FBS, 5mL of pericyte growth supple-
ment, and 5mL of penicillin/streptomycin solution. AM
consists of 500mL of basal medium, 10mL of FBS, 5mL
of astrocyte growth supplement, and 5mL of penicillin/
streptomycin solution. ECM consists of 500mL of basal
medium, 25mL of FBS, 5mL of endothelial cell growth
supplement, and 5mL of penicillin/streptomycin solution.
The stock solutions of PG or TMZ were prepared in
DMSO, and all treated concentrations were diluted in cul-
ture medium. The concentration of DMSO should not be
exceeding from 0.05%.

2.3. Cytotoxicity Assay. Cytotoxicity was evaluated using a
cell proliferation kit (Biological Industries; Kibbutz Beit

Haemek, Israel). A total of 1× 104 cells per well were seeded
in a flat bottom 96-well plate before treatment. After treat-
ment, cells in a 100μL medium were incubated with 50μL
XTT reagent for 2 h, and the absorbance of the sample
(450 nm)wasmeasuredagainst abackgroundcontrolmedium
as a blank. The nonspecific absorbance (690 nm) was
measured and subtracted from the 450 nm measurement in
an EnSpire® multimode plate reader (PerkinElmer; Billerica,
MA, USA).

2.4. Transwell Migration Assay. Transwell migration assay
was carried out using 24-well Millicell® hanging cell culture
inserts with a polyethylene terephthalate (PET) membrane
pore size of 8μm (EMDMillipore; Billerica, MA, USA). Cells
(1× 104 cells/well) were seeded in a serum-free medium to
triplicate wells of cell culture inserts, and a complete medium
containing 10% FBS was added to the lower chamber. After
48 h, the interior of the inserts was swabbed to remove non-
migratory cells, and those migratory cells that passed
through the PET membrane were fixed and stained using
crystal violet solution. At least three individual fields per
insert were counted for cell number using a phase contrast
microscope. Then, each insert was transferred to an empty
well containing 200μL extraction solution (33% acetic acid)
to lyse the cells, and 100μL from each sample was trans-
ferred and measured at 560nm using an EnSpire multimode
plate reader (PerkinElmer).

2.5. Analysis of the Activities of Matrix Metalloproteinase-
(MMP-) 2 and MMP-9 in Human U87MG Cells. U87MG
cells (2× 106) were cultured in 60mm culture dishes for
48 h. The cells were then exposed to various concentrations
of TMZ alone, PG alone, or combined PG and TMZ for
appropriate times. After treatment, the cultured media were
collected and then centrifuged at 12,000×g for 10min at
4°C to obtain the supernatant. The protein concentrations
of supernatant were measured with a Bio-Rad protein assay
reagent (Hercules, CA, USA). The enzyme activities of
MMP-2 and MMP-9 were evaluated by zymography. Fifty
micrograms of the supernatant protein were subjected to
electrophoresis in a 10% SDS-PAGE gel copolymerized with
gelatin (1mg/mL). After electrophoresis, the gels were then
washed in distilled water for 5min and then incubated for
1 h in 2.5% Triton-X solution in order to remove the SDS
[17]. It would restore the protein 3D structure and function-
ality. The gelatinolytic activities of MMP-2 and MMP-9 were
evaluated as transparent bands against a background of coo-
massie brilliant blue-stained gelatin and quantified using
Bio-Rad Quantity One® 1-D analysis software (Hercules,
CA, USA).

2.6. Intracellular ROS Measurement. The production of
intracellular ROS was detected by flow cytometry using
2′,7′-dichlorofluorescin diacetate (DCFDA). After drug treat-
ment, the cells were stained with 20μMDCFDA for 30min at
37°C and then washed with 1X PBS twice to remove the
DCFDA. All cells were trypsinized to obtain a single-cell
suspension. Intracellular ROS levels, which were indicated
by the fluorescence of dichlorofluorescein (DCF), were
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measured through an excitation/emission=485nm/535nm
using a BD FACSCanto™ II flow cytometer (San Jose, CA,
USA). Ten thousand cells were collected and analyzed per
experimental conditions using mean fluorescent intensity.

2.7. Preparation of Nuclear Protein Extracts from U87MG
Cells. After treatment, cells were washed with cold 1X
PBS and suspended in 500μL of hypotonic lysis buffer
(10mM HEPES, pH7.9, 1.5mM MgCl2, and 10mM KCl)
containing protease inhibitors for 30min. Then, 30μL of
10% NP-40 was added to the swollen cells in the lysis
buffer and vortexed vigorously for 10 seconds. The
homogenate was centrifuged immediately for 30 seconds
at 11,000×g, and the supernatant containing the cytoplas-
mic extracts was stored at −80°C for further analysis. The
nuclear pellet was resuspended in ~70μL of ice-cold
nuclear extraction buffer (20mM HEPES, pH7.9, 1.5mM
MgCl2, 0.42M NaCl, 0.2mM EDTA, and 25% (v/v) glyc-
erol). After 30min of intermittent mixing, the extract
was centrifuged at 20,000×g for 5min, and the superna-
tants containing the nuclear extracts were secured. Nuclear
p65 expression was evaluated by Western blotting.

2.8. Western Blot Analysis. For crude total protein extraction,
cells were lysed in 1X buffer (25mM Tris•HCl pH7.6,
150mM NaCl, 1% NP-40, 1% sodium deoxycholate, and
0.1% SDS) for 10min and centrifuged at 12,000×g for
10min at 4°C to obtain the soluble proteins. Twenty-five to
fifty micrograms of protein were separated on a 12% SDS-
polyacrylamide gel. After electrophoresis, the proteins were
transferred onto a polyvinylidene fluoride (PVDF) mem-
brane. The membranes were blocked with 5% nonfat milk,
incubated with various primary antibodies overnight, and
then washed with 1X PBST solution (0.05% Tween 20 in
1X PBS). After washing, the appropriate secondary antibod-
ies, which were each labeled with horseradish peroxidase,
were added to the membrane for 1 h and then washed with
1X PBST solution. The antigen-antibody complexes were
detected using Amersham™ ECL™ Prime Western Blotting
Detection Reagent (GE Healthcare Life Sciences; Uppsala,
Sweden). Autoradiographic signals were detected by an
X-ray film (Roche Applied Science, Mannheim, Germany).
The signal intensity was quantitated by GeneTools analysis
software (SYNGEN, Cambridge, UK).

2.9. Statistical Analysis. Data are presented as the mean±
standard deviation from at least three independent experi-
ments and were analyzed using Student’s t-tests. A P value
of less than 0.05 was considered statistically significant.

3. Results

3.1. The Effect of Combined TMZ and PG on Cell Viability. To
exclude any confounding factors in the determination of
migration inhibition by cell death, we first evaluated the
effect of drug concentration on cell viability in U87MG cells.
The U87MG cells maintained a cell viability of at least 85%
when treated with TMZ (200μM) alone, PG alone (50 and
100μM), and combined TMZ and PG after 48 h (Figure 1).

Concentrations of 50 and 100μM for PG and 200μM for
TMZ were used in further studies.

3.2. PG Enhanced the Antimigration Effect of TMZ. To
determine whether PG has a potential role, either alone
or in combination with TMZ, in the inhibition of migration
in the treatment of glioma cells, the transwell migration assay
and crystal violet staining method were used. There were no
significant difference on antimigration in TMZ (200μM)
alone or PG (50μM) alone compared with untreated cells
(Figures 2(a) and 2(b)). PG (100μM) alone produced a sig-
nificant effect on antimigration. The antimigration effect
was further increased when PG (50μM) and TMZ
(200μM) or PG (100μM) and TMZ (200μM) in U87MG
cells are combined. To evaluate the effect of PG pretreated
TMZ-treated glioma cells, the PG was pretreated for 6 h
and then treated with TMZ for 48h and then antimigration
was analyzed. As shown in Figures 2(c) and 2(d), there were
no significant statistic differences between PG-alone treat-
ment and pretreated PG plus TMZ treatment suggesting
the antimigration should be cotreated with PG and TMZ.

3.3. PG Enhanced the TMZ Inhibition of MMP Activities in
U87MG Cells. MMP-9 and MMP-2 are important matrix
metalloproteinases in the migration of glioma cells. MMP-9
and MMP-2 degrade the extracellular matrix and result in
the migration of glioma cells to other normal tissue area.
To determine whether PG has a potential role in the inhibi-
tion of MMP-9 or MMP-2 activity in U87MG cells either
PG alone or PG/TMZ combination, we used zymographic
analysis. As shown in Figure 3, the MMP-9 and MMP-2
activities were significant inhibition in PG/TMZ combina-
tion as compared with untreated cells. It is interesting to note
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Figure 1: Evaluation of cell viability with TMZ, PG, or TMZ/PG
treatment. U87MG cells (1× 104) were seeded in each well of a
96-well cultured plate for 24 h and then treated with TMZ
(200 μM), PG (50 or 100μM), or their combination for 48 h.
After treatment, cell viability was determined by an XTT-based
assay. The values are represented as mean± standard deviation
(n = 5–8) of individual experiments.

3Journal of Immunology Research



120

⁎⁎
## ⁎

⁎
##

100

80

60

40

20

0

U
nt

re
at

ed

TM
Z2

00

T
+

PG
10

0

T
+

PG
50

PG
10

0

PG
50

(�휇M)

Re
lat

iv
e m

ig
ra

tio
n 

pe
rc

en
ta

ge
 (%

)

(a)

Untreated TMZ200

T + PG100 T + PG50

PG100 PG50

(�휇M)

(b)

140

120

100

80

60

40

20

0

U
nt

re
at

ed

TM
Z2

00

Pr
et

re
at

ed
 P

G
10

0
+

T

Pr
et

re
at

ed
 P

G
50

+
T

PG
10

0

PG
50

(�휇M)

Re
lat

iv
e c

el
l v

ia
bi

lit
y 

pe
rc

en
ta

ge
 (%

)

⁎⁎
⁎⁎⁎

⁎

⁎

(c)

TMZ200

Pretreated PG50 + T

PG50

(�휇M)Untreated

Pretreated PG100 + T

PG100

(d)

Figure 2: Evaluation of migration with TMZ, PG, or TMZ/PG treatment. (a, b) U87MG cells (1× 104) were plated in 24-well Millicell hanging
cell culture inserts with an 8μmpore size membrane for 24 h and then treated with TMZ (200 μM), PG (50 or 100 μM), and their combination
for 48 h. (c, d) U87MG cells (1× 104) were plated in 24-well Millicell hanging cell culture inserts with an 8 μm pore size membrane for 24 h
and then treated with TMZ (200 μM) or PG (50 or 100 μM) for 48 h or pretreated with PG (50 or 100 μM) for 6 h and then treated with
(200 μM) for 48 h. (a, c) Transwell migration assay was carried out. The migrated cells were stained with crystal violet. The dye was eluted
with 33% acetic acid, and crystal violet absorbance was measured at 570 nm using a microplate reader. The values are presented as
mean± standard deviation (n = 5–8) of individual experiments. Significant differences for the untreated group and TMZ group were
∗P < 0 05, ∗∗P < 0 01, ∗∗∗P < 0 001, and ##P < 0 01. (b, d) Random fields from each of the triplicate migration assays were counted using
phase contrast microscopy (magnification 200x).
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that PG (100μM)/TMZ (200μM) combination resulted in a
significant inhibition on MMP-9 activity as compared with
TMZ (200μM) alone treatment. PG (50μM or 100μM)
alone did not inhibit the activity of MMP-2.

3.4. PG Decreased ROS Production in TMZ Treatment. To
fully evaluate the possible involvement of ROS in the antimi-
gration effects of PG/TMZ-combined treatment, we detected
ROS accumulation in the treated cells. Increased ROS
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Figure 3: Analysis of MMP-2 and MMP-9 activities with TMZ, PG, or TMZ/PG treatment. U87MG cells (2× 106) were plated in 100mm
cultured dishes for 24 h and then treated with TMZ (200 μM), PG (50 or 100μM), or their combination for 48 h. After treatment, the
cultured media were collected and then centrifuged at 12,000×g for 10min at 4°C to obtain supernatants. Aliquot protein (50 μg) was
used to evaluate the activities of MMP-2 and MMP-9 by zymography. These experiments were performed at least three times; a
representative experiment is presented. Data indicate the densitometric values of various treated groups normalized to their corresponding
untreated group. Significant differences for the untreated group and TMZ group were ∗P < 0 05, ∗∗P < 0 01, and #P < 0 05.
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accumulation occurred in the TMZ-alone group (Figure 4).
Treatment with PG (50μM or 100μM) alone had an inhibi-
tory effect on ROS accumulation compared to that of TMZ
alone. However, ROS inhibition was little enhanced by com-
bined treatment with PG (50μM or 100μM) and TMZ.
These results indicate that ROS generation may partially
obstruct the antimigration effect of TMZ, and the inhibition
of ROS by PG may be a critical event contributing to the
antimigration effect of TMZ treatment.

3.5. PG/TMZ Combination Suppressed NF-κB Activity.
NF-κB is known to regulate the expression of a number of
MMPs. We therefore investigated the effect of PG and TMZ
on the NF-κB pathway in U87MG cells. The expression of
NF-κB pathway-related proteins such as p-IKK, p-IκB, and
p-p65 was examined by Western blot analysis. PG alone or
in combinationwas quite effective in suppressing the constitu-
tive activation of theNF-κB pathway, including p-IKK, p-IκB,
and p-p65 in U87MG cells, but TMZ treatment alone had no
marked effect on the constitutive NF-κB activation pathway
in U87MG cells (Figure 5).

3.6. Inhibition of Critical ROS-Generated Sites Enhanced the
Antimigration Effect of TMZ on U87MG Glioma Cells. The
antioxidant effect of PG enhanced the antimigration effect
of TMZ treatment. We further evaluated the critical ROS-
generated sites in TMZ-treated U87MG cells. Various spe-
cific ROS-generated inhibitors were pretreated for 1 h and
then treated with TMZ for 48 h. Finally, the cells were evalu-
ated for intracellular ROS levels. All ROS-generated inhibi-
tors reduced TMZ-induced ROS production (Figure 6(a)).
The inhibition of migration with TMZ treatment was
enhanced in the presence of carboxin (a complex II inhibi-
tor), antimycin A (a complex III inhibitor), or apocynin (a
NADPH oxidase inhibitor), but not in the presence of rote-
none (a complex I inhibitor) (Figures 6(b) and 6(c)). These
results indicated that ROS production induced by TMZ treat-
ment occurs through mitochondrial respiratory chain com-
plex I, complex II, complex III, and NADPH oxidase.
Inhibition of ROS generated from complex II and III, and
NADPH oxidase can enhance the antimigration effect of
TMZ on U87MG cells.

3.7. PG Did Not Induce Cytotoxicity in the Normal Cell Lines.
To evaluate whether 50 or 100μM PG induced toxic in
normal neuron and glia cells, three human normal cell lines,
HBVP (human brain vascular pericytes), HA (human astro-
cytes), HBMEC (human brain microvascular endothelial
cells), and XTT analysis were used. As shown in Figure 7,
TMZ treatment resulted in 80–90% cell viability in three
normal cell lines. However, treatment of 50 or 100μM PG
did not induce cytotoxicity in the three cell lines suggesting
PG may protect normal cells during TMZ treatment.

4. Discussion

A critical step in cancer invasion is breaking through the
ECM and invading the neighboring stroma. Control of the
invasive nature of GBM cells may offer hope for more effica-
cious local therapy and improve the patient’s quality of life

[18]. Neutral proteases can alter capillary permeability by
attacking ECM around the blood vessels. MMP-2 and
MMP-9 destroy ECM and help breast and prostate cancer
cells migrate to new places [19, 20]. In glioma cells, MMP-2
and MMP-9 are highly expressed and are involved in GBM
migration and invasion [21]. Rojiani et al. reported that
enhanced vascular proliferation, particularly at the brain-
tumor interface, increased the capability of tumors to grow
and invade in brain malignancy, possibly modulated by
MMP-2 [22].

ROS regulation of cell migration and adhesion in
endothelial-derived cells is an important mechanism [23],
and it also provides a common trigger for many downstream
pathways that directly mediate BBB oxidative damage [24].
The role of ROS in tumor metastasis involves complicated
processes, including MET, migration, invasion by tumor
cells, and angiogenesis around the tumor lesion [25, 26].
ROS generation may be induced intracellularly in either a
NADPH oxidase-dependent manner or a mitochondria-
dependent manner, by growth factors and cytokines (such
as TGF beta and HGF) or by tumor promoters (such as
TPA) capable of triggering cell adhesion, MET, and migra-
tion [27–29]. ROS has been found to directly regulate the
expression and activity of MMPs in human endothelial cells
[30], and several reports indicated that ROS was involved
in the abnormal activation of these MMPs in several types
of cancer cells, including glioblastoma [31]. Our results
revealed that PG inhibited the expression of MMP-2 and
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Figure 4: Evaluationof intracellularROSwithTMZ,PG,orTMZ/PG
treatment. U87MG cells (1× 106) were plated in 60mm cultured
dishes for 24 h and then treated with TMZ (200 μM), PG (50 or
100 μM), or their combination for 48 h. After treatment, the cells
were stained with 2′,7′-dichlorfluorescein-diacetate (DCFDA) for
ROS analysis and were then evaluated by flow cytometry. Data
represent the mean fluorescence intensity within the cells. The
values are presented as mean± standard deviation (n = 5–8) of
individual experiments. Significant differences for the untreated
group and TMZ group were ∗P < 0 05, ∗∗P < 0 01, ∗∗∗P < 0 001,
#P < 0 05, and ##P < 0 01.
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MMP-9 and exerted an antimigration effect on TMZ-treated
U87MG cells. TMZ induced an increased in ROS
production by about 1.6-fold, and PG (100μM) signifi-
cantly inhibited the ROS level in TMZ treatment. This seems
to suggest that downregulation of the ROS level with TMZ
treatment can enhance the inhibition of migration.

The ROS-dependent intracellular pathway activation
relationship with tumor invasion includes the regulation of
NF-κB transcription factor located upstream of MMPs
[30]. The elevation of the NF-κB level in cancer may be
the result of either exposure to proinflammatory stimuli
in the tumor microenvironment or upregulation of the sig-
naling pathway by upstream regulators [32]. In addition,
the NF-κB pathway is activated in glioblastoma-initiating
cells undergoing differentiation, and blockade of this activa-
tion promoted the senescence of differentiating cells [33].
Appropriate control of NF-κB activity, which can be
achieved by gene modification or pharmacological strategies,
would provide a potential approach to the management of
NF-κB-related tumors, including glioblastoma.

The NF-κB-induced expression of MMPs has been found
to be regulated by ROS generated from mitochondria and
NADPH oxidase [34]. PG also possessed anti-inflammatory
activity via downregulation of the NF-κB pathway [35], but
its potential effect on the NF-κB signaling cascade in glioma
cells has never been evaluated. Our previous study found that

PG could reduce the proliferation and augment the chemo-
sensitivity of a THP-1 leukemia cell line via extrinsic and
intrinsic apoptotic pathways [14]. In this study, we noticed
that the effect of PG/TMZ-combined treatment may be
mediated by inhibition of the NF-κB pathway, such as p-
IKK, p-IκB, and p-p65, in U87MG glioma cells. We also
found that both p-IκB and nuclear p65 in U87MG glioma
cells were more suppressed by combined PG and TMZ. This
indicates that the inhibition of the NF-κB pathway enhanced
by PG is a critical mechanism of antimigration in TMZ treat-
ment. Furthermore, blockade of NADPH oxidase by diphe-
nyleneiodonium abolishes NF-κB activation and inhibits
MMP-9 expression, indicating the role of ROS in NF-κB-
induced MMP expression [35]. In agreement with our
results, the inhibitors of mitochondrial complex III (carboxin
and antimycin A) and NADPH oxidase (apocynin) signifi-
cantly inhibited the ROS level andmigration with TMZ treat-
ment, further indicating that inhibition of the ROS-mediated
NF-κB pathway in TMZ treatment is an important antimi-
gration mechanism in glioma cells.

Many polyphenol compounds have been found to pass
the blood-brain barrier, including epigallocatechin-3-gallate
[36, 37]. PG is a polyphenol compound which contains
hydrophobic propyl group and phenol group, and the com-
pound structure of PG is smaller than epigallocatechin-3-
gallate. However, Wu et al. demonstrated that the mean
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in vivo recoveries of both polyphenol compounds (+)-cate-
chin and (−)-epicatechin in microdialysis probes were
38.3% and 29.1% in the brain [37]. We speculate that 50 or
100μM of PG may partially pass through the blood-brain
barrier. The correct concentration of PG in the brain must
be further detected. In our previous study demonstrated

that U87MG cells express high oxidative stress status as
compared with that of other glioma cells [38]. Our results
show that TMZ induced ROS generation in glioma by 1.6-
fold of untreated cells. The increased ROS generation in
TMZ-treated U87MG cell may not further induce the
migration activity.
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Figure 6: Inhibition of critical ROS events enhances antimigration with TMZ treatment. U-87 MG cells (1× 106) were plated in 60mm
cultured dishes for 24 h and then treated with TMZ (200 μM) alone for 48 h or pretreated with 1 nM rotenone (RO, a complex I inhibitor),
10μM 2-thenoyltrifluoroacetone (TTFA, a complex II inhibitor), 10μM carboxin (CAR, a complex II inhibitor), 0.01 nM antimycin A
(AA, a complex III inhibitor), 1 μM 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF, a NADPH oxidase inhibitor), and
30μM apocynin (APO, a NADPH oxidase inhibitor) for 1 h, followed by TMZ (200 μM) for 48 h. After treatment, the cells were stained
with 2′,7′-dichlorfluorescein-diacetate (DCFDA) for ROS analysis and were then evaluated by flow cytometry. Data represent the
fluorescence intensity within the cells. The values are presented as mean± standard deviation (n = 5–8) of individual experiments.
Significant differences for the TMZ group were ∗∗P < 0 01 and ∗∗∗P < 0 001. (b) U87MG cells (1× 104) were plated in 24-well Millicell
hanging cell culture inserts in an 8 μm polyethylene terephthalate membrane for 24 h and then treated with TMZ (200 μM) alone for 48 h
or pretreated with 1 nM rotenone (RO, a complex I inhibitor), 10μM 2-thenoyltrifluoroacetone (TTFA, a complex II inhibitor), 10μM
carboxin (CAR, a complex II inhibitor), 0.01 nM antimycin A (AA, a complex III inhibitor), 1 μM 4-(2-Aminoethyl) benzenesulfonyl
fluoride hydrochloride (AEBSF, a NADPH oxidase inhibitor), and 30μM apocynin (APO, a NADPH oxidase inhibitor) for 1 h, followed
by TMZ (200 μM) for 48 h. Transwell migration assay was carried out. The migrated cells were stained using crystal violet. Random fields
from each of the triplicate migration assays were counted using phase contrast microscopy (magnification 200x). (c) The dye was eluted
with 33% acetic acid, and crystal violet absorbance was measured at 570 nm using a microplate reader. The values are presented as mean
± standard deviation (n = 5–8) of individual experiments. Significant differences for the TMZ group were ∗P < 0 05 and ∗∗P < 0 01.
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Wu et al. demonstrated that a strong linear correlation
between the cell migration rate and the amount of intra-
cellular ROS suggests that ROS is an intermediate product
to enhance cell migration [39]. Furthermore, an antioxidant
α-tocopherol can decrease the migration rate by quenching
the ROS production [39]. Our results showing that PG could
block ROS generation induced by TMZ treatment suggested
that ROS blocking by PGmay provide partially antimigration
effect. Accumulating reports indicate the transcription factor
NF-κB as a positive mediator of tumor metastasis, and the
NF-κB signaling pathway provides critical roles in neuroblas-
toma migration and invasion [40]. Our results demonstrat-
ing that PG inhibited the NF-κB pathway resulted in MMP

activity inhibition suggest that NF-κB pathway inhibition
may be the main mechanism on antimigration in PG/TMZ
combination. Morgan and Liu indicate that certain NF-κB-
regulated genes play a major role in regulating the amount
of ROS in the cell and ROS would modulate an NF-κB
response and that NF-κB target genes would attenuate
ROS to promote survival [41]. Our results found that
PG/TMZ combination resulted in NF-κB pathway inhibition
but did not increase ROS generation suggesting those two
phenomena (block ROS generation and NF-κB pathway
inhibition) may be independent events.

In conclusion, our findings provide further scientific
evidence that (1) PG enhances the antimigration effect of
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Figure 7: Evaluation of cell viability with TMZ, PG, or TMZ/PG treatment in normal cell lines. HA, HBMEC, and HP cells (1× 104) were
seeded in each well of a 96-well cultured plate for 24 h and then treated with TMZ (200 μM), PG (50 or 100 μM), or their combination for
48 h. After treatment, cell viability was determined by an XTT-based assay. The values are represented as mean± standard deviation
(n = 5–8) of individual experiments. Significant differences for the untreated group were ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001.
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TMZ through inhibition of ROS generation, the NF-κB path-
way, and MMP activities (Figure 8(a)); and (2) TMZ induces
ROS generation from mitochondrial complex I, II, and III
and NADPH oxidase, and inhibition of complex III and
NADPH oxidase enhances the antimigration effect of
TMZ (Figure 8(b)).
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Psoriasis is a chronic inflammatory autoimmune disease that can be initiated by excessive activation of endosomal toll-like
receptors (TLRs), particularly TLR7, TLR8, and TLR9. Therefore, inhibitors of endosomal TLR activation are being
investigated for their ability to treat this disease. The currently approved biological drugs adalimumab, etanercept, infliximab,
ustekinumab, ixekizumab, and secukizumab are antibodies against effector cytokines that participate in the initiation and
development of psoriasis. Several immune modulatory oligonucleotides and small molecular weight compounds, including
IMO-3100, IMO-8400, and CPG-52364, that block the interaction between endosomal TLRs and their ligands are under
clinical investigation for their effectiveness in the treatment of psoriasis. In addition, several chemical compounds, including
AS-2444697, PF-05387252, PF-05388169, PF-06650833, ML120B, and PHA-408, can inhibit TLR signaling. Although these
compounds have demonstrated anti-inflammatory activity in animal models, their therapeutic potential for the treatment of
psoriasis has not yet been tested. Recent studies demonstrated that natural compounds derived from plants, fungi, and
bacteria, including mustard seed, Antrodia cinnamomea extract, curcumin, resveratrol, thiostrepton, azithromycin, and
andrographolide, inhibited psoriasis-like inflammation induced by the TLR7 agonist imiquimod in animal models. These
natural modulators employ different mechanisms to inhibit endosomal TLR activation and are administered via different
routes. Therefore, they represent candidate psoriasis drugs and might lead to the development of new treatment options.

1. Introduction

Psoriasis is a common immune-mediated chronic inflamma-
tory skin disease that affects the quality of life of 2%-3% of the
global population. Psoriasis is typically associated with red,
scaly, raised plaques resulting from a marked thickening of
the epidermis induced by enhanced keratinocyte prolifera-
tion, leukocyte infiltrates in the epidermis and dermis, and
inflammation [1–5]. Leukocyte infiltrates in psoriatic lesions
primarily comprise dendritic cells (DCs), macrophages, neu-
trophils, and T cells. DCs generate multiple proinflammatory
cytokines, including TNF-α, IL-1β, IL-6, and IL-23, that
promote the development of psoriasis. TNF-α is a potent
proinflammatory stimulus that promotes IL-23 production
in DCs. IL-1β can activate IL-17 secretion from Th17 cells.

IL-6 protects cutaneous T cells from Treg suppression and
promotes Th17 participation in inflammation. Together,
these immune cells and cytokines promote the inflammatory
responses that underlie the development of psoriatic lesions.

Psoriasis can result from an interplay between genetic
factors and external factors, including microbial infections,
skin injuries, immune disorders, environmental influences,
weather, and stress [6–15]. Nevertheless, the molecular
mechanisms underlying the pathogenesis of this disease are
not yet fully understood. TLRs are a family of pattern recog-
nition receptors (PPRs) that localize to the cell surface or
intracellular vesicles and are responsible for recognizing
pathogen-associated molecular patterns (PAMPs) associated
with microbes and danger-associated molecular patterns
(DAMPs) released from dead cells in damaged tissues. A
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group of intracellular TLRs referred to as endosomal TLRs
contributes to the pathogenesis and development of psoria-
sis by sensing endogenous DNA and RNA released from
dead cells. In this review, we discuss current knowledge on
the mechanism underlying endosomal TLR activation and
the link between endosomal TLR activation and the patho-
genesis of psoriasis. This mechanism can inform the devel-
opment of therapeutics for psoriasis that target endosomal
TLRs. Synthetic antagonists of endosomal TLRs are cur-
rently being developed. Natural products from plants, fungi,
and bacteria are promising candidate drugs in this context
because of their diverse structures and bioactivities. Many
natural compounds have demonstrated acceptable safety
profiles and immunomodulatory activity [16, 17]. We also
discuss recently identified natural compounds that inhibit
endosomal TLRs and reduce psoriatic inflammation via
different mechanisms.

2. Toll-Like Receptors

The innate immune system is the first line of host defense
to microbial infections. Innate immune cells use a diverse
variety of PPRs including TLRs, nucleotide-binding oligo-
merization domain- (NOD-) like receptors (NLRs), C-type
lectin-like receptors (CLRs), retinoic acid-inducible gene-
(RIG-) I-like receptors (RLRs), and intracellular DNA sen-
sor proteins to detect a wide variety of microbial PAMPs
that initiate intermediate innate immune responses and lead
to the development of adaptive immune responses [18–29].
Of them, TLRs are the most well-characterized PRRs. Thir-
teen TLRs have been identified in mammals, and ten of
these (TLR1–10) are expressed in humans [30–35]. Human
TLRs are strongly expressed in multiple types of immune
cells, including DCs, macrophages, monocytes, natural
killer cells, B cells, and T cells. They are also expressed in
other cell types, including keratinocytes, chondrocytes,
endothelial cells, and fibroblasts. Human TLRs are type I
transmembrane receptors that feature an extracellular
domain, a transmembrane region, and a highly conserved
cytoplasmic region. The extracellular domain consists of
multiple leucine-rich repeats (LRRs). The cytosolic region
contains a Toll/interleukin-1 receptor (TIR) domain that
mediates protein-protein interactions with the TIR domains
of MyD88 adaptor protein family members, and these
interactions initiate downstream intracellular signaling
pathways [35–41].

TLRs interact with a diverse variety of microbial PAMPs
via their extracellular domain (Figure 1). TLR2 recognizes a
broad range of microbial components, including peptidogly-
can, lipoteichoic acids, lipoproteins, lipoarabinomannan,
glycophosphatidylinositol anchors, prions, and zymosan
[42–48]. TLR2 and TLR6 form a complex that selectively
recognizes mycoplasma macrophage-activating lipopeptide
2, whereas a heterodimer composed of TLR2 and TLR1 selec-
tively recognizes bacterial lipoproteins and triacyl lipopep-
tides. Natural ligands of TLR10 have not yet been identified
[49–51]. TLR4 is the primary receptor responsible for
recognizing lipopolysaccharides on the outer membrane of
gram-negative bacteria, and TLR5 recognizes flagellin, a

component of bacterial flagella [52, 53]. The binding of
members of the TLR3, TLR7, TLR8, and TLR9 subfamilies
to their ligands is mediated by the recognition of nucleic
acid-derived structures. TLR3 recognizes double-stranded
RNA (dsRNA) generated during viral replication in infected
cells [54]. TLR7 and TLR8 recognize single-stranded RNA
viruses such as vesicular stomatitis virus and the influenza
virus [55, 56]. TLR9 is required for the response to microbial
unmethylated CpG DNA [57, 58]. Most CpG sites in mam-
malian cells are methylated, whereas microbial CpG sites
are typically unmethylated; therefore, unmethylated CpG
DNA is a microbial PAMP [59, 60]. In addition, TLRs recog-
nize a wide variety of DAMPs released from dead cells at
inflammatory sites (Figure 1). DAMPs recognized by TLRs
include cellular components and stress-induced gene prod-
ucts such as extracellular matrix components, extracellular
proteins, intracellular proteins, and nucleic acids [61, 62].
TLR2 recognizes heat shock proteins (HSPs), Gp96, biglycan,
hyaluronic acid, hyaluronan, high-mobility group box 1
(HMGB1), versican, and monosodium urate crystal [63–71].
TLR4 recognizes HSPs, Gp96, HMGB1, oxidized phospho-
lipids, heparan sulfate, fibrinogen, fibronectin, tenascin-C,
hyaluronic acid, and hyaluronan [64, 69–79]. TLR3, TLR7,
TLR8, and TLR9 are activated by host RNA and host DNA
from necrotic cells [80–83].

Upon activation by PAMPs or DAMPs, TLR monomers
dimerize, and their cytosolic domains subsequently recruit
adaptor proteins from the MyD88 family (MyD88, TRIF/
TICAM-1, TIRAP/Mal, TIRP/TRAM, and SRAM), thereby
initiating downstream signaling pathways [84] (Figure 1).
With the exception of TLR3, which signals via a TRIF-
dependent signaling pathway, all TLRs signal via a MyD88-
dependent pathway. In the MyD88-dependent pathway, a
MyD88/IRAK1/IRAK4/TRAF6 complex activates TAK1,
thereby promoting the activation of several transcription fac-
tors, including NF-κB and AP-1. TLR3 and TLR4 recruit
TRIF to activate NF-κB, AP-1, and IRF3/7. NF-κB and AP-
1 activation involves TRAF6 and RIP, and IRF3/7 activation
is mediated by a TBK1-IKKε/IKKi complex (Figure 1). These
transcription factors are key regulators of the expression of
adhesion and costimulatory molecules and the production
of various inflammatory cytokines required for the matura-
tion, differentiation, and proliferation of DCs, natural killer
cells, and cytotoxic T cells [41, 85–88].

3. Endosomal Toll-Like Receptors

The ten human TLRs are divided into three phylogenetic
subfamilies. The first subfamily comprises TLR1, TLR2,
TLR6, and TLR10. The second subfamily comprises TLR4
and TLR5, and the third subfamily comprises TLR3, TLR7,
TLR8, and TLR9 (Figure 2(a)). TLR1, TLR2, TLR4, TLR5,
and TLR6 are expressed on the cell surface. In contrast,
TLR3, TLR7, TLR8, and TLR9 localize to the endoplasmic
reticulum and are trafficked to the endosomal/lysosomal
compartment where they initiate cellular responses upon
their activation by PAMPs and DAMPs. Therefore, these
four TLRs are referred to as endosomal TLRs [89, 90]. In
addition to their unique mechanism of ligand recognition,

2 Journal of Immunology Research



the four endosomal TLRs are also distinct from other TLRs
with respect to protein length. Specifically, TLR7, TLR8,
and TLR9 are composed of more than 1000 amino residues
(Figure 2(a)), and their extracellular domain is longer than
that of other TLRs. Most TLRs contains 19–25 LRRs
arranged in a horseshoe-shaped solenoid structure that
mediates ligand binding. TLR7, TLR8, and TLR9 have 25
LRRs and a unique undefined region/Z-loop between

LRR14 and LRR15 (Figure 2(b)). Previous studies have
shown that mouse and rat TLR8 has low activity levels and
can only be activated by agonists in the presence of PolyT-
ODN. The lack of a five-amino-acid motif in the undefined
region/Z-loop is proposed to account for the weak activity
of these two TLR8 homologues, suggesting that the unde-
fined region/Z-loop plays a role in the activation of TLR7,
TLR8, and TLR9 [91, 92].
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Endosomal TLRs must be trafficked from the endoplas-
mic reticulum to specific cellular locations in order to be acti-
vated. The intracellular trafficking of endosomal TLRs is
regulated by accessory proteins such as UNC-93 homolog
B1 (UNC93B1) and specific adaptor proteins (APs).
UNC93B1 directly interacts with endosomal TLRs in the
endoplasmic reticulum, facilitates their transport to the Golgi
apparatus via coat protein complex II (COPII) vesicles, and
remains associated with them in endosomes. AP1 and AP2
are required for UNC93B1-mediated endosomal TLR traf-
ficking. AP3 facilitates TLR9 trafficking from endosomes to
lysosome-related organelles (LROs). In contrast to the effects
of TLR9 activation at endosomes, TLR9 activation at LROs
induces the production of type I interferons rather than pro-
inflammatory cytokines [93–95].

After reaching the endosomal compartment, TLRs are
cleaved by specific proteases, including asparagine endopep-
tidase (AEP) and cathepsins such as cathepsin B, cathepsin
H, cathepsin K, cathepsin L, and cathepsin S [96–98]. For
example, TLR9 is cleaved at its undefined region/Z-loop in
endosomes, and this cleavage is a prerequisite for its activa-
tion. Interestingly, following proteolytic cleavage, the N-
terminal and C-terminal portions remain associated with
one another, and this association is required for protein
function [98–102]. This raises the question of what the role
of proteolytic cleavage in TLR activation is. Recent studies
have shown that the cleaved and uncleaved receptors bind
with equal affinity to their ligand [101, 103]. Nevertheless,
ligand-induced TLR dimerization requires proteolytic
cleavage to relieve steric hindrance at the undefined
region/Z-loop. This finding is consistent with the observa-
tion that endosomal acidification is required for endosomal
TLR activation, as an acidic pH is required for the

activation of cathepsins and most endosomal and lyso-
somal proteases [99–101].

4. The Role of Endosomal Toll-Like Receptors in
the Pathogenesis of Psoriasis

In recent years, significant progress has been made in our
understanding of the molecular mechanisms underlying the
pathogenesis of psoriasis and the role of endosomal TLRs
in this process. As shown in Figure 3, in the initiation phase,
external triggers such as microbial infections and skin inju-
ries induce the release of the antimicrobial peptide LL37 from
keratinocytes and the release of self-DNA and self-RNA from
dying cells to activate endosomal TLRs [104–106]. These
TLRs can typically distinguish pathogen-derived nucleic
acids from self-derived nucleic acids. Nucleic acids derived
from viruses during cytosolic replication can be transported
into endosomes during the process of autophagy where they
activate endosomal TLRs. However, the localization of endo-
somal TLRs to intracellular compartments prevents their
activation by self-nucleic acids under physiological condi-
tions, because self-nucleic acids from dead cells in damaged
tissues are unable to passively enter other cells and endo-
somes [107, 108]. Nevertheless, tolerance to self-nucleic acids
can be evaded under some pathological conditions. For
example, the antimicrobial peptide LL37 is upregulated and
delivered to inflammatory sites in psoriatic skin where it
forms complexes with self-nucleic acids to facilitate their
entry into DCs and the subsequent activation of endosomal
TLRs. These events render nonstimulatory self-nucleic acids
into potent immune stimuli [104–106, 109, 110].

Endosomal TLRs are differentially expressed in different
subsets of DCs. Plasmacytoid DCs (pDCs) express TLR7
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and TLR9, and myeloid DCs (mDCs) express TLR7 and
TLR8 [111]. Thus, LL37/RNA and LL37/DNA complexes
can trigger the production of various proinflammatory cyto-
kines, including TNF-α, IL-1, and IL-6, as well as type I inter-
ferons in pDCs, by activating TLR7 and TLR9. Cytokines
produced by pDCs in turn promote the activation of mDCs.
In addition, LL37/RNA complexes can directly activate
mDCs via TLR7 and TLR8, thereby inducing the production
of IL-12 and IL-23 in mDCs at psoriatic inflammatory sites
(Figure 3). These cytokines activate T cells into Th1, Th22,
and Th17 cells, thereby further activating cytokines that pro-
mote keratinocyte activation and proliferation and the
recruitment of inflammatory cells such as neutrophils and
macrophages to psoriatic lesions [112, 113]. Together, these
events result in chronic cutaneous inflammation.

5. Evidence for the Involvement of Endosomal
TLRs in Psoriatic Inflammation

The involvement of endosomal TLRs in the pathogenesis of
psoriasis is supported by studies of imiquimod in mouse
models of psoriasis. Imiquimod is a small molecular weight
agonist of TLR7. Aldara™ is a 5% imiquimod cream
approved for the treatment of genital warts and superficial
basal cell carcinoma. In mouse models, consecutive topical
application of Aldara cream to the ear or shaved back skin
causes inflammation, and the responses to imiquimod in
mice closely resemble symptoms of human psoriasis, includ-
ing skin thickening and erythema. Aldara not only causes
phenotypic changes consistent with psoriasis but it also

induces leukocyte infiltration and activation of the IL-23/
Th17 axis, suggesting that the mechanism of imiquimod-
induced pathogenesis is similar to the pathogenesis of human
psoriasis [114–116]. Consistent with these findings, there
have been reports of psoriasis associated with the clinical
application of imiquimod in patients with basal cell carci-
noma or actinic keratosis with or without a history of psori-
asis [116–118].

Direct evidence that endosomal TLRs are potential ther-
apeutic targets of psoriasis treatment stems from clinical
investigation of TLR antagonists. In a phase 2 clinical trial
in patients with moderate to severe psoriasis, immune mod-
ulatory oligonucleotide- (IMO-) 3100, an antagonist of TLR7
and TLR9, was associated with a reduction in Psoriasis Area
Severity Index (PASI) score. In an animal model of psoriasis
established by intradermal injection of IL-23 in the dorsum,
IMO-3100 inhibited epidermal hyperplasia. IL-23 injection
altered the expression of more than 5000 genes and upregu-
lated the expression of genes associated with IL-17 signaling
[119]. Treatment with IMO-3100 modulated the expression
of 1900 of genes and downregulated the expression of IL-
17-regulated genes. IMO-8400 is a second generation IMO
that antagonizes TLR7, TLR8, and TLR9. Similar to IMO-
3100, IMO-8400 inhibited symptoms of psoriasis; however,
IMO-8400 had a broader effect on the expression of IL-23-
induced genes. In a phase 2a clinical trial evaluating the safety
and efficacy of IMO-8400 compared with placebo in patients
with moderate to severe plaque psoriasis, IMO-8400 did not
cause any serious or severe adverse effects and it demon-
strated clinical improvements. PASI-50 with IMO-8400 was
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Figure 3: The role of endosomal TLRs in the development of psoriasis and the mechanism of action of biological drugs. Endosomal TLRs in
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38% compared with 1% with placebo, and PASI-75 and
PASI-90 with IMO-8400 were 17% and 2%, respectively,
compared with 0% with placebo [119, 120]. These findings
support the hypothesis that blocking endosomal TLR activa-
tion is a promising therapeutic approach for the treatment
of psoriasis.

6. Strategies for Blocking Endosomal
TLR-Mediated Inflammation

The design of strategies to block inflammatory responses
elicited by the activation of distinct endosomal TLRs can be
based on their unique functions and signaling mechanisms.
These strategies are (1) neutralizing cytokines that mediate
the effects of endosomal TLRs, (2) blocking TLR ligand inter-
actions using TLR antagonists, (3) blocking TLR ligand inter-
actions by sequestering TLR ligands, (4) blocking TLR
activation by inhibiting proteasomal activity and endosomal
acidification, (5) downregulating TLRs and their down-
stream signaling molecules, and (6) inhibiting signal trans-
duction downstream of endosomal TLR activation. The
feasibility of these strategies to treat psoriasis and other auto-
immune diseases, including rheumatoid arthritis (RA) and
systemic lupus erythematosus (SLE), has been demonstrated
by the action mechanisms of the biological drugs and

synthetic compounds (shown in Figure 3 and Table 1) that
are currently being used or investigated.

6.1. Biological Drugs That Neutralize Effector Cytokines.
Several biological drugs targeting cytokines that can be
directly or indirectly generated by the activation of endosomal
TLRs have been approved by FDA for the treatment of psori-
asis. These biological drugs can be divided into three classes:
TNF-α antagonists, IL-12/IL-23 inhibitors, and IL-17A inhib-
itors. The TNF-α antagonists adalimumab, etanercept, and
infliximab have demonstrated strong efficacy in the treatment
ofmoderate to severe psoriasis. Adalimumab is a fully human-
ized monoclonal antibody [121–123]. Etanercept is a recom-
binant fusion protein containing a TNF-α receptor ligand-
binding domain and a human IgG Fc domain [124–126].
Infliximab is a chimeric monoclonal antibody [127–129].
TNF-α antagonists reduce inflammatory responses at psori-
atic sites and downregulate the differentiation and function
of Th17 cells. These findings suggest that TNF-α functions
upstream of the IL-23/Th17 axis. Ustekinumab is a member
of the class of psoriasis drugs that target IL-12/IL-23. It is a
humanized monoclonal antibody that neutralizes the p40
subunit common to both IL-12 and IL-23, thereby prevent-
ing the binding of these cytokines to their receptors and the
subsequent initiation of Th1- and Th17-mediated signaling
pathways [130, 131]. Ustekinumab demonstrated a superior

Table 1: Inhibitors for endosomal TLR-mediated inflammation.

Inhibitor Natural/synthetic Target and mechanism of action

IMO-3100 Synthetic Antagonist of TLRs

IMO-8400 Synthetic Antagonist of TLRs

IRS-954 Synthetic Antagonist of TLRs

DV117 Synthetic Antagonist of TLRs

INH-ODN-24888 Synthetic Antagonist of TLRs

CPG-52364 Synthetic Antagonist of TLRs

Chloroquine Synthetic (quinine derivative) Inhibits endosomal acidification or sequester TLR ligands

Hydrochloroquin Synthetic (quinine derivative) Inhibits endosomal acidification or sequester TLR ligands

Quinacrine Synthetic (quinine derivative) Inhibits endosomal acidification or sequester TLR ligands

Bortezomib Synthetic Inhibits TLR trafficking

SM934 Synthetic Promotes downregulation of TLRs

ST-2825 Synthetic MyD88 inhibitor

AS-2444697 Synthetic IRAK4 inhibitor

PF-05387252 Synthetic IRAK4 inhibitor

PF-05388169 Synthetic IRAK4 inhibitor

PF-06650833 Synthetic IRAK4 inhibitor

ML120B Synthetic IKK2 inhibitor

PHA-408 Synthetic IKK2 inhibitor

Mustard seed Natural (mustard plant product) Inhibit NF-κB activation and cytokine expression

Antrodia cinnamomea extract Natural (A. cinnamomea product) Inhibit cytokine expression

Curcumin Natural (grapes product) Inhibit NF-κB activation and cytokine expression

Resveratrol Natural (grapes product) Inhibit NF-κB activation and cytokine expression

Thiostrepton Natural (Streptomyces product) Inhibits endosomal acidification and proteasomal activity

Azithromycin Natural (Streptomyces product) Inhibits endosomal acidification and proteasomal activity

Andrographolide Natural (A. paniculata product) Promotes downregulation of myD88
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clinical effect to etanercept, suggesting that IL-23 plays a key
role in the pathogenesis of psoriasis [132, 133]. The human
monoclonal antibodies ixekizumab and secukizumab are
members of the class of psoriasis drugs that target IL-17A.
Multiple studies have shown that ixekizumab and secukizu-
mab inhibit the expression of a wide variety of genes associ-
ated with Th17- and Th1-mediated inflammatory responses.
Although these biological drugs have demonstrated efficacy
in the treatment of psoriasis, their use is limited by their
high cost and the fact that they must be administered by
injection. Therefore, synthetic chemical drugs and natural
inhibitors continue to be investigated and developed.

6.2. TLR Antagonists. IMO-3100 and IMO-8400 (discussed
in Section 5) bind to endosomal TLRs, thereby preventing
the interaction of endosomal TLRs with their agonists. Other
immune inhibitory oligonucleotides that directly interact
with TLR7 and TLR9, including IRS-954, DV117, and
INH-ODN-24888, have also been developed [134–137].
The binding of these compounds to endosomal TLRs blocks
their access to the agonists that trigger their activation.
Although their therapeutic potential for the treatment of pso-
riasis has not yet been evaluated, these compounds have
demonstrated immune inhibitory effects in preclinical and
clinical SLE trials. CPG-52364 is another endosomal TLR
inhibitor that blocks ligand-induced activation of TLR7,
TLR8, and TLR9. Structurally distinct from other inhibitory
oligonucleotides, CPG-52364 is a derivative of the small
molecular weight chemical compound quinazoline. CPG-
52364 has been reported to be well tolerated in clinical
trials evaluating its effect in the treatment of several inflam-
matory autoimmune diseases, including psoriasis, RA, and
SLE [137–139].

6.3. Compounds That Inhibit Endosomal Acidification,
Proteasomal Activity, and Sequestering TLR Ligands. The
antimalarial drugs chloroquine, hydroxychloroquine, and
quinacrine are derivatives of quinine, a natural alkaloid iso-
lated from the South American cinchona bark tree. Although
they are primarily used to treat malaria, these drugs have long
been used for treating skin diseases and reducing inflamma-
tion in RA and SLE. More recent studies demonstrated that
these compounds function as inhibitors of TLR7, TLR8,
and TLR9 [140, 141]. They are weak bases; therefore, their
ability to inhibit endosomal TLR activation has been attrib-
uted to their ability to inhibit endosomal acidification. These
antimalarial compounds have also been shown to directly
interact with nucleic acid-based TLR ligands, thereby seques-
tering these ligands and preventing them from binding to
endosomal TLRs. Bortezomib (Velcade) is one example of a
drug that targets proteasomal activity. Bortezomib is a pro-
teasome inhibitor approved for the treatment of multiple
myeloma, and it has demonstrated inhibitory effects in
several autoimmune disorders, including psoriasis, RA, and
SLE, in animal models [142–144]. In addition, bortezomib
has been shown to suppress the trafficking of TLR9 to endo-
lysosomes, inhibit TLR9 activation, and reduce lupus- and
psoriasis-associated inflammation [145, 146].

6.4. Compounds That Downregulate Endosomal TLRs and
Inhibit TLR Signaling. Other small molecular weight chemi-
cal compounds that inhibit TLR signaling and TLR-
mediated inflammatory responses in autoimmune diseases
include SM934, ST-2825, IRAK4 inhibitors, and IKK2 inhib-
itors. SM934 (β-aminoarteether maleate), a derivative of
artemisinin, possesses potent antiproliferative and anti-
inflammatory properties. In a preclinical study, SM934 pro-
vided a significant protective effect in a mouse model of
SLE. SM934 inhibits TLR activation by promoting the down-
regulation of TLR7, TLR9, and MyD88 mRNA expression
and the inhibition of NF-κB phosphorylation [147–149].
Other compounds that block NF-κB activation and cytokine
production by targeting molecules associated with TLR sig-
naling have also been developed. For example, the peptide
mimetic ST-2825 targets MyD88. ST-2825 interferes with
MyD88-mediated recruitment of IRAK1 and IRAK4 to the
TLR signalsome, thereby inhibiting TLR-mediated inflam-
matory responses. This compound has been shown to inhibit
TLR9 activation and block the production of autoantibodies
in B cells in SLE patients [150, 151]. AS-2444697, PF-
05387252, PF-05388169, and PF-06650833 target the kinase
activity of IRAK4 and have been investigated in preclinical
or clinical studies for the treatment of multiple inflammatory
and autoimmune diseases, including gout, sepsis, AR, and
SLE [152, 153]. IKK2 is a subunit of IκB kinase, a protein that
controls NF-κB activation and the production of TLR-
induced inflammatory cytokines. The chemical compounds
ML120B and PHA-408 inhibit IKK2 kinase activity and have
exhibited anti-inflammatory effects in an animal model of
arthritis [154–156].

7. Natural Inhibitors of Endosomal
TLR-Mediated Psoriatic Inflammation

Many natural compounds derived from bacteria, fungi, and
plants have long been known to exhibit immunomodulatory
activity and have been used for the treatment of
inflammation-related disorders [16, 17]. For example, reti-
noids, vitamin D, and their corresponding analogs are used
in topical treatments for psoriasis [157, 158]. These com-
pounds bind to their endogenous cellular receptors, thereby
initiating the transcription of genes that suppress inflamma-
tion and inhibit cell proliferation. In addition, the following
plant extracts and natural compounds have been reported
to inhibit endosomal TLR-mediated psoriatic inflammation
in animal models via different mechanism of actions shown
in Table 1. These natural products have therapeutic potential
in the treatment of psoriasis.

7.1. Mustard Seed. Mustard seed from mustard plant is a
popular food seasoning worldwide, especially in Japan, India,
and China. Mustard seed possesses several biological effects,
including anti-inflammatory, antioxidant, and antitumor
effects. These effects are mediated by multiple active compo-
nents, including erucic acid, isothiocyanate, phenols, and
phytin [159]. In mice, a diet supplemented with 5% mustard
seed for three weeks attenuated imiquimod-induced
psoriasis-like inflammation. Mustard seed inhibited the
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infiltration of various types of leukocytes, including DCs,
macrophages, and T cells, into psoriatic lesions. In addition,
PASI score significantly decreased in mustard seed-fed mice
compared with control mice. Furthermore, NF-κB, IFN-α,
IL-17, and IL-22 levels decreased in the psoriatic lesions of
mustard seed-fed mice compared with control mice [160].
However, the specific component mediating this effect and
its molecular target in this context remains unclear.

7.1.1. Antrodia cinnamomea (A. cinnamomea) Extract. A.
cinnamomea is a species of fungus commonly used in Asia
as a medicinal herb. It possesses a broad range of biological
effects, including anti-inflammatory, antioxidant, antifatigue,
and antitumor effects [161–163]. A previous study evaluated
the effects of orally administered lyophilized extract from the
fruit body of A. cinnamomea on disease severity in an animal
model of imiquimod-induced psoriasis. A. cinnamomea
extract reduced psoriasis-like inflammation, infiltration of
CD4+ T cells, CD8+ T cells, and neutrophils, and the expres-
sion of TNF-α, IL-17A, and IL-22 in imiquimod-induced
psoriatic skin lesions [164]. Although these observations sup-
port a role for A. cinnamomea in the treatment of endosomal
TLR-mediated psoriasis inflammation, the effective compo-
nent mediating these effects and the molecular target of A.
cinnamomea in this context remain unclear.

7.2. Curcumin. Curcumin is a bright yellow powder
obtained from the rhizome of several types of ginger
plants. Chemically, curcumin is a diarylheptanoid belonging
to the curcuminoid group. It has diverse bioactive effects,
including anti-inflammatory, antioxidant, antitumor, and
antiatherosclerotic effects [165–167]. Topical use of a
curcumin-formulated gel has been shown to inhibit
imiquimod-induced psoriasis-like inflammation. Curcumin
treatment significantly inhibited imiquimod-induced epider-
mal hyperplasia and TNF-α, IL-1β, IL-6, IL17A, IL-17F, and
IL-22 production in psoriatic lesions [168]. Curcumin is
known to inhibit NF-κB activation by inhibiting IκB phos-
phorylation and degradation. NF-κB signaling mediates the
production of the inflammatory cytokines TNF-α, IL-1β,
IL-6, and IL-23, which cooperatively induce the production
of IL-17 cytokines and IL-22 from dermal γδ T cells. There-
fore, curcumin might inhibit endosomal TLR-induced psori-
atic inflammation by targeting NF-κB signaling. Consistent
with this hypothesis, curcumin-mediated inhibition of
NF-κB activation resulted in the downregulation of IL-17
and IL-22.

7.3. Resveratrol. Resveratrol is a stilbenoid, which is a type of
natural phenol found in grapes, berries, and nuts. It possesses
anti-inflammatory and antioxidant effects and is used as a
dietary supplement [169, 170]. Oral administration of
resveratrol diminished the severity of imiquimod-induced
psoriasis-like inflammation in an animal model, and micro-
array analysis revealed that resveratrol treatment inhibited
imiquimod-induced expression of IL-17A, IL-19, and IL-
23p19. Resveratrol has been shown to inhibit LPS- and
TNF-α-induced NF-κB activation [171]. Thus, resveratrol

might inhibit imiquimod-induced psoriatic inflammation
by directly or indirectly targeting signaling of NF-κB.

7.4. Thiostrepton. Thiostrepton, an antibiotic derived from
several strains of Streptomycetes, functions as an antagonist
of TLR7, TLR8, and TLR9. It was identified using a connec-
tivity map screen for functional analogs of bortezomib. Sub-
sequent studies demonstrated that thiostrepton inhibited
TLR7-, TLR8-, and TLR9-mediated NF-κB activation in a
cell-based assay. It also reduced the production of TNF-α
and IL-12/23p40 induced by R848 and LL37/RNA complexes
(TLR7 and TLR8 ligands) and by CpG-ODN and LL37/DNA
complexes (TLR9 ligands) in DCs. This natural antibiotic
inhibited imiquimod-induced psoriasis-like inflammation
in mice. Specifically, thiostrepton inhibited the accumulation
of monocytes and DCs and the expression of TNF-α, IL-1β,
and IL-8 in inflammatory lesions. Thiostrepton uses two
mechanisms to block endosomal TLR activation. One mech-
anism depends on its proteasomal inhibitory activity, simi-
lar to the mechanism underlying bortezomib-mediated
inhibition of endosomal TLR activation. The other mecha-
nism depends on its ability to inhibit endosomal acidifica-
tion [172].

7.5. Azithromycin. Similar to thiostrepton, azithromycin is an
antibiotic isolated from Streptomycetes. Azithromycin pos-
sesses anti-inflammatory and immunomodulatory properties
and is used to treat bacterial infections [173, 174]. Azithro-
mycin inhibited imiquimod-induced expression of costimu-
latory molecules (CD40 and CD80) and cytokines (TNF-α,
IL-10, IL-12p40, IL-12p70, and IL-23p19) in bone marrow-
derived DCs (BMDCs), and topical treatment with azithro-
mycin attenuated the severity of imiquimod-induced skin
inflammation in an animal model of psoriasis. Azithromycin
treatment inhibited keratinocyte hyperproliferation and the
accumulation of DCs, CD4+ T cells, and CD8+ T cells in pso-
riatic lesions. The functional mechanism of azithromycin in
this context is similar to that of thiostrepton. Azithromycin
inhibited lysosomal acidification and the proteolytic process-
ing of TLR7, thereby blocking imiquimod-induced NF-κB
and IRF7 activation in DCs [175]. In addition, a clinical study
demonstrated that long-term oral azithromycin treatment
improved PASI score in patients with chronic plaque psoria-
sis, further confirming the antipsoriatic function of this anti-
biotic [176].

7.6. Andrographolide. Andrographolide is a labdane diterpe-
noid isolated from the stem and leaves of Andrographis pani-
culata. This natural compound possesses anti-inflammatory
activity and is currently used as a prescription medicine in
China for the treatment of laryngitis, diarrhea, and RA.
Intragastric administration of andrographolide alleviated
imiquimod-induced psoriasis, but not IL-23-induced psoria-
sis, in mice. The therapeutic effect was dose-dependent, and
treatment with 10mg/kg andrographolide was as effective
as treatment with 10mg/kg etanercept in improving clinical
scores in mice with imiquimod-induced psoriasis. Androgra-
pholide inhibited imiquimod-induced expression of the
genes encoding CD80, CD86, IL-1β, IL-6, and IL-23 in
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BMDCs. Treating BMDCs with andrographolide promoted
MyD88 degradation and blocked the recruitment of TRAF6
to form signalsomes. Inhibiting autophagic proteolysis in
BMDCs using NH4Cl or deleting the gene encoding
microtubule-associated protein 1 light chain 3 (MAP1LC3B)
abolished andrographolide-induced MyD88 degradation
[177]. These findings suggested that andrographolide
induces autophagic proteolysis of MyD88, thereby reducing
psoriatic inflammation by inhibiting TLR-mediated cytokine
production.

8. Conclusion

As summarized in Table 2, the studies described in this
review indicate that natural products from plants, fungi,
and bacteria inhibit the activation of endosomal TLRs via
mechanisms that block their functions in the initiation and
development of psoriasis. Compared with biological drugs,
these natural modulators can be more cost-effective and
are administered via different routes. Therefore, they are
promising candidate drugs for the treatment of psoriasis,
and they might inform the development of multiple treat-
ment options.

Conflicts of Interest

The authors declare that they have no conflict of interests
regarding the publication of this manuscript.

Acknowledgments

This work was supported in part by the National Health
Research Institutes, Taiwan (Grants IM-105-PP-02 and
NHRI-EX106-10630SI) and Ministry of Science and
Technology of Taiwan (Grants MOST104-3011-B010-
001, MOST 105-2314-B-400-006, and MOST 105-2320-
B-400-013-MY3).

References

[1] M. Lebwohl, “Psoriasis,” Lancet, vol. 361, no. 9364, pp. 1197–
1204, 2003.

[2] F. O. Nestle, D. H. Kaplan, and J. Barker, “Psoriasis,” The New
England Journal of Medicine, vol. 361, no. 5, pp. 496–509,
2009.

[3] G. K. Perera, P. D. Meglio, and F. O. Nestle, “Psoriasis,”
Annual Review of Pathology, vol. 7, pp. 385–422, 2012.

[4] M. A. Lowes, A. M. Bowcock, and J. G. Krueger, “Pathogen-
esis and therapy of psoriasis,” Nature, vol. 445, no. 7130,
pp. 866–873, 2007.

[5] M. A. Lowes, M. Suarez-Farinas, and J. G. Krueger,
“Immunology of psoriasis,” Annual Review of Immunology,
vol. 32, pp. 227–255, 2014.

[6] N. R. Telfer, R. J. Chalmers, K. Whale, and G. Colman, “The
role of streptococcal infection in the initiation of guttate
psoriasis,” Archives of Dermatology, vol. 128, no. 1, pp. 39–
42, 1992.

[7] T. Ito and F. Furukawa, “Psoriasis guttate acuta triggered by
varicella zoster virus infection,” European Journal of Derma-
tology, vol. 10, no. 3, pp. 226-227, 2000.

[8] R. W. Eyre and G. G. Krueger, “Response to injury of skin
involved and uninvolved with psoriasis, and its relation to
disease activity: Koebner and ‘reverse’ Koebner reactions,”
The British Journal of Dermatology, vol. 106, no. 2, pp. 153–
159, 1982.

[9] N. Balato, L. D. Costanzo, C. Patruno, A. Patri, and F. Ayala,
“Effect of weather and environmental factors on the clinical
course of psoriasis,” Occupational and Environmental Medi-
cine, vol. 70, no. 8, p. 600, 2013.

[10] S. J. d. Brouwer, H. v. Middendorp, C. Stormink et al., “The
psychophysiological stress response in psoriasis and rheuma-
toid arthritis,” The British Journal of Dermatology, vol. 170,
no. 4, pp. 824–831, 2014.

[11] R. C. Trembath, R. L. Clough, J. L. Rosbotham et al., “Identi-
fication of a major susceptibility locus on chromosome 6p
and evidence for further disease loci revealed by a two stage
genome-wide search in psoriasis,” Human Molecular Genet-
ics, vol. 6, no. 5, pp. 813–820, 1997.

[12] R. P. Nair, T. Henseler, S. Jenisch et al., “Evidence for two pso-
riasis susceptibility loci (HLA and 17q) and two novel candi-
date regions (16q and 20p) by genome-wide scan,” Human
Molecular Genetics, vol. 6, no. 8, pp. 1349–1356, 1997.

[13] C. D. Veal, F. Capon, M. H. Allen et al., “Family-based
analysis using a dense single-nucleotide polymorphism-
based map defines genetic variation at PSORS1, the major
psoriasis-susceptibility locus,” American Journal of Human
Genetics, vol. 71, no. 3, pp. 554–564, 2002.

[14] F. Capon, M. Munro, J. Barker, and R. Trembath, “Searching
for the major histocompatibility complex psoriasis suscep-
tibility gene,” The Journal of Investigative Dermatology,
vol. 118, no. 5, pp. 745–751, 2002.

[15] R. P. Nair, P. E. Stuart, I. Nistor et al., “Sequence and haplo-
type analysis supports HLA-C as the psoriasis susceptibility 1
gene,” American Journal of Human Genetics, vol. 78, no. 5,
pp. 827–851, 2006.

[16] D. A. Dias, S. Urban, and U. Roessner, “A historical overview
of natural products in drug discovery,” Metabolites, vol. 2,
no. 2, pp. 303–336, 2012.

[17] L. Chen and J. Yu, “Modulation of Toll-like receptor signal-
ing in innate immunity by natural products,” International
Immunopharmacology, vol. 37, pp. 65–70, 2016.

[18] S. Akira, K. Takeda, and T. Kaisho, “Toll-like receptors:
critical proteins linking innate and acquired immunity,”
Nature Immunology, vol. 2, no. 8, pp. 675–680, 2001.

[19] W. Strober, P. J. Murray, A. Kitani, and T. Watanabe,
“Signalling pathways and molecular interactions of NOD1
and NOD2,” Nature Reviews. Immunology, vol. 6, no. 1,
pp. 9–20, 2006.

Table 2: Key points of natural modulator in inhibition of psoriatic
skin inflammation.

(1) Less cost

(2) More choice of administration routes

(3) More diverse sources

(4) More diverse chemical structures

(5) More diverse targets in endosomal TLR-mediated inflammatory
signaling pathways

(6) More diverse mechanisms to block endosomal TLR-mediated
inflammation

9Journal of Immunology Research



[20] A. Sabbah, T. H. Chang, R. Harnack et al., “Activation of
innate immune antiviral responses by Nod2,” Nature Immu-
nology, vol. 10, no. 10, pp. 1073–1080, 2009.

[21] H. S. Goodridge, C. N. Reyes, C. A. Becker et al., “Activation
of the innate immune receptor Dectin-1 upon formation of a
‘phagocytic synapse’,” Nature, vol. 472, no. 7344, pp. 471–
475, 2011.

[22] D. Sancho and C. R. e. Sousa, “Signaling by myeloid C-type
lectin receptors in immunity and homeostasis,” Annual
Review of Immunology, vol. 30, pp. 491–529, 2012.

[23] H. Kato, S. Sato, M. Yoneyama et al., “Cell type-specific
involvement of RIG-I in antiviral response,” Immunity,
vol. 23, no. 1, pp. 19–28, 2005.

[24] M. Yoneyama, M. Kikuchi, T. Natsukawa et al., “The RNA
helicase RIG-I has an essential function in double-stranded
RNA-induced innate antiviral responses,” Nature Immunol-
ogy, vol. 5, no. 7, pp. 730–737, 2004.

[25] S. Rothenfusser, N. Goutagny, G. DiPerna et al., “The RNA
helicase Lgp2 inhibits TLR-independent sensing of viral rep-
lication by retinoic acid-inducible gene-I,” Journal of Immu-
nology, vol. 175, no. 8, pp. 5260–5268, 2005.

[26] T. Satoh, H. Kato, Y. Kumagai et al., “LGP2 is a positive reg-
ulator of RIG-I- and MDA5-mediated antiviral responses,”
Proceedings of the National Academy of Sciences of the
United States of America, vol. 107, no. 4, pp. 1512–1517,
2010.

[27] R. Suresh and D. M. Mosser, “Pattern recognition receptors
in innate immunity, host defense, and immunopathology,”
Advances in Physiology Education, vol. 37, no. 4, pp. 284–
291, 2013.

[28] S. Tartey and O. Takeuchi, “Pathogen recognition and Toll-
like receptor targeted therapeutics in innate immune cells,”
International Reviews of Immunology, pp. 1–17, 2017.

[29] X. Cao, “Self-regulation and cross-regulation of pattern-
recognition receptor signalling in health and disease,” Nature
Reviews. Immunology, vol. 16, no. 1, pp. 35–50, 2016.

[30] F. L. Rock, G. Hardiman, J. C. Timans, R. A. Kastelein, and J.
F. Bazan, “A family of human receptors structurally related to
Drosophila toll,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 95, no. 2,
pp. 588–593, 1998.

[31] T. H. Chuang and R. J. Ulevitch, “Cloning and characteriza-
tion of a sub-family of human toll-like receptors: hTLR7,
hTLR8 and hTLR9,” European Cytokine Network, vol. 11,
no. 3, pp. 372–378, 2000.

[32] O. Takeuchi, T. Kawai, H. Sanjo et al., “TLR6: a novel mem-
ber of an expanding toll-like receptor family,” Gene, vol. 231,
no. 1-2, pp. 59–65, 1999.

[33] X. Du, A. Poltorak, Y. Wei, and B. Beutler, “Three novel
mammalian toll-like receptors: gene structure, expression,
and evolution,” European Cytokine Network, vol. 11, no. 3,
pp. 362–371, 2000.

[34] T. H. Chuang and R. J. Ulevitch, “Identification of hTLR10: a
novel human Toll-like receptor preferentially expressed in
immune cells,” Biochimica et Biophysica Acta, vol. 1518,
no. 1-2, pp. 157–161, 2001.

[35] J. L. Imler and J. A. Hoffmann, “Toll receptors in innate
immunity,” Trends in Cell Biology, vol. 11, no. 7, pp. 304–
311, 2001.

[36] T. Kawai and S. Akira, “TLR signaling,” Cell Death and
Differentiation, vol. 13, no. 5, pp. 816–825, 2006.

[37] F. Leulier and B. Lemaitre, “Toll-like receptors—taking an
evolutionary approach,” Nature Reviews. Genetics, vol. 9,
no. 3, pp. 165–178, 2008.

[38] N. Novak, S. Koch, J. P. Allam, and T. Bieber, “Dendritic cells:
bridging innate and adaptive immunity in atopic dermatitis,”
The Journal of Allergy and Clinical Immunology, vol. 125,
no. 1, pp. 50–59, 2010.

[39] K. A. Zarember and P. J. Godowski, “Tissue expression of
human Toll-like receptors and differential regulation of
Toll-like receptor mRNAs in leukocytes in response to
microbes, their products, and cytokines,” Journal of Immu-
nology, vol. 168, no. 2, pp. 554–561, 2002.

[40] C. Pasare and R. Medzhitov, “Toll-like receptors: linking
innate and adaptive immunity,” Advances in Experimental
Medicine and Biology, vol. 560, pp. 11–18, 2005.

[41] A. P. West, A. A. Koblansky, and S. Ghosh, “Recognition and
signaling by toll-like receptors,” Annual Review of Cell and
Developmental Biology, vol. 22, pp. 409–437, 2006.

[42] A. O. Aliprantis, R. B. Yang, M. R. Mark et al., “Cell
activation and apoptosis by bacterial lipoproteins through
toll-like receptor-2,” Science, vol. 285, no. 5428, pp. 736–
739, 1999.

[43] P. S. Coelho, A. Klein, A. Talvani et al., “Glycosylphosphati-
dylinositol-anchored mucin-like glycoproteins isolated from
Trypanosoma cruzi trypomastigotes induce in vivo leukocyte
recruitment dependent on MCP-1 production by IFN-
gamma-primed-macrophages,” Journal of Leukocyte Biology,
vol. 71, no. 5, pp. 837–844, 2002.

[44] C. A. Janeway Jr. and R. Medzhitov, “Innate immune recog-
nition,” Annual Review of Immunology, vol. 20, pp. 197–
216, 2002.

[45] P. Massari, P. Henneke, Y. Ho, E. Latz, D. T. Golenbock, and
L. M.Wetzler, “Cutting edge: immune stimulation by neisser-
ial porins is toll-like receptor 2 andMyD88 dependent,” Jour-
nal of Immunology, vol. 168, no. 4, pp. 1533–1537, 2002.

[46] T. K. Means, S. Wang, E. Lien, A. Yoshimura, D. T.
Golenbock, and M. J. Fenton, “Human toll-like receptors
mediate cellular activation by Mycobacterium tuberculosis,”
Journal of Immunology, vol. 163, no. 7, pp. 3920–3927, 1999.

[47] R. Schwandner, R. Dziarski, H. Wesche, M. Rothe, and C. J.
Kirschning, “Peptidoglycan- and lipoteichoic acid-induced
cell activation is mediated by toll-like receptor 2,” The Journal
of Biological Chemistry, vol. 274, no. 25, pp. 17406–17409,
1999.

[48] D. M. Underhill, A. Ozinsky, A. M. Hajjar et al., “The toll-like
receptor 2 is recruited to macrophage phagosomes and
discriminates between pathogens,”Nature, vol. 401, no. 6755,
pp. 811–815, 1999.

[49] A. Ozinsky, D. M. Underhill, J. D. Fontenot et al., “The reper-
toire for pattern recognition of pathogens by the innate
immune system is defined by cooperation between toll-like
receptors,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 97, no. 25, pp. 13766–
13771, 2000.

[50] O. Takeuchi, T. Kawai, P. F. Muhlradt et al., “Discrimination
of bacterial lipoproteins by Toll-like receptor 6,” Interna-
tional Immunology, vol. 13, no. 7, pp. 933–940, 2001.

[51] O. Takeuchi, S. Sato, T. Horiuchi et al., “Cutting edge: role of
Toll-like receptor 1 in mediating immune response to micro-
bial lipoproteins,” Journal of Immunology, vol. 169, no. 1,
pp. 10–14, 2002.

10 Journal of Immunology Research



[52] A. Poltorak, X. He, I. Smirnova et al., “Defective LPS signaling
in C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4
gene,” Science, vol. 282, no. 5396, pp. 2085–2088, 1998.

[53] F. Hayashi, K. D. Smith, A. Ozinsky et al., “The innate
immune response to bacterial flagellin is mediated by Toll-
like receptor 5,” Nature, vol. 410, no. 6832, pp. 1099–1103,
2001.

[54] L. Alexopoulou, A. C. Holt, R. Medzhitov, and R. A. Flavell,
“Recognition of double-stranded RNA and activation of
NF-kappaB by Toll-like receptor 3,” Nature, vol. 413,
no. 6857, pp. 732–738, 2001.

[55] S. S. Diebold, T. Kaisho, H. Hemmi, S. Akira, and C. R. e.
Sousa, “Innate antiviral responses by means of TLR7-
mediated recognition of single-stranded RNA,” Science,
vol. 303, no. 5663, pp. 1529–1531, 2004.

[56] F. Heil, H. Hemmi, H. Hochrein et al., “Species-specific
recognition of single-stranded RNA via toll-like receptor
7 and 8,” Science, vol. 303, no. 5663, pp. 1526–1529,
2004.

[57] S. Bauer, C. J. Kirschning, H. Hacker et al., “Human TLR9
confers responsiveness to bacterial DNA via species-specific
CpG motif recognition,” Proceedings of the National Acad-
emy of Sciences of the United States of America, vol. 98,
no. 16, pp. 9237–9242, 2001.

[58] H. Hemmi, O. Takeuchi, T. Kawai et al., “A toll-like receptor
recognizes bacterial DNA,” Nature, vol. 408, no. 6813,
pp. 740–745, 2000.

[59] A. M. Krieg, “The role of CpG motifs in innate immunity,”
Current Opinion in Immunology, vol. 12, no. 1, pp. 35–43,
2000.

[60] A. M. Krieg, A. K. Yi, S. Matson et al., “CpG motifs in bacte-
rial DNA trigger direct B-cell activation,” Nature, vol. 374,
no. 6522, pp. 546–549, 1995.

[61] P. Matzinger, “The danger model: a renewed sense of self,”
Science, vol. 296, no. 5566, pp. 301–305, 2002.

[62] S. Y. Seong and P. Matzinger, “Hydrophobicity: an ancient
damage-associated molecular pattern that initiates innate
immune responses,” Nature Reviews. Immunology, vol. 4,
no. 6, pp. 469–478, 2004.

[63] J. F. Curtin, N. Liu, M. Candolfi et al., “HMGB1 mediates
endogenous TLR2 activation and brain tumor regression,”
PLoS Medicine, vol. 6, no. 1, p. e10, 2009.

[64] D. Jiang, J. Liang, J. Fan et al., “Regulation of lung injury and
repair by toll-like receptors and hyaluronan,” Nature Medi-
cine, vol. 11, no. 11, pp. 1173–1179, 2005.

[65] S. Kim, H. Takahashi, W.W. Lin et al., “Carcinoma-produced
factors activate myeloid cells through TLR2 to stimulate
metastasis,” Nature, vol. 457, no. 7225, pp. 102–106, 2009.

[66] R. Liu-Bryan, K. Pritzker, G. S. Firestein, and R. Terkeltaub,
“TLR2 signaling in chondrocytes drives calcium pyrophos-
phate dihydrate and monosodium urate crystal-induced
nitric oxide generation,” Journal of Immunology, vol. 174,
no. 8, pp. 5016–5023, 2005.

[67] R. Liu-Bryan, P. Scott, A. Sydlaske, D. M. Rose, and R.
Terkeltaub, “Innate immunity conferred by Toll-like recep-
tors 2 and 4 and myeloid differentiation factor 88 expression
is pivotal to monosodium urate monohydrate crystal-
induced inflammation,” Arthritis and Rheumatism, vol. 52,
no. 9, pp. 2936–2946, 2005.

[68] L. Schaefer, A. Babelova, E. Kiss et al., “The matrix com-
ponent biglycan is proinflammatory and signals through

Toll-like receptors 4 and 2 in macrophages,” The Journal
of Clinical Investigation, vol. 115, no. 8, pp. 2223–2233,
2005.

[69] R. M. Vabulas, P. Ahmad-Nejad, C. d. Costa et al., “Endocy-
tosed HSP60s use toll-like receptor 2 (TLR2) and TLR4 to
activate the toll/interleukin-1 receptor signaling pathway in
innate immune cells,” The Journal of Biological Chemistry,
vol. 276, no. 33, pp. 31332–31339, 2001.

[70] R. M. Vabulas, P. Ahmad-Nejad, S. Ghose, C. J. Kirschning,
R. D. Issels, and H. Wagner, “HSP70 as endogenous stimulus
of the Toll/interleukin-1 receptor signal pathway,” The Jour-
nal of Biological Chemistry, vol. 277, no. 17, pp. 15107–
15112, 2002.

[71] R. M. Vabulas, S. Braedel, N. Hilf et al., “The endoplasmic
reticulum-resident heat shock protein Gp96 activates
dendritic cells via the Toll-like receptor 2/4 pathway,” The
Journal of Biological Chemistry, vol. 277, no. 23, pp. 20847–
20853, 2002.

[72] A. Biragyn, P. A. Ruffini, C. A. Leifer et al., “Toll-like receptor
4-dependent activation of dendritic cells by beta-defensin 2,”
Science, vol. 298, no. 5595, pp. 1025–1029, 2002.

[73] Y. Imai, K. Kuba, G. G. Neely et al., “Identification of oxida-
tive stress and Toll-like receptor 4 signaling as a key pathway
of acute lung injury,” Cell, vol. 133, no. 2, pp. 235–249, 2008.

[74] G. B. Johnson, G. J. Brunn, Y. Kodaira, and J. L. Platt, “Recep-
tor-mediated monitoring of tissue well-being via detection of
soluble heparan sulfate by Toll-like receptor 4,” Journal of
Immunology, vol. 168, no. 10, pp. 5233–5239, 2002.

[75] K. Midwood, S. Sacre, A. M. Piccinini et al., “Tenascin-C is an
endogenous activator of Toll-like receptor 4 that is essential
for maintaining inflammation in arthritic joint disease,”
Nature Medicine, vol. 15, no. 7, pp. 774–780, 2009.

[76] Y. Okamura, M. Watari, E. S. Jerud et al., “The extra domain
A of fibronectin activates Toll-like receptor 4,” The Journal of
Biological Chemistry, vol. 276, no. 13, pp. 10229–10233, 2001.

[77] J. S. Park, D. Svetkauskaite, Q. He et al., “Involvement of toll-
like receptors 2 and 4 in cellular activation by high mobility
group box 1 protein,” The Journal of Biological Chemistry,
vol. 279, no. 9, pp. 7370–7377, 2004.

[78] S. T. Smiley, J. A. King, and W. W. Hancock, “Fibrinogen
stimulates macrophage chemokine secretion through toll-
like receptor 4,” Journal of Immunology, vol. 167, no. 5,
pp. 2887–2894, 2001.

[79] B. M. Tesar, D. Jiang, J. Liang, S. M. Palmer, P. W. Noble, and
D. R. Goldstein, “The role of hyaluronan degradation prod-
ucts as innate alloimmune agonists,” American Journal of
Transplantation, vol. 6, no. 11, pp. 2622–2635, 2006.

[80] F. J. Barrat, T. Meeker, J. Gregorio et al., “Nucleic acids of
mammalian origin can act as endogenous ligands for toll-
like receptors and may promote systemic lupus erythemato-
sus,” The Journal of Experimental Medicine, vol. 202, no. 8,
pp. 1131–1139, 2005.

[81] K. Kariko, H. Ni, J. Capodici, M. Lamphier, and D.
Weissman, “mRNA is an endogenous ligand for Toll-like
receptor 3,” The Journal of Biological Chemistry, vol. 279,
no. 13, pp. 12542–12550, 2004.

[82] E.A. Leadbetter, I. R. Rifkin,A.M.Hohlbaum,B.C. Beaudette,
M. J. Shlomchik, and A.Marshak-Rothstein, “Chromatin-IgG
complexes activate B cells by dual engagement of IgM and
Toll-like receptors,” Nature, vol. 416, no. 6881, pp. 603–607,
2002.

11Journal of Immunology Research



[83] J. Vollmer, S. Tluk, C. Schmitz et al., “Immune stimulation
mediated by autoantigen binding sites within small nuclear
RNAs involves toll-like receptors 7 and 8,” The Journal of
Experimental Medicine, vol. 202, no. 11, pp. 1575–1585, 2005.

[84] L. A. O'Neill and A. G. Bowie, “The family of five: TIR-
domain-containing adaptors in toll-like receptor signalling,”
Nature Reviews. Immunology, vol. 7, no. 5, pp. 353–364, 2007.

[85] T. Kawai and S. Akira, “TLR signaling,” Seminars in Immu-
nology, vol. 19, no. 1, pp. 24–32, 2007.

[86] K. A. Fitzgerald, D. C. Rowe, B. J. Barnes et al., “LPS-TLR4
signaling to IRF-3/7 and NF-kappaB involves the toll
adapters TRAM and TRIF,” The Journal of Experimental
Medicine, vol. 198, no. 7, pp. 1043–1055, 2003.

[87] E. Meylan, K. Burns, K. Hofmann et al., “RIP1 is an essential
mediator of Toll-like receptor 3-induced NF-kappa B activa-
tion,” Nature Immunology, vol. 5, no. 5, pp. 503–507, 2004.

[88] M. S. Lee and Y. J. Kim, “Signaling pathways downstream of
pattern-recognition receptors and their cross talk,” Annual
Review of Biochemistry, vol. 76, pp. 447–480, 2007.

[89] A. L. Blasius and B. Beutler, “Intracellular toll-like receptors,”
Immunity, vol. 32, no. 3, pp. 305–315, 2010.

[90] A. F. McGettrick and L. A. O'Neill, “Localisation and traffick-
ing of Toll-like receptors: an important mode of regulation,”
Current Opinion in Immunology, vol. 22, no. 1, pp. 20–27,
2010.

[91] J. Liu, C. Xu, L. C. Hsu, Y. Luo, R. Xiang, and T. H. Chuang,
“A five-amino-acid motif in the undefined region of the TLR8
ectodomain is required for species-specific ligand recogni-
tion,” Molecular Immunology, vol. 47, no. 5, pp. 1083–1090,
2010.

[92] C. Y. Lai, Y. L. Liu, G. Y. Yu et al., “TLR7/8 agonists activate a
mild immune response in rabbits through TLR8 but not
TLR7,” Vaccine, vol. 32, no. 43, pp. 5593–5599, 2014.

[93] B. L. Lee, J. E. Moon, J. H. Shu et al., “UNC93B1 mediates dif-
ferential trafficking of endosomal TLRs,” eLife, vol. 2, article
e00291, 2013.

[94] Y. M. Kim, M. M. Brinkmann, M. E. Paquet, and H. L.
Ploegh, “UNC93B1 delivers nucleotide-sensing toll-like
receptors to endolysosomes,” Nature, vol. 452, no. 7184,
pp. 234–238, 2008.

[95] B. L. Lee and G. M. Barton, “Trafficking of endosomal Toll-
like receptors,” Trends in Cell Biology, vol. 24, no. 6,
pp. 360–369, 2014.

[96] A. M. Avalos, O. Kirak, J. M. Oelkers et al., “Cell-specific
TLR9 trafficking in primary APCs of transgenic TLR9-GFP
mice,” Journal of Immunology, vol. 190, no. 2, pp. 695–702,
2013.

[97] A. Garcia-Cattaneo, F. X. Gobert, M. Muller et al., “Cleavage
of toll-like receptor 3 by cathepsins B and H is essential for
signaling,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 109, no. 23, pp. 9053–
9058, 2012.

[98] S. E. Ewald, A. Engel, J. Lee, M. Wang, M. Bogyo, and G. M.
Barton, “Nucleic acid recognition by toll-like receptors is
coupled to stepwise processing by cathepsins and asparagine
endopeptidase,” The Journal of Experimental Medicine,
vol. 208, no. 4, pp. 643–651, 2011.

[99] F. E. Sepulveda, S. Maschalidi, R. Colisson et al., “Critical role
for asparagine endopeptidase in endocytic Toll-like receptor
signaling in dendritic cells,” Immunity, vol. 31, no. 5,
pp. 737–748, 2009.

[100] B. Park, M. M. Brinkmann, E. Spooner, C. C. Lee, Y. M. Kim,
and H. L. Ploegh, “Proteolytic cleavage in an endolysosomal
compartment is required for activation of Toll-like receptor
9,” Nature Immunology, vol. 9, no. 12, pp. 1407–1414, 2008.

[101] S. E. Ewald, B. L. Lee, L. Lau et al., “The ectodomain of Toll-
like receptor 9 is cleaved to generate a functional receptor,”
Nature, vol. 456, no. 7222, pp. 658–662, 2008.

[102] M. Onji, A. Kanno, S. Saitoh et al., “An essential role for the
N-terminal fragment of toll-like receptor 9 in DNA sensing,”
Nature Communications, vol. 4, p. 1949, 2013.

[103] Y. Li, I. C. Berke, and Y. Modis, “DNA binding to proteolyt-
ically activated TLR9 is sequence-independent and enhanced
by DNA curvature,” The EMBO Journal, vol. 31, no. 4,
pp. 919–931, 2012.

[104] D. Ganguly, G. Chamilos, R. Lande et al., “Self-RNA-antimi-
crobial peptide complexes activate human dendritic cells
through TLR7 and TLR8,” The Journal of Experimental
Medicine, vol. 206, no. 9, pp. 1983–1994, 2009.

[105] S. Morizane, K. Yamasaki, B. Muhleisen et al., “Cathelicidin
antimicrobial peptide LL-37 in psoriasis enables keratinocyte
reactivity against TLR9 ligands,” The Journal of Investigative
Dermatology, vol. 132, no. 1, pp. 135–143, 2012.

[106] G. Chamilos, J. Gregorio, S. Meller et al., “Cytosolic sensing of
extracellular self-DNA transported into monocytes by the
antimicrobial peptide LL37,” Blood, vol. 120, no. 18,
pp. 3699–3707, 2012.

[107] D. Yang, Q. Chen, H. Yang, K. J. Tracey, M. Bustin, and J. J.
Oppenheim, “High mobility group box-1 protein induces
the migration and activation of human dendritic cells and
acts as an alarmin,” Journal of Leukocyte Biology, vol. 81,
no. 1, pp. 59–66, 2007.

[108] E. Brencicova and S. S. Diebold, “Nucleic acids and endoso-
mal pattern recognition: how to tell friend from foe?” Fron-
tiers in Cellular and Infection Microbiology, vol. 3, p. 37, 2013.

[109] R. Lande, J. Gregorio, V. Facchinetti et al., “Plasmacytoid
dendritic cells sense self-DNA coupled with antimicrobial
peptide,” Nature, vol. 449, no. 7162, pp. 564–569, 2007.

[110] M. Gilliet and R. Lande, “Antimicrobial peptides and self-
DNA in autoimmune skin inflammation,” Current Opinion
in Immunology, vol. 20, no. 4, pp. 401–407, 2008.

[111] A. Iwasaki and R. Medzhitov, “Toll-like receptor control of
the adaptive immune responses,” Nature Immunology,
vol. 5, no. 10, pp. 987–995, 2004.

[112] F. C. Eberle, J. Bruck, J. Holstein, K. Hirahara, and K.
Ghoreschi, “Recent advances in understanding psoriasis,”
F1000Res, vol. 5, 2016.

[113] S. K. Mahil, F. Capon, and J. N. Barker, “Update on psoriasis
immunopathogenesis and targeted immunotherapy,” Semi-
nars in Immunopathology, vol. 38, no. 1, pp. 11–27, 2016.

[114] L. v. d. Fits, S. Mourits, J. S. Voerman et al., “Imiquimod-
induced psoriasis-like skin inflammation in mice is mediated
via the IL-23/IL-17 axis,” Journal of Immunology, vol. 182,
no. 9, pp. 5836–5845, 2009.

[115] B. Flutter and F. O. Nestle, “TLRs to cytokines: mechanistic
insights from the imiquimod mouse model of psoriasis,”
European Journal of Immunology, vol. 43, no. 12, pp. 3138–
3146, 2013.

[116] U. Patel, N. M. Mark, B. C. Machler, and V. J. Levine, “Imi-
quimod 5% cream induced psoriasis: a case report, summary
of the literature and mechanism,” The British Journal of
Dermatology, vol. 164, no. 3, pp. 670–672, 2011.

12 Journal of Immunology Research



[117] M. Gilliet, C. Conrad, M. Geiges et al., “Psoriasis triggered by
toll-like receptor 7 agonist imiquimod in the presence of
dermal plasmacytoid dendritic cell precursors,” Archives of
Dermatology, vol. 140, no. 12, pp. 1490–1495, 2004.

[118] P. A. Fanti, E. Dika, S. Vaccari, C. Miscial, and C. Varotti,
“Generalized psoriasis induced by topical treatment of actinic
keratosis with imiquimod,” International Journal of Derma-
tology, vol. 45, no. 12, pp. 1464-1465, 2006.

[119] M. Suarez-Farinas, R. Arbeit, W. Jiang, F. S. Ortenzio, T.
Sullivan, and J. G. Krueger, “Suppression of molecular
inflammatory pathways by Toll-like receptor 7, 8, and 9
antagonists in a model of IL-23-induced skin inflamma-
tion,” PloS One, vol. 8, no. 12, article e84634, 2013.

[120] D. M. Balak, M. B. v. Doorn, R. D. Arbeit et al., “IMO-8400, a
toll-like receptor 7, 8, and 9 antagonist, demonstrates clinical
activity in a phase 2a, randomized, placebo-controlled trial in
patients with moderate-to-severe plaque psoriasis,” Clinical
Immunology, vol. 174, pp. 63–72, 2016.

[121] C. Leonardi, K. Papp, B. Strober et al., “The long-term safety
of adalimumab treatment in moderate to severe psoriasis: a
comprehensive analysis of all adalimumab exposure in all
clinical trials,” American Journal of Clinical Dermatology,
vol. 12, no. 5, pp. 321–337, 2011.

[122] G. R. Burmester, R. Panaccione, K. B. Gordon, M. J.
McIlraith, and A. P. Lacerda, “Adalimumab: long-term
safety in 23 458 patients from global clinical trials in rheuma-
toid arthritis, juvenile idiopathic arthritis, ankylosing spon-
dylitis, psoriatic arthritis, psoriasis and Crohn’s disease,”
Annals of the Rheumatic Diseases, vol. 72, no. 4, pp. 517–
524, 2013.

[123] C. B. Burness and K. McKeage, “Adalimumab: a review in
chronic plaque psoriasis,” Drugs, vol. 75, no. 18, pp. 2119–
2130, 2015.

[124] P. J. Mease, B. S. Goffe, J. Metz, A. VanderStoep, B. Finck, and
D. J. Burge, “Etanercept in the treatment of psoriatic arthritis
and psoriasis: a randomised trial,” Lancet, vol. 356, no. 9227,
pp. 385–390, 2000.

[125] C. L. Leonardi, J. L. Powers, R. T. Matheson et al., “Etaner-
cept as monotherapy in patients with psoriasis,” The New
England Journal of Medicine, vol. 349, no. 21, pp. 2014–
2022, 2003.

[126] A. Romero-Mate, C. Garcia-Donoso, and S. Cordoba-
Guijarro, “Efficacy and safety of etanercept in psoriasis/
psoriatic arthritis: an updated review,” American Journal
of Clinical Dermatology, vol. 8, no. 3, pp. 143–155, 2007.

[127] E. d. Eusebio, J. C. Armario-Hita, and V. A. d. Miquel, “Treat-
ment of psoriasis: focus on clinic-based management with
infliximab,” American Journal of Clinical Dermatology,
vol. 15, Supplement 1, pp. S5–16, 2014.

[128] C. E. Kleyn and C. E. Griffiths, “Infliximab for the treatment
of psoriasis,” Expert Opinion on Biological Therapy, vol. 6,
no. 8, pp. 797–805, 2006.

[129] C. H. Smith, K. Jackson, S. J. Bashir et al., “Infliximab for
severe, treatment-resistant psoriasis: a prospective, open-
label study,” The British Journal of Dermatology, vol. 155,
no. 1, pp. 160–169, 2006.

[130] B. L. Bartlett and S. K. Tyring, “Ustekinumab for chronic pla-
que psoriasis,” Lancet, vol. 371, no. 9625, pp. 1639-1640, 2008.

[131] C. Schmidt, “Ustekinumab poised to enter the psoriasis
market,” Nature Biotechnology, vol. 26, no. 12, pp. 1317-
1318, 2008.

[132] J. Zweegers, J. M. Groenewoud, J. M. v. d. Reek et al., “Com-
parison of the one and 5-years effectiveness of adalimumab,
etanercept and ustekinumab in psoriasis patients in daily
clinical practice: results from the prospective BioCAPTURE
registry,” The British Journal of Dermatology, vol. 176, no. 4,
2016.

[133] A. Kuhn and T. A. Luger, “Psoriasis: is ustekinumab superior
to etanercept for psoriasis?” Nature Reviews. Rheumatology,
vol. 6, no. 9, pp. 500-501, 2010.

[134] F. J. Barrat, T. Meeker, J. H. Chan, C. Guiducci, and R. L.
Coffman, “Treatment of lupus-prone mice with a dual
inhibitor of TLR7 and TLR9 leads to reduction of autoan-
tibody production and amelioration of disease symptoms,”
European Journal of Immunology, vol. 37, no. 12,
pp. 3582–3586, 2007.

[135] C. Guiducci, C. Tripodo, M. Gong et al., “Autoimmune skin
inflammation is dependent on plasmacytoid dendritic cell
activation by nucleic acids via TLR7 and TLR9,” The Journal
of Experimental Medicine, vol. 207, no. 13, pp. 2931–2942,
2010.

[136] F. Rommler, M. Hammel, A. Waldhuber et al., “Guanine-
modified inhibitory oligonucleotides efficiently impair
TLR7- and TLR9-mediated immune responses of human
immune cells,” PloS One, vol. 10, no. 2, article e0116703,
2015.

[137] J. Li, X. Wang, F. Zhang, and H. Yin, “Toll-like receptors as
therapeutic targets for autoimmune connective tissue
diseases,” Pharmacology & Therapeutics, vol. 138, no. 3,
pp. 441–451, 2013.

[138] T. Parkinson, “The future of toll-like receptor therapeutics,”
Current Opinion in Molecular Therapeutics, vol. 10, no. 1,
pp. 21–31, 2008.

[139] A. Thanou and J. T. Merrill, “Treatment of systemic lupus
erythematosus: new therapeutic avenues and blind alleys,”
Nature Reviews. Rheumatology, vol. 10, no. 1, pp. 23–34, 2014.

[140] A. Kuznik, M. Bencina, U. Svajger, M. Jeras, B. Rozman, and
R. Jerala, “Mechanism of endosomal TLR inhibition by anti-
malarial drugs and imidazoquinolines,” Journal of Immunol-
ogy, vol. 186, no. 8, pp. 4794–4804, 2011.

[141] S. Kalia and J. P. Dutz, “New concepts in antimalarial use and
mode of action in dermatology,” Dermatologic Therapy,
vol. 20, no. 4, pp. 160–174, 2007.

[142] T. C. Kouroukis, F. G. Baldassarre, A. E. Haynes, K. Imrie, D.
E. Reece, and M. C. Cheung, “Bortezomib in multiple mye-
loma: systematic review and clinical considerations,” Current
Oncology, vol. 21, no. 4, pp. e573–e603, 2014.

[143] Z. Skrott and B. Cvek, “Linking the activity of bortezomib in
multiple myeloma and autoimmune diseases,” Critical
Reviews in Oncology/Hematology, vol. 92, no. 2, pp. 61–70,
2014.

[144] A. Fierabracci, “Proteasome inhibitors: a new perspective for
treating autoimmune diseases,” Current Drug Targets, vol. 13,
no. 13, pp. 1665–1675, 2012.

[145] M. Hirai, N. Kadowaki, T. Kitawaki et al., “Bortezomib sup-
presses function and survival of plasmacytoid dendritic cells
by targeting intracellular trafficking of Toll-like receptors
and endoplasmic reticulum homeostasis,” Blood, vol. 117,
no. 2, pp. 500–509, 2011.

[146] H. T. Ichikawa, T. Conley, T. Muchamuel et al., “Beneficial
effect of novel proteasome inhibitors in murine lupus via dual
inhibition of type I interferon and autoantibody-secreting

13Journal of Immunology Research



cells,” Arthritis and Rheumatism, vol. 64, no. 2, pp. 493–503,
2012.

[147] L. F. Hou, S. J. He, X. Li et al., “Oral administration of artemi-
sinin analog SM934 ameliorates lupus syndromes in MRL/lpr
mice by inhibiting Th1 and Th17 cell responses,” Arthritis
and Rheumatism, vol. 63, no. 8, pp. 2445–2455, 2011.

[148] L. F. Hou, S. J. He, X. Li et al., “SM934 treated lupus-prone
NZB x NZW F1 mice by enhancing macrophage
interleukin-10 production and suppressing pathogenic T
cell development,” PloS One, vol. 7, no. 2, article e32424,
2012.

[149] Y. Wu, S. He, B. Bai et al., “Therapeutic effects of the arte-
misinin analog SM934 on lupus-prone MRL/lpr mice via
inhibition of TLR-triggered B-cell activation and plasma
cell formation,” Cellular & Molecular Immunology, vol. 13,
no. 3, pp. 379–390, 2016.

[150] R. Hernanz, S. Martinez-Revelles, R. Palacios et al., “Toll-like
receptor 4 contributes to vascular remodelling and endothe-
lial dysfunction in angiotensin II-induced hypertension,”
British Journal of Pharmacology, vol. 172, no. 12, pp. 3159–
3176, 2015.

[151] F. Capolunghi, M. M. Rosado, S. Cascioli et al., “Pharmaco-
logical inhibition of TLR9 activation blocks autoantibody
production in human B cells from SLE patients,” Rheumatol-
ogy (Oxford), vol. 49, no. 12, pp. 2281–2289, 2010.

[152] M. Kondo, A. Tahara, K. Hayashi et al., “Renoprotective
effects of novel interleukin-1 receptor-associated kinase 4
inhibitor AS2444697 through anti-inflammatory action in
5/6 nephrectomized rats,” Naunyn-Schmiedeberg's Archives
of Pharmacology, vol. 387, no. 10, pp. 909–919, 2014.

[153] Y. W. Wu, W. Tang, and J. P. Zuo, “Toll-like receptors:
potential targets for lupus treatment,” Acta Pharmacologica
Sinica, vol. 36, no. 12, pp. 1395–1407, 2015.

[154] L. Schopf, A. Savinainen, K. Anderson et al., “IKKbeta inhibi-
tion protects against bone and cartilage destruction in a rat
model of rheumatoid arthritis,” Arthritis and Rheumatism,
vol. 54, no. 10, pp. 3163–3173, 2006.

[155] K. Nagashima, V. G. Sasseville, D.Wen et al., “Rapid TNFR1-
dependent lymphocyte depletion in vivo with a selective
chemical inhibitor of IKKbeta,” Blood, vol. 107, no. 11,
pp. 4266–4273, 2006.

[156] G. Mbalaviele, C. D. Sommers, S. L. Bonar et al., “A novel,
highly selective, tight binding IkappaB kinase-2 (IKK-2)
inhibitor: a tool to correlate IKK-2 activity to the fate and
functions of the components of the nuclear factor-kappaB
pathway in arthritis-relevant cells and animal models,” The
Journal of Pharmacology and Experimental Therapeutics,
vol. 329, no. 1, pp. 14–25, 2009.

[157] P. C. v. d. Kerkhof, “Update on retinoid therapy of psoriasis
in: an update on the use of retinoids in dermatology,”Derma-
tologic Therapy, vol. 19, no. 5, pp. 252–263, 2006.

[158] L. Kowalzick, “Clinical experience with topical calcitriol
(1,25-dihydroxyvitamin D3) in psoriasis,” The British Journal
of Dermatology, vol. 144, Supplement 58, pp. 21–25, 2001.

[159] H. Yuan, M. Zhu, W. Guo et al., “Mustard seeds (Sinapis alba
Linn) attenuate azoxymethane-induced colon carcinogene-
sis,” Redox Report, vol. 16, no. 1, pp. 38–44, 2011.

[160] R. Yang, Q. Zhou, C. Wen et al., “Mustard seed (Sinapis
alba Linn) attenuates imiquimod-induced psoriasiform
inflammation of BALB/c mice,” The Journal of Dermatol-
ogy, vol. 40, no. 7, pp. 543–552, 2013.

[161] T. T. Huang, S. P. Wu, K. Y. Chong et al., “The medicinal
fungus Antrodia cinnamomea suppresses inflammation by
inhibiting the NLRP3 inflammasome,” Journal of Ethnophar-
macology, vol. 155, no. 1, pp. 154–164, 2014.

[162] F. C. Liu, M. T. Lai, Y. Y. Chen et al., “Elucidating the inhib-
itory mechanisms of the ethanolic extract of the fruiting body
of the mushroom Antrodia cinnamomea on the proliferation
and migration of murine leukemia WEHI-3 cells and their
tumorigenicity in a BALB/c allograft tumor model,” Phyto-
medicine, vol. 20, no. 10, pp. 874–882, 2013.

[163] M. D. Wu, M. J. Cheng, W. Y. Wang et al., “Antioxidant
activities of extracts and metabolites isolated from the fungus
Antrodia cinnamomea,” Natural Product Research, vol. 25,
no. 16, pp. 1488–1496, 2011.

[164] M. H. Li, H. C. Wu, H. J. Yao, C. C. Lin, S. F. Wen, and I. H.
Pan, “Antrodia cinnamomea extract inhibits Th17 cell differ-
entiation and ameliorates imiquimod-induced psoriasiform
skin inflammation,” The American Journal of Chinese Medi-
cine, vol. 43, no. 7, pp. 1401–1417, 2015.

[165] J. W. Cho, K. S. Lee, and C. W. Kim, “Curcumin attenuates
the expression of IL-1beta, IL-6, and TNF-alpha as well as
cyclin E in TNF-alpha-treated HaCaT cells; NF-kappaB and
MAPKs as potential upstream targets,” International Journal
of Molecular Medicine, vol. 19, no. 3, pp. 469–474, 2007.

[166] A. C. Bharti, N. Donato, and B. B. Aggarwal, “Curcumin
(diferuloylmethane) inhibits constitutive and IL-6-inducible
STAT3 phosphorylation in human multiple myeloma cells,”
Journal of Immunology, vol. 171, no. 7, pp. 3863–3871, 2003.

[167] A. R. Hussain, M. Ahmed, N. A. Al-Jomah et al., “Curcumin
suppresses constitutive activation of nuclear factor-kappa B
and requires functional Bax to induce apoptosis in Burkitt’s
lymphoma cell lines,” Molecular Cancer Therapeutics, vol. 7,
no. 10, pp. 3318–3329, 2008.

[168] J. Sun, Y. Zhao, and J. Hu, “Curcumin inhibits imiquimod-
induced psoriasis-like inflammation by inhibiting IL-1beta
and IL-6 production in mice,” PloS One, vol. 8, no. 6, article
e67078, 2013.

[169] K. B. Cullberg, J. Olholm, S. K. Paulsen et al., “Resveratrol has
inhibitory effects on the hypoxia-induced inflammation and
angiogenesis in human adipose tissue in vitro,” European
Journal of Pharmaceutical Sciences, vol. 49, no. 2, pp. 251–
257, 2013.

[170] J. Olholm, S. K. Paulsen, K. B. Cullberg, B. Richelsen, and S. B.
Pedersen, “Anti-inflammatory effect of resveratrol on adipo-
kine expression and secretion in human adipose tissue
explants,” International Journal of Obesity, vol. 34, no. 10,
pp. 1546–1553, 2010.

[171] T. N. Kjaer, K. Thorsen, N. Jessen, K. Stenderup, and S. B.
Pedersen, “Resveratrol ameliorates imiquimod-induced
psoriasis-like skin inflammation in mice,” PloS One, vol. 10,
no. 5, article e0126599, 2015.

[172] C. Y. Lai, D. W. Yeh, C. H. Lu et al., “Identification of thios-
trepton as a novel inhibitor for psoriasis-like inflammation
induced by TLR7-9,” Journal of Immunology, vol. 195,
no. 8, pp. 3912–3921, 2015.

[173] M. Bosnar, B. Bosnjak, S. Cuzic et al., “Azithromycin
and clarithromycin inhibit lipopolysaccharide-induced
murine pulmonary neutrophilia mainly through effects
on macrophage-derived granulocyte-macrophage colony-
stimulating factor and interleukin-1beta,” The Journal of
Pharmacology and Experimental Therapeutics, vol. 331,
no. 1, pp. 104–113, 2009.

14 Journal of Immunology Research



[174] V. Ivetic Tkalcevic, B. Bosnjak, B. Hrvacic et al., “Anti-
inflammatory activity of azithromycin attenuates the effects
of lipopolysaccharide administration in mice,” European
Journal of Pharmacology, vol. 539, no. 1-2, pp. 131–138, 2006.

[175] S. W. Huang, Y. J. Chen, S. T. Wang et al., “Azithromycin
impairs TLR7 signaling in dendritic cells and improves the
severity of imiquimod-induced psoriasis-like skin inflamma-
tion in mice,” Journal of Dermatological Science, vol. 84, no. 1,
pp. 59–70, 2016.

[176] V. N. Saxena and J. Dogra, “Long-term oral azithromycin in
chronic plaque psoriasis: a controlled trial,” European Journal
of Dermatology, vol. 20, no. 3, pp. 329–333, 2010.

[177] F. Shao, T. Tan, Y. Tan, Y. Sun, X. Wu, and Q. Xu, “Andro-
grapholide alleviates imiquimod-induced psoriasis in mice
via inducing autophagic proteolysis of MyD88,” Biochemical
Pharmacology, vol. 115, pp. 94–103, 2016.

15Journal of Immunology Research



Research Article
Synergistic Antitumour Properties of viscumTT in
Alveolar Rhabdomyosarcoma

Rahel Mascha Stammer,1 Susann Kleinsimon,1 Jana Rolff,2 Sebastian Jäger,3

Angelika Eggert,1 Georg Seifert,1 and Catharina I. Delebinski1

1Department of Paediatric Oncology/Haematology, Otto-Heubner Centre for Paediatric and Adolescent Medicine (OHC),
Charité-Universitätsmedizin Berlin, Augustenburger Platz 1, 13353 Berlin, Germany
2EPO GmbH, Experimental Pharmacology & Oncology, Robert-Rössle-Str. 10, 13125 Berlin-Buch, Germany
3Birken AG, Streiflingsweg 11, 75223 Niefern-Öschelbronn, Germany

Correspondence should be addressed to Georg Seifert; georg.seifert@charite.de

Received 20 January 2017; Revised 18 May 2017; Accepted 28 May 2017; Published 16 July 2017

Academic Editor: Daniel Ortuño-Sahagún

Copyright © 2017 Rahel Mascha Stammer et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work
is properly cited.

Aqueous mistletoe extracts from the European mistletoe (Viscum album) contain mainly mistletoe lectins and viscotoxins as
cytotoxic compounds. Lipophilic triterpene acids, which do not occur in conventional mistletoe preparations, were solubilised
with β-cyclodextrins. The combination of an aqueous extract (viscum) and a triterpene-containing extract (TT) recreated a
whole mistletoe extract (viscumTT). These extracts were tested on rhabdomyosarcoma in vitro, ex vivo, and in vivo with regard
to anticancer effects. Viscum and viscumTT inhibited cell proliferation and induced apoptosis effectively in a dose-dependent
manner in vitro and ex vivo, whereas TT showed only moderate inhibitory effects. viscumTT proved to be more effective than
the single extracts and displayed a synergistic effect in vitro and a stronger effect in vivo. viscumTT induced apoptosis via the
extrinsic and intrinsic pathways, evidenced by the loss of mitochondrial membrane potential and activation of CASP8 and
CASP9. CASP10 inhibitor inhibited apoptosis effectively, emphasising the importance of CASP10 in viscumTT-induced
apoptosis. Additionally, viscumTT changed the ratio of apoptosis-associated proteins by downregulation of antiapoptotic
proteins such as XIAP and BIRC5, thus shifting the balance towards apoptosis. viscumTT effectively reduced tumour volume in
patient-derived xenografts in vivo and may be considered a promising substance for rhabdomyosarcoma therapy.

1. Introduction

Rhabdomyosarcoma (RMS) is the most common soft tissue
sarcoma in children and adolescents in Germany, accounting
for 3.1% of all paediatric tumours [1]. Alveolar RMS (ARMS)
is one of the two main histopathological subtypes and occurs
in approximately 25% of the cases [2–4]. ARMS is more com-
mon in adolescents and young adults and associated with
aggressive clinical behaviour and poor treatment response
and outcome [5]. Most of ARMS are characterised by the
balanced translocations t(2;13)(q35;q14) or t(1;13)(q36;14)
[6], resulting in the PAX3/FOXO1 (~55%) or PAX7/FOXO1
(~25%) fusion genes, respectively [7]. Despite aggressive
multimodal treatment regimes, the prognosis of fusion-
positive ARMS (65%) [8] and patients with metastatic disease

(<20%) [9] remains poor and has not changed in years [10],
highlighting the need for new therapy approaches.

Aqueous extracts of the European mistletoe (Viscum
album) are widely used in complementary cancer therapy
in German-speaking countries, despite their controversial
efficacy since 1920. Viscum album contains a large variety
of biological active compounds including mistletoe lectins
(ML) [11], viscotoxins (VT) [12–14], triterpene acids
[15, 16], flavonoids [17, 18], and polysaccharides [19, 20].
Commercially available mistletoe preparations are based on
aqueous extracts and contain mainly ML and VT as active
compounds. Mistletoe extracts have been shown to exert
cytotoxic effects on acute leukaemia [21], multiple myeloma
[22], head and neck squamous cell carcinomas [23], and
bladder carcinoma [24] in vitro as well as acute leukaemia
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[25], breast cancer [26], malignant melanoma [27], and
pancreatic carcinoma [28] in vivo. Furthermore, there is
clinical evidence that Viscum album extracts prolong the
overall survival of patients with pancreatic cancer [29].

Lipophilic triterpene acids, such as oleanolic acid (OA)
and betulinic acid (BA), represent another group of
mistletoe-derived substances with known cytotoxic effects.
Previous studies on neuroblastoma [30, 31], osteosarcoma
[32], acute leukaemia [33], breast cancer [34], and gastric
cancer [35] showed that OA and its derivatives inhibit cell
proliferation and induce apoptosis effectively in vitro.
Moreover, in vivo experiments have shown cytotoxic
effects of OA on osteosarcoma [36], gallbladder carcinoma
[37], hepatocellular carcinoma [38], and pancreatic carci-
noma [39]. Due to their low solubility, triterpene acids do
not occur in significant amounts in commercial mistletoe
extracts [40]. Using cyclodextrins, it was possible to solu-
bilise triterpene acids and therefore to overcome their loss
in standardised aqueous extracts.

Previous studies showed the efficacy of a combined mis-
tletoe extract produced by addition of solubilised triterpene
acids (TT) to aqueous mistletoe extracts (viscum), creating a
whole plant extract (viscumTT). This whole plant extract
effectively induced apoptosis in acute myeloid and lympho-
blastic leukaemia [41, 42], Ewing-sarcoma [43], and osteo-
sarcoma [44] and inhibited tumour growth in murine
melanoma in vivo [45]. The aim of this study was to analyse
the effect of the whole mistletoe extract, viscumTT, on rhab-
domyosarcoma in vitro, ex vivo, and in vivo.

2. Materials and Methods

2.1. Material and Reagents. RPMI 1640, penicillin, strepto-
mycin, trypsin (0.05%), and phosphate-buffered saline
(PBS) were purchased from Gibco®, Life Technologies
(Darmstadt, Germany). Foetal calf serum (FCS) was obtained
from Biochrom (Berlin, Germany). RIPA buffer, protease
inhibitors, molecular mass standards for SDS-PAGE, sodium
dodecyl sulfate (SDS), dimethyl sulfoxide (DMSO), 5,6,6-tet-
rachloro-1,1,3,3-tetraethylbenzimidazolcarbocyanine iodide
(JC-1), carbonyl cyanide 3-chlorophenylhydrazone (CCCP),
and propidium iodide (PI) were purchased from Sigma-
Aldrich (München, Germany). Tween, acrylamide, and
dithiotreitol (DTT) were purchased from Carl Roth GmbH
(Karlsruhe, Germany).

2.2. Viscum album Extracts. Viscum album extracts were
kindly provided by Birken AG (Niefern-Öschelbronn,
Germany) and prepared from Viscum album harvested
from apple trees (Malus domestica Borkh.) as previously
described [41, 42, 46]. Intact mistletoe lectin-I (A+B chain)
was quantified by ELISA in the viscum extract as described
before [47]. OA and BA were quantified in the TT extract
by gas chromatography-flame ionisation detector (GC-FID)
and external calibration with OA as reference substance
[40]. Both extracts, viscum and TT, were reconstituted
in PBS to a final concentration of 1μg/mL intact ML-I
and <1μg/mL VT in viscum and 4000μg/mL OA and
172μg/mL BA in TT (Table 1).

2.3. Cell Culture. Two human ARMS cell lines were used in
this study. RH-30 cells were obtained from the German
Collection of Microorganisms and Cell Cultures (DSMZ,
Braunschweig, Germany) and RMS-13 cells from the
American Type Culture Collection (ATCC, Manassas, VA,
USA). Both cell lines were maintained in RPMI 1640
medium with L-glutamine, supplemented with 10% heat-
inactivated FCS, 100U/mL penicillin, and 100μg/mL
streptomycin. For experimental settings, 2× 105/mLcellswere
seeded onto 6-well plateswith afinal volumeof 2mL/well. Cell
numbers were adjusted to sizes of well plates according to
experimental settings. Cells were cultured 24h to allow cell
attachment, then viscum, TT, and viscumTT were added in
defined concentrations for another 24 h.

2.4. Determination of Cell Proliferation and Measurement of
Early Cytotoxicity. Cell counts were determined with the
CASY® Cell Counter and Analyser System of Schärfe System
GmbH (Reutlingen, Germany). Alterations of cell prolifera-
tion were indicated as the percentage of untreated control
cells (100% viability). To rule out early cytotoxicity, lactate
dehydrogenase (LDH) release was measured after 2 h of incu-
bation with viscum, TT, and viscumTT using the Cytotoxicity
Detection Kit (Roche Diagnostics GmbH, Mannheim,
Germany) according to the manufacturer’s instructions.

2.5. Determination of Apoptosis. After 24 h incubation with
viscum, TT, and viscumTT in increasing concentrations, cells
were stained with APC-conjugated annexin V (BD Biosci-
ences, Heidelberg, Germany) and 1mg/mL PI as described
before [42]. Cells were analysed by flow cytometry (FACSCa-
libur™, Becton Dickinson, Heidelberg, Germany), and results
were evaluated with FlowJo® Software (Tree Star, Inc.,
Ashland, USA).

2.6. Assessment of Mitochondrial Membrane Potential (ΔΨm).
Changes in mitochondrial membrane potential (ΔΨm) were
detected by JC-1 staining and flow cytometry, according to
the manufacturer’s instructions. Subsequently, results were
evaluated with FlowJo Software. 50μM depolarising CCCP
was used as a reference control.

2.7. Determination of Caspase Activity. Activity of caspase-3
(CASP3), caspase-8 (CASP8), and caspase-9 (CASP9) was
measured using the Green Caspase Staining Kit (Promokine,
Heidelberg, Germany) according to the manufacturer’s pro-
tocol. Subsequently, cells were analysed by flow cytometry
and results were evaluated with FlowJo Software.

2.8. Caspase Inhibitor Assays. Cells were pretreated for
one hour with 50–100μM caspase inhibitors, before 24 h

Table 1: Composition of mistletoe extracts.

Extract
CD

[μg/mL]
ML

[μg/mL]
VT

[ng/mL]
BA

[μg/mL]
OA

[μg/mL]

viscum — 1 221.3 — —

TT 230 — — 172 4000

viscumTT 230 1 221.3 172 4000
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incubation with viscum (2.5–5ng/mL) and viscumTT
(2.5–5ng/mL viscum+35–40μg/mL TT). DMSO was added
as a solvent control. Induction of apoptosis was determined
by annexin V/PI staining and flow cytometry analysis as
described above. In this experimental setting, we used, in
addition to a pan-caspase inhibitor (Z-VAD-FMK), inhibi-
tors of CASP8 (Z-IETD-FMK), CASP9 (Z-LEHD-FMK),
and caspase-10 (CASP10; Z-AEVD-FMK) (R&D Systems,
Minneapolis, MN, USA).

2.9. Protein Extraction and Western Blot Analyses. Cells were
incubated with TT (OA 40μg/mL), viscum (ML 5ng/mL),
and viscumTT (OA 40μg/mL+ML 5ng/mL) for 24h. After
washing twice with PBS, cells were lysed for 30min in RIPA
buffer containing protease inhibitors. Protein lysates were
centrifuged at 14000 rpm for 5min at 4°C, then protein
concentrations were determined by Bradford Reagent (Bio-
Rad, München, Germany). Lysates (20–25μg protein/lane)
were separated by SDS-PAGE and transferred to nitrocellu-
lose membranes (Bio-Rad). Blots were incubated with
primary antibodies overnight at 4°C. After incubation with
HRP-conjugated secondary antibodies (Bio-Rad), protein
bands were visualized by ECL (Thermo Fisher Scientific,
Bonn, Germany) and Molecular Imager® ChemiDoc™
(Bio-Rad). The following primary antibodies were used:
β-actin (#A3854, Sigma-Aldrich), B-cell lymphoma 2
(BCL2; #2870, Cell Signaling Technology, CST, Danvers,
MA, USA), BCL2 like 1 (BCL2L1; #2764, CST), baculoviral
IAP repeat containing 5 (BIRC5; #2803, CST), myeloid cell
leukemia 1 (MCL1; sc-819, Santa Cruz Biotechnology, Santa
Cruz, CA, USA), poly(ADP-ribose) polymerase 1 (PARP1;
#9542, CST), and X-linked inhibitor of apoptosis protein
(XIAP; #610716, BD Biosciences).

2.10. Ex Vivo Cultured RMS Primary Cells. Tumour samples
were obtained as a treatment residue from three different
patients with ARMS during routine surgical resection.
Tumour tissue was not explicitly collected for this study,
and diagnoses were confirmed by histopathology by the
institute of pathology, Charité - Universitätsmedizin Berlin.
Immediately after surgical excision, tumour tissue from
patient no. 1 (11 years, female, recurrent disease), patient
no. 2 (12 years, male, primary disease), and patient no. 3
(13 years, female, primary disease) was cut into smaller pieces
and cultured as primary explants in RPMI 1640 base medium
with L-glutamine supplemented with 20% heat-inactivated
FCS and 1% penicillin/streptomycin solution. When cells
dissociated from the explant and formed a confluent
monolayer culture, apoptosis induction was investigated. Ex
vivo cell cultures were used for experimental settings within
seven trypsinised passages. Because of slow or bad cell
growth, experiments could only be performed twice. For
analyses, cells were seeded into 12-well microtiter plates at
1.5 × 105–3×105 cells/well and incubated with increasing
concentrations of viscum, TT, and viscumTT as described
above. Subsequently, apoptosis was measured by annexin
V/PI assay. Further, JC-1 measurement was carried out with
cells from patient no. 1. In accordance with the Declaration
of Helsinki, written informed consent was obtained from

the patients and experiments were approved by the local
ethics committee of the Charité - Universitätsmedizin Berlin.

2.11. RMS Xenografts and Experimental Procedures. Patient-
derived RMS tissue was subcutaneously transplanted into
the left flank of eight-week-old NMRI-nu/nu mice. The mice
were obtained from Charles River Laboratories (Sulzfeld,
Germany), housed in a pathogen-free facility under
pathogen-free conditions, and fed autoclaved standard diet
(Sniff, Soest, Germany) with acidified drinking water ad
libitum. The tumour was propagated in vivo, and tumour
tissue from one in vivo passage was used for s.c. implanta-
tion in the inguinal region of seven (no. 1) or five (no. 2)
mice per treatment or control group. The same patient
material was used for ex vivo as well as in vivo experiments
(no. 1 ex vivo=no. 1 in vivo, no. 2 ex vivo=no. 2 in vivo).
Treatment with the test substances or controls started on
day 12 when tumours were palpable. Mice were treated with
viscum, TT, viscumTT, and cyclodextrins (control group)
intratumourally (i.t) and doxorubicin (Doxo) intravenously
(i.v.) in no. 1. In experiment no. 2, mice received viscumTT
i.t. and viscumTT and cyclodextrins i.v. The mice were
treated every two to three days in rising concentrations,
and each dose was given twice. The administered concentra-
tions were 40/60/80mg/kg OA (TT), 0.5/1.0/1.5μg/kg ML
(viscum), or a combination thereof (viscumTT). Body weight
was measured before each treatment, and mice were carefully
monitored for health and symptoms of toxicity. The animals
were sacrificed by cervical dislocation at the end of the
experiment or if the mice were moribund (tumour volu-
me> 1.2 cm3 or >10% body weight loss). The animal experi-
ments were carried out in accordance with the German
legislation on the care and use of laboratory animals and in
accordance with the United Kingdom Coordinating Com-
mittee on Cancer Research Guidelines for the Welfare of
animals in Experimental Neoplasia to minimise suffering.
Approval for the study was obtained from the Regional Office
for Health and Social Affairs (LaGeSo, approval G-0030/15).

2.12. Statistics. All in vitro experiments were performed in
independent experiments at least three times, for which
means± standard error are displayed in bar graphs. Ex vivo
experiments were carried out only in sets of two independent
experiments due to low cell growth. To assess whether the
effect of viscumTT was synergistic, Webb’s fractional product
(∗Fp) [48] was calculated as described before [42]. Values
greater than one (∗Fp> 1) display a synergistic effect. Two-
way ANOVA and Bonferroni post hoc tests were applied to
determine differences between mouse xenograft treatment
groups. All results with p ≤ 0 05 were considered significant.

3. Results

3.1. viscumTT Inhibits Cell Proliferation and Induces
Apoptosis Synergistically In Vitro. To assess the antiprolifera-
tive effects of mistletoe extracts, RMS-13 and RH-30 cells
were incubated with increasing concentrations of viscum,
TT, and viscumTT. Both, viscum and viscumTT, effectively
inhibited proliferation in a dose-dependent manner in
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RMS-13 cells, whereas TT showed only moderate inhibitory
effects (Figure 1(a)). RH-30 cells were more resistant towards
treatment with viscum or TT, while viscumTT showed a
strong inhibitory effect. Notably, treatment with viscumTT

led to a synergistic inhibitory effect on cell proliferation in
both cell lines in higher concentrations (∗Fp> 1).

To determine the induction of apoptosis, RMS-13
and RH-30 cells were analysed by annexin V/PI staining
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Figure 1: viscumTT inhibits cell proliferation and induces apoptosis synergistically in ARMS. (a) RMS-13 and RH-30 cells were incubated
with viscum, TT, and viscumTT in increasing concentrations for 24 h. Cell proliferation was measured by CASY cell counter analysis, and
the proliferation rate was calculated from the total cell numbers compared to untreated control cells. Apoptosis was assessed by annexin
V/PI assay, and results were analysed by FlowJo Software. (b) RMS-13 cells were treated with viscum, TT, and viscumTT in increasing
concentrations, and early cytotoxicity was measured by LDH assay. Results are presented as percentage of untreated control cells.
(c) Apoptosis was confirmed by PARP cleavage. For this purpose, Western blot analyses were performed after treatment of RMS-13 cells
with viscum, TT, and viscumTT. β-actin served as a loading control. Results are presented as means± SD of three independent
experiments. Webb’s fractional product (Fp) was calculated to assess synergism, values ∗Fp> 1 display synergism. Mistletoe lectin (ML)
and oleanolic acid (OA) concentrations were used as marker substances for viscum and TT, respectively.
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and FACS analysis after 24 h of incubation with viscum,
TT, and viscumTT. Neither viscum nor TT affected apo-
ptosis in RH-30 cells; however, viscumTT induced apo-
ptosis at high concentration ranges (Figure 1(a)). In

comparison, RMS-13 cells reacted more sensitively to
incubation with viscum and viscumTT, but treatment with
TT also proved to be ineffective. viscumTT again dis-
played a synergistic effect on apoptosis induction in both
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CASP9. RMS-13 cells were incubated with viscum, TT, and viscumTT in increasing concentrations for 24 h. (a) ΔΨm depolarisation was
analysed by JC-1 staining and flow cytometry. The protonophore carbonyl cyanide 3-chlorophenylhydrazone (CCCP), a mitochondrial
membrane disruptor, was used as a positive control. (b) Active caspase assays were performed according to the manufacturer’s
instructions to monitor activation of caspase-3 (CASP3), caspase-8 (CASP8), and caspase-9 (CASP9). All results are presented as
means± SD of three independent experiments. Webb’s fractional product (Fp) was calculated to assess synergism, values ∗Fp> 1 display
synergism. Mistletoe lectin (ML) and oleanolic acid (OA) concentrations were used as marker substances for viscum and TT, respectively.
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cell lines at high concentration ranges. Detection of PARP
cleavage by Western blot analysis confirmed apoptosis
induction (Figure 1(c)).

To exclude an unwanted early cytotoxic effect via necro-
sis, LDH-release was measured after 2 h of incubation with
viscum, TT, and viscumTT in RMS-13 cells. As shown in
Figure 1(b), no significant LDH-release was detected; hence,
a cytotoxic effect by necrosis could be excluded.

3.2. viscumTT Displays a Synergistic Effect on Mitochondrial
Membrane Depolarisation and Caspase Activation In Vitro.
To evaluate the underlying mechanisms of viscum-, TT-,
and viscumTT-induced cytotoxicity more closely, we ana-
lysed the involvement of mitochondria and caspases in
apoptosis. For this purpose, RMS-13 cells were treated as
described above and ΔΨm loss was detected by JC-1 staining
and FACS analysis. Treatment with viscum, and to an even
more pronounced extent with viscumTT, led to a dose-
dependent loss of ΔΨm, whereas TT showed no significant
effect (Figure 2(a)).

Caspases play an essential role in apoptosis, since they are
initiators (CASP9, CASP8) as well as effectors (CASP3).
After 24 h treatment with viscum, TT, and viscumTT, caspase
activation was assessed by active caspase assays and FACS
analysis in RMS-13 cells. Viscum as well as viscumTT acti-
vated CASP3, CASP8, and CASP9 in a dose-dependent
manner (Figure 2(b)). viscumTT displayed a synergistic
effect on mitochondrial membrane depolarisation and cas-
pase activation, confirming observations made in the pre-
vious experiments.

To further determine caspase dependency in apoptosis
induction, caspase inhibitor assays were performed and inhi-
bition of apoptosis was estimated from untreated control
cells. Interestingly, caspase inhibitors were more effective in
preventing apoptosis in cells treated with viscum rather than
viscumTT. The pan-caspase inhibitor achieved reduction of
apoptosis by up to 73% in viscum- and 46% in viscumTT-
treated cells (Figure 3). Inhibition of the extrinsic pathway
by CASP10 and CASP8 inhibitors prevented apoptosis by
up to 75% and 60%, respectively, after treatment with viscum
and by 50% and 30%, respectively, in viscumTT-treated cells.
Inhibition of the intrinsic apoptosis signalling pathway by
CASP9 inhibitor was also effective in viscum-treated cells,
but showed no effect after incubation with viscumTT. On
the contrary, in increasing concentrations, CASP9 inhibitor
enhanced viscumTT-induced apoptosis.

These results suggest that in addition to the intrinsic sig-
nalling pathway the extrinsic pathway plays a role in viscum
and viscumTT-induced caspase-dependent apoptosis.

3.3. Viscum album Extracts Alter the Expression of
Antiapoptotic Proteins. To further elucidate the underlying
molecular mechanisms of viscum-, TT-, and viscumTT-
induced apoptosis, we analysed protein expression of
apoptosis-associated proteins by Western blot analysis after
24 h treatment with mistletoe extracts. Viscum, TT, and
viscumTT suppressed the expression of the inhibitor of
apoptosis protein (IAP) family members XIAP and BIRC5.
Further, incubation with viscum and viscumTT led to

downregulation of BCL2 family members BCL2, BCL2L1,
and MCL1 (Figure 4).

3.4. viscumTT Inhibits Proliferation and Induces Apoptosis Ex
Vivo. To verify in vitro results, we next examined the effects
of viscum, TT, and viscumTT in primary RMS tumour cells
(ex vivo). For this purpose, ex vivo cultures of primary cells
of three different patients were treated with TT, viscum, and
viscumTT in increasing concentrations for 48 h (patient no.
1) and 24h (patient no. 2; patient no. 3), respectively.

Patient no. 1 was incubated with lower concentrations of
viscum, TT, and viscumTT than patient no. 2 and patient no.
3, but we changed the time course and extended the incuba-
tion time to 48 h. Viscum and to a more pronounced extent
viscumTT effectively induced apoptosis and decreased ΔΨm,
while TT showed no cytotoxic effect ex vivo (Figure 5(a)).
Patient no. 2 showed only a moderate increase of apoptotic
cells after treatment with viscumTT, while neither TT nor
viscum inhibited cell proliferation or induced apoptosis
effectively after 24 h incubation (Figure 5(b)). After 24h
incubation with viscum and viscumTT, we were able to detect
a concentration-dependent inhibition of proliferation as well
as induction of apoptosis in patient no. 3 (Figure 5(c)).

3.5. viscumTT Effectively Inhibits Tumour Growth In Vivo.
To validate our in vitro and ex vivo findings, we established
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Figure 4: viscumTT alters the expression of antiapoptotic proteins.
RMS-13 cells were treated with viscum, TT, and viscumTT in
increasing concentrations for 24 h. Afterwards, cells were lysed
and whole proteins lysates were analysed by Western blot for
altered expression of X-linked inhibitor of apoptosis protein
(XIAP), baculoviral IAP repeat containing 5 (BIRC5), myeloid cell
leukemia 1 (MCL1), B-cell lymphoma 2 (BCL2), and BCL2 like 1
(BCL2L1). β-actin served as a loading control. Mistletoe lectin
(ML) and oleanolic acid (OA) concentrations were used as marker
substances for viscum and TT, respectively.
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two patient-derived xenografts (PDX) to examine the effects
of viscum, TT, and viscumTT in vivo. For this purpose, we
focused on two different study designs. In PDX no. 1, we
examined the therapeutic effect of i.t.-administered vis-
cumTT compared to viscum, TT, and doxorubicin. In PDX
no. 2, however, we investigated the therapeutic effectiveness
of i.t. and i.v. application. Therefore, NMRI-nu/nu mice were
treated with viscum, TT, and viscumTT (i.v. and/or i.t.). Con-
trol groups received the vehicle cyclodextrin i.v. or i.t.
Extracts were administered every two to three days in
increasing concentrations, and each concentration was given
twice. During treatment, the mice showed no significant loss
of body weight, and the administered extracts were well toler-
ated. The mean tumour volumes were calculated (Figure 6).
In PDX no. 1, i.t. administration of viscum and TT reduced
tumour volume effectively and viscumTT led to a significant
inhibition of tumour volume in comparison to the control
group (Figure 6(a)), whereas doxorubicin as a standard ther-
apeutic drug had no effect. In PDX no. 2, viscumTT i.t. was
more effective than viscumTT i.v. and both application forms
inhibited tumour volume significantly compared to control
mice (Figure 6(b)).

4. Discussion

This study shows that viscum and viscumTT exerted strong
antiproliferative and apoptosis-inducing effects on RMS
in vitro and ex vivo, whereas TT showed only moderate
inhibitory effects. RH-30 cells were more resistant to viscum

treatment than RMS-13 cells. It is known that cytotoxic
effects of ML, the main component of the viscum extract, dif-
fer in cell lines, probably due to differences in expression of
ML binding sites on the cell surface [49, 50]. The marker sub-
stance of the TT extract OA, which exert cytotoxic effects in
various cancer cell lines [37, 46, 51], did not induce apoptosis
in either RMS cell line effectively, which might be due to low
OA concentrations. The whole mistletoe extract, viscumTT,
proved to be more potent than the single extracts and dis-
played a synergistic effect on apoptosis induction in RMS
cells in vitro and ex vivo. This result is in line with the
assumption that whole plant extracts can be more effective
than their single constituents [52–54]. Synergistic effects of
viscumTT were already recently shown in other paediatric
tumour cell lines [41–44].

Viscum and viscumTT triggered apoptosis in RMS via the
extrinsic as well as the intrinsic apoptosis signalling pathway,
evidenced by mitochondrial membrane depolarisation and
activation of CASP8 and CASP9 (Figure 7). This is in line
with results from several studies, which reported that ML as
well as OA induced apoptosis by affecting different apoptosis
pathways. Aqueous mistletoe extracts as well as purified ML
proved to exert cytotoxic effects in various cancer cell lines
either by the intrinsic [21, 25, 55] or additionally by the
extrinsic [41, 56] apoptosis signalling pathway. OA and
its derivatives are also known to invoke both the extrinsic
[57–62] as well as the intrinsic [37–39] signalling pathway.
Furthermore, BA could induce apoptosis via the mitochon-
drial signalling pathway in RMS [63] and neuroblastoma
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Figure 5: viscumTT induces apoptosis synergistically ex vivo. Ex vivo cultures from three different patients were incubated with viscum, TT,
and viscumTT in increasing concentrations for 48 h (a) patient no. 1 or for 24 h, (b) patient no. 2, and (c) patient no. 3. Cell proliferation was
measured by CASY cell counter analysis, and apoptosis was assessed by annexin V/PI assay and flow cytometry. All results are presented as
means± SD of two independent experiments. Webb’s fractional product (∗Fp) was calculated to assess synergism, values ∗Fp> 1 display
synergism. Mistletoe lectin (ML) and oleanolic acid (OA) concentrations were used as marker substances for viscum and TT, respectively.
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[64]. Additionally, BA and OA have been shown to interact
directly with mitochondrial membranes [64–66].

Caspase inhibitory assays showed that viscum- and
viscumTT-induced apoptosis was caspase-dependent. Inter-
estingly, caspase inhibitors were more effective in preventing
apoptosis in cells treated with viscum rather than viscumTT.
Addition of triterpene acids to aqueous mistletoe extracts
seems to activate as yet unknown mechanisms, which
enhance apoptosis induction caspase independently.

Caspase-independent apoptosis induction by OA was also
observed by Konopleva et al. [66].

Inhibition of the extrinsic pathway by CASP8 and
CASP10 inhibitors reduced apoptosis significantly. Nota-
bly, the CASP10 inhibitor was more effective in reducing
apoptosis than the pan-caspase inhibitor, underlining the
dependency of viscum- and viscumTT-mediated apoptosis
induction on CASP10. CASP10 is a homologue of CASP8
and activated through the receptor-mediated pathway.
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Figure 6: viscumTT effectively reduces tumour volume in patient-derived RMS xenografts. Patient-derived RMS cells from (a) patient no. 1
and (b) patient no. 2 were used for s.c. implantation in the inguinal region of mice. Treatment started on day 12 when tumours were palpable,
with (a) i.t. administration of viscum, TT, viscumTT, cyclodextrins (CD; control group), and i.v. doxorubicin (Doxo) and (b) i.t.
administration of viscumTT and i.v. treatment with viscumTT and cyclodextrins. The mice were treated every two-three days in rising
concentrations, and each dose was given twice. The administered concentrations were 40/60/80mg/kg oleanolic acid (TT), 0.5/1.0/1.5 μg/
kg mistletoe lectin (viscum), or a combination thereof (viscumTT). Two-way ANOVA and Bonferroni post hoc tests were applied to
determine differences between mouse xenograft treatment groups (∗∗p ≤ 0 01).
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However, some studies indicate involvement of CASP10 in
apoptosis induction by cytotoxic agents in a FADD-
dependent but receptor-independent manner [67, 68].

Interestingly, the CASP9 inhibitor was not only
ineffective in viscumTT-treated cells, but enhanced vis-
cumTT-induced cell death. This result is in line with the
previous results, which reported augmented apoptosis after
treatment with inhibitors of CASP9 in combination with
oridonin [69]. Also, CASP9 inhibition is suspected to
block autophagic flux and thus to promote caspase-

independent cell death [69, 70]. However, caspase inhibi-
tor assays suggest that CASP9 does not act as an initiator
but merely as an effector caspase in an amplification loop
and is activated by CASP8 or CASP10 similar to TNF-α,
which induced apoptosis via activation of CASP9 by
CASP8 [71, 72]. Additionally, the mitochondrial and
receptor-mediated pathways are crosslinked by the cleavage
of BH3 interacting domain death agonist (BID) into trun-
cated BID (tBID) by CASP8 or CASP10. Also, cotreatment
with the OA derivative C-28 methyl ester of 2-cyano-3,12-
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Figure 7: Scheme for viscumTT-induced apoptosis via the extrinsic and the intrinsic signalling pathways. Through yet unknown
mechanisms, viscumTT activates caspase-8 (CASP8) and caspase-10 (CASP10), resulting in an activation of the caspase cascade. Caspase-9
(CASP9) acts as an effector downstream of CASP8 and CASP10 rather than an initiator of apoptosis. Further, viscumTT downregulates
antiapoptotic proteins B-cell lymphoma 2 (BCL2), BCL2 like 1 (BCL2L1), and myeloid cell leukemia 1 (MCL1) as well as inhibitors of
apoptosis proteins baculoviral IAP repeat containing 5 (BIRC5) and X-linked inhibitor of apoptosis protein (XIAP), thus shifting the
balance towards apoptosis.
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dioxoolean-1,9-dien-28-oic acid (CDDO-Me) and CASP8
inhibitor CASP9 activity was decreased, suggesting that
CASP9 activation is downstream of CASP8 [73].

To illuminate the underlying mechanisms of viscum-,
TT-, and viscumTT-induced apoptosis further, apoptosis-
associated proteins were analysed by Western blot analyses
to detect altered expression. The results showed that viscum
and even more prominently viscumTT shifted the balance
towards apoptosis by changing the ratio of pro- and antia-
poptotic proteins.

After treatment with viscum and viscumTT, downregula-
tion of the antiapoptotic BCL2 family members BCL2 and
BCL2L1 was detected. Overexpression of BCL2 family mem-
bers is often found in cancers and contributes to apoptosis
resistance. Genetic mutations, for example, gli-amplification
and a positive PAX3/FOXO1 fusion status, and increased
activity of transcription factor signal transducer and activator
of transcription 3 (STAT3) lead to overexpression of BCL2
and BCL2L1 in RMS [74]. Downregulation of BCL2 and
BCL2L1 was found after treatment with viscum [42] and
OA [75, 76]. MCL1, another antiapoptotic BCL2 family
member, which is upregulated in RMS [77], is also down-
regulated by viscum and viscumTT. This is in line with the
previous results of decreased expression of MCL1 after
treatment with ML [21, 78] and viscumTT [43]. Further-
more, Ryu et al. have shown inhibition of the STAT3
pathway with downregulation of BCL2L1, BIRC5, and
MCL1 after incubation with CDDO-Me [79]. Moreover,
viscum and viscumTT effectively reduced expression of
IAP family members BIRC5 and XIAP. IAP family members
prevent apoptosis by directly inhibiting caspases or the
assembly of proapoptotic complexes. BIRC5 is often highly
expressed in malignant cells but not in differentiated tissues
[80], and high expression levels are associated with poor
prognosis [81] thus appointing it an attractive target in
tumour therapy. RMS expresses high levels of BIRC5, and
Caldas et al. were able to effectively reduce tumour growth
by blocking BIRC5 in vivo [82]. OA treatment was able to
effectively reduce BIRC5 expression in lung cancer [83],
ovarian cell carcinoma [75, 84], and leukaemia [76] as well
as XIAP expression in hepatocellular carcinoma [85].
Furthermore, we were able to show that viscum, TT, and
viscumTT led to downregulation of BIRC5 and XIAP in
AML [41], Ewing-sarcoma [43], and osteosarcoma [44].

Treatment with viscumTT seems to be more effective
compared to the single compounds ex vivo and in vivo. Fur-
thermore, viscumTT was more effective in reducing tumour
volume than i.v. doxorubicin treatment in PDX no. 1. In
addition, comparison of i.v. and i.t. treatment (PDX no. 2)
showed that i.t. treatment is more effective. On the other
hand, viscumTT can be administered in higher concentra-
tions i.v. than i.t. Notably, viscumTT was more effective
in vivo than in vitro. While viscumTT showed only moderate
apoptosis-inducing properties ex vivo, tumour volume was
effectively reduced in the xenograft derived from the same
patient. Since mistletoe extracts are metabolised by mice,
these in vitro results cannot be directly extrapolated to
in vivo settings. However, viscumTT shows promising
antitumour activity in ARMS.

5. Conclusions

The results show the high potential of viscumTT to induce
apoptosis in ARMS without limiting toxicity. viscumTT is
more effective than the single compounds and leads to a
synergistic effect on apoptosis induction in vitro as well as
ex vivo. In vivo viscumTT treatment resulted in an effective
reduction of tumour volume compared to controls. In
conclusion, addition of triterpene acids to aqueous mistletoe
extracts enhances their cytotoxic effects in ARMS through an
as yet unknown mechanism. However, viscumTT is a
promising novel treatment approach for ARMS. Further-
more, ML exerts immunomodulating effects [86, 87]. The
antiproliferative and apoptosis-inducing properties of
viscumTT combined with the immunomodulating actions
of ML provide an attractive research target not only for
cancer therapy, but also for other research purposes such
as rheumatic and cardiovascular diseases.
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Neolitsea species,medicinal plants belonging to Lauraceae, contain rich alkaloids, steroids, sesquiterpenoids, and triterpenoidswhich
possess antimicrobial, antioxidant, and anti-inflammatory bioactivities. However, species differences in the immunomodulatory
effects and evidence pertaining to the effects of Neolitsea species on adaptive immunity are scarce. This study aimed to evaluate
the immunomodulatory properties of ten Taiwanese Neolitsea plants on T helper (Th) cell functionality, especially Th1 and
Th2. Most of the 29 crude extracts of Neolitsea were not toxic to splenocytes, except N. buisanensis roots. N. aciculata and
N. villosa leaf extracts possessed differential immunomodulatory effects on Th1/Th2 balance. N. aciculata var. variabillima
and N. hiiranensis leaf extracts attenuated both Th1 and Th2 cytokines while N. konishii dramatically suppressed IFN-γ
production. As N. aciculata var. variabillima and N. konishii leaf extracts significantly attenuated Th1 functionality, we further
evaluated their effects on CD4 cells under CD3/CD28 stimulation. N. aciculata var. variabillima significantly suppressed IFN-γ,
IL-10, and IL-17, demonstrating the broad suppressive effects on T helper cells; N. konishii significantly suppressed IFN-γ and
IL-10 production, while the production of IL-17 was not altered. Collectively, these data demonstrated that leaf extracts of
Taiwanese Neolitsea species contain phytochemicals with potentials to be developed as selective immunomodulators.

1. Introduction

T cells play a pivotal role in the immune responses. They par-
ticipate in a wide range of immune responses through a com-
plicated cytokine network and via cell-cell interaction with
other cells. Interleukin-2 (IL-2), a major autocrine and/or
paracrine T-cell growth factor, is primarily produced by T
helper cells andparticipates in the development and activation
of T cells [1, 2]. T helper type 1 (Th1) cells produce interferon
gamma (IFN-γ) to regulate immune responses and inflamma-
tion against viral and intracellular bacterial infections and
inhibit tumor formation via the stimulation of antibody
production and the activation of macrophage, cytotoxic T
lymphocytes (CTL), and natural killer cells [3, 4]. On the other
hand, Th2 cells induce interleukin-4 (IL-4) production to
mediate the activation and maintenance of the humoral and/

or allergy immune response against extracellular parasites,
bacteria, allergens, and toxins [5]. The dysfunction of T cells,
such as the imbalance of Th1/Th2 responses and abnormal
immunostimulation,may lead to a varietyof immunediseases.
The excessive amountsof IFN-γhavebeenassociatedwith sev-
eral Th1-mediated immune disorders, such as delayed type
hypersensitivity [6],Crohn’sdisease [7], andmultiple sclerosis
[8]. Immunosuppressants, developed for the treatment of
these overreactive immune responses, also decrease normal
immune responses and thereby increase the susceptibility
of the patients to infections [9, 10]. Therefore, it is important
to develop immunoregulators with less severe side effects.
Natural compounds are under intensive investigation and
showed promising progressions [11–13]. Several medicinal
plants have been reported to regulate inflammatory
responses in a variety of different animal models by
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attenuation of interleukin-2 (IL-2) and interferon-γ (IFN-γ)
production [14–18].

Neolitsea, small evergreen trees or evergreen shrubs in the
family Lauraceae, consists of about 100 species distributed in
the tropics, especially in Brazil and Southern Eastern Asia. In
Taiwan, thereare12Neolitsea species and fourof them, includ-
ing N. acuminatissima, N. daibuensis, N. hiiranensis, and N.
parvigemma, are endemic [19]. Recent studies on the diversity
of phytochemical structures and bioactivities revealed the
applicationpotential ofNeolitseaplants in industrial andmed-
ical fields [20, 21]. Parts of Neolitsea plants have been used in
folk medicine for long periods of time in Asia. For example,
the roots ofN. aurata and the seeds ofN. chuii are used to alle-
viate edema. The leaves of N. cambodiana are applied to treat
furuncle and carbuncle. The roots of N. zeylanica have been
shown to relieve rheumatic arthralgia [22]. Studies on the
chemistry and pharmacology of Neolitsea species have led to
the isolation and identification of more than 150 compounds
including alkaloids, terpenoids, sterols, steroids and their
derivatives, flavonoids, essential oils, and fatty acids with
diverse activities [21, 23]. The essential oils ofN. pallens exhib-
ited antioxidant and antibacterial activities [24]. Alkaloids of
N. konishii possessed vasoconstricting effects on rat aorta
[25]. Sesquiterpenes of the N. parvigemma showed inhibitory
effects on platelet aggregation [26]. Our previous study has
shown that leaf extracts ofN.hiiranensis and its derived terpe-
noids possessed immunomodulatory effects via regulation
of IFN-γ production [27]. However, due to the complexity
of compositions within Neolitsea species, it is still unclear
how other Taiwanese Neolitsea species modulate the func-
tionality of immune cells. The objective of this study aimed
to examine the immunomodulatory effects of Taiwanese
Neolitsea species on T-cell immunity.

To evaluate the immunomodulatory effects of Taiwanese
Neolitsea species on T-cell immunity, we cultured and stim-
ulated the mouse primary splenocytes with concanavalin A
(ConA), a well-known T-cell mitogen, to stimulate cytokine
production [28, 29]. Splenocytes are consist of antigen-
presenting cells, B cells, and various type of T cells and have
been widely used as primary immune cells for studying the
functionality of T cells [30–33]. IL-2, IFN-γ, and IL-4 were

evaluated to determine the effects of these plant extracts on
Th1/Th2 functionality. In the present study, leaf extracts,
including N. aciculata var. variabillima, N. acuminatissima,
N. hiiranensis, N. konishii, and N. villosa, significantly inhib-
ited IFN-γ production. These Neolitsea extracts showed
potentials to be developed as new therapeutic immunomod-
ulators. The chemical components and mechanisms of these
medicinal plants to modulate Th1 functionality warrants
further investigation.

2. Materials and Methods

2.1. Reagents and Chemicals. All reagents were purchased
from Sigma (St. Louis, MO) unless otherwise stated.
Enzyme-linked immunosorbent assay (ELISA) sets for cyto-
kine measurement were purchased from BD Biosciences
(San Diego, CA). Fetal bovine serum (FBS) and cell culture
supplies were fromHyclone (Logan, UT).

2.2. Plants and Extraction. Twenty-nine crude extracts were
prepared and extracted with cold MeOH at room tempera-
ture [34]. These plants used here were identified by one of
the authors, Prof. Ih-Sheng Chen, and the voucher specimens
were deposited in the Herbarium of the College of Pharmacy,
Kaohsiung Medical University, Kaohsiung, Taiwan. Tradi-
tional usage and known possible bioactivities of these 29
Neolitsea extracts were shown in Table 1.

2.3. Animals. Male BALB/c mice (five weeks old) were
obtained from BioLasco (Ilan, Taiwan). On arrival, mice
were randomly transferred to plastic cages containing aspen
bedding andquarantined for at least 1week.Micewere housed
in a temperature (22°C± 2°C)-, humidity (50%± 20%)-, and
light (12 h light/dark cycle)-controlled environment. Food
and water were supplied ad libitum. All animal experimental
procedures and housing have been approved by the
Institutional Animal Care and Use Committee (IACUC) of
Kaohsiung Medical University, Taiwan (Protocol ID:
106014). The experimental mice were euthanized by carbon
dioxide mixed with oxygen for anesthesia with approved
IACUC protocol and regulations.

Table 1: The possible bioactivities of Taiwanese Neolitsea plants used in this study.

Scientific name Parts of plant used Known possible bioactivities

N. aciculata Leaf, stem, and root Antibacterial, antioxidant, and anti-inflammatory activities [38]

N. aciculata var. variabillima Leaf, stem, and root Need to be studied

N. acuminatissima∗ Leaf, stem, and root Cytotoxicity [43]

N. buisanensis Leaf, stem, and root Need to be studied

N. daibuensis∗ Leaf, stem, and root Anti-inflammation [40]

N. hiiranensis∗ Leaf, stem, and root Anti-inflammatory, antimicrobial [34], and immunomodulatory activities [27]

N. konishii Leaf, stem, and root Vasoconstriction [25], cardiotonic, and anti-inflammatory effects [41, 60]

N. parvigemma∗ Leaf, stem, and root Anti-inflammatory [39], antifungal [61], and antiplatelet activity [26]

N. sericea var. aurata Leaf and stem Antiradical activity [62]

N. villosa Leaf, stem, and root Cytotoxicity [44]
∗Taiwanese endemic Neolitsea species.
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2.4. Splenocyte Isolation. The mice were sacrificed, and their
spleens were harvested and made into single-cell suspen-
sions. The isolation of splenocytes was according to the pre-
vious procedures which have been described in detail before
[35, 36]. Briefly, spleens were gently dissociated by teasing
on a sterile 60-mesh steel screen (Sigma-Aldrich). The cell
suspensions were washed in incomplete RPMI 1640 medium
(Hyclone, Logan, UT) supplemented with 5% fetal bovine
serum (Gibco, USA) and 1% penicillin and streptomycin
(Amresco). Lymphocytes were enriched by removing red
blood cells from splenocytes after treating with ACK lysis
buffer. To activate splenocytes, cells were seeded in 48-well
plates and stimulated with 5μg/mL of ConA (Sigma-Aldrich,
St. Louis, MO). The splenocytes (5× 106 cells/mL) were
either left untreated (control group) or exposed to crude
extracts of Neolitsea extracts followed by stimulation with
ConA (5μg/mL) for 48h. The supernatants of culture wells
were collected to detect the cytokine levels by enzyme-
linked immunosorbent assay (ELISA).

2.5. Cell Viability. Splenocytes (5× 106 cells/mL) were seeded
into 96-well plates. The cells were either left untreated or
treatedwith crude extracts followedby stimulationwithConA
for 48h. The viability was determined by the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)
assay. A methyl-thiazol-tetrazolium stock solution (5mg/mL
in phosphate-buffered saline) was then added to each well
(10μL/well) and incubated for 4 h. The formed formazan
was dissolved in a lysis buffer (10% SDS in N,N-dimethylfor-
mamide) overnight in the dark. The optical density was
measured at 570nm (and at 630nm as a background refer-
ence) using a microplate reader (Dynatech Laboratories Inc.,
Chantilly, VA).

2.6. Isolation of CD4 T Helper Cells. Mouse CD4 T helper
cells were purified from splenocytes by using magnetic cell
separation with the CD4 T Lymphocyte Enrichment Kit
(BD Biosciences). To induce the polarization of Th cells,
CD4 T cells (5× 105 cells/mL) were seeded in the 48-well flat
bottom tissue culture plates which were precoated with anti-
mouse CD3 antibody (1μg/mL) overnight, and the cells were
either left untreated or treated with Neolitsea extracts
followed by stimulation with soluble anti-mouse CD28 anti-
body (1μg/mL) for 48h. The culture supernatants and the
cells were collected for ELISA assay and intracellular cyto-
kine staining, respectively.

2.7. Measurement of Th1/Th2 Cytokines of Total T Cells and
CD3/CD28-Stimulated CD4 T Cells by Enzyme-Linked
Immunosorbent Assay (ELISA). To examine the immuno-
modulatory activities of N. species on the total T cells, the
splenocytes (5× 106 cells/mL) and CD4 T cells were cultured
in 48-well plates (300μL/well) and either left untreated or
treated with crude extracts followed by stimulation with
ConA (5μg/mL) or CD3/CD28 stimulation for 48 h. The
supernatants were harvested and quantified for IL-2, IFN-γ,
IL-4, IL-10, and IL-17 by sandwich ELISA kits according to
the manufacturer’s instructions (BD Biosciences).

2.8. Intracellular Cytokine Staining by Flow Cytometry
Analysis. CD4 T cells were cultured in a 48-well plate and
treated with N. species for 36 h. For analysis of intracellular
cytokine production, the cells then treated with GolgiStop
(0.6mL/mL; BD Biosciences) for 10 h prior to being har-
vested for antibody staining. The CD4 T cells then were fixed
and permeabilized using Fixation and Perm/Wash buffers
(BD Biosciences) before intracellular IFN-γ and IL-4 staining
by PE-conjugated anti-mouse IFN-γ and IL-4 mAb (clone
XMG1.2 and 11B11; Biolegend). Ten thousand of CD4 T
cells were acquired on a BD LSR II flow cytometer (BD Bio-
sciences). The mean fluorescence intensity (MFI) of IFN-γ in
total CD4 T cells was quantified by gating CD4 T cells and
then analyzed using FlowJo software (Treestar, Inc., CA).

2.9. Statistical Analysis. All the data were analyzed using a
GraphPad software Prism 5.0 (GraphPad Software Inc., San
Diego, CA, USA). Each treatment group was measured in
quadruplicate and the data were presented as the mean
± standard error (SE). Data were analyzed using a one-way
analysis of variance (ANOVA) for multiple comparisons
and Dunnett’s two-tailed t-test was used to compare the
results for the treatment groups with vehicle control group.
p < 0 05 was defined as statistically significant.

3. Results

3.1. The Effects of Crude Extracts of Neolitsea (N.) Species on
Cell Viability and IL-2 Production by Murine Primary
Splenocytes In Vitro. To evaluate the effects of N. species on
splenocyte viability, we first investigated the direct cytotoxic-
ity of N. species in vitro. Most of these crude extracts at the
concentration of 10μg/mL did not significantly affect the cell
viability compared to vehicle control (VH was referred as
100%), except for the roots of the N. buisanensis which
reduced the cell viability by 17% (Figure 1(a) and Supple-
mental Table 1 available online at https://doi.org/10.1155/
2017/3529859). As IL-2 plays important roles in T-cell clonal
expansion and activation, the supernatants of the treated
groups were collected to determine the IL-2 levels. Most of
the crude extracts of N. species did not alter IL-2 production,
except for the roots of the N. hiiranensis and the leaves of the
N. konishii which suppressed IL-2 production by 15% and
16% (at the concentration of 10μg/mL), respectively
(Figure 1(b) and Supplemental Table 1). Collectively, these
data showed that the root part of N. buisanensis is relatively
toxic to primary immune cells compared to other extracts.
It should be circumspectly considered for further develop-
ment of the immunomodulatory ingredients from this plant.
Moreover, the roots of theN. hiiranensis and the leaves of the
N. konishii suppressed IL-2, revealing that these extracts may
affect the maturation and early activation of T helper cells.

3.2. Neolitsea Crude Extracts Differentially Modulated Th1
and Th2 Cytokines Production. We next investigated the
effects of crude extracts of N. species on ConA-stimulated
cytokine production by splenocytes (Figure 2 and Supple-
mental Table 1). IFN-γ and IL-4, which belong to the Th1
and Th2 signature cytokines, were determined to study the
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effects of plant-derived extracts (10μg/mL) on Th1/Th2
immune responses.N. aciculata did not affect the production
of IFN-γ and IL-4 except that the stem extracts of N. acicu-
lata inhibited both IFN-γ and IL-4 by approximately 20%
compared to VH control. These data suggested that the stem
ofN. aciculata inhibited both Th1 and Th2 functionality. The
leaves and roots of N. aciculata var. variabillima (gray bar)
significantly suppressed IFN-γ production by 37–39%, while
the IL-4 was not altered. Interestingly, the stem of N. acicu-
lata var. variabillima not only inhibited IFN-γ (26%) but also
inhibited IL-4 (17%). These data indicated that Th1 cells
were more sensitive to be suppressed by components of N.
aciculata var. variabillima, and the leaf and root parts differ-
entially modulated Th1 functionality. Different parts of N.
acuminatissima (white bar) inhibited both IFN-γ and IL-4
cytokine productions by 28–59% and 32–43%, respectively.
It was speculated that N. acuminatissima may affect the

development of total Th cells in response to ConA stimula-
tion. The leaves of N. buisanensis (gray bar) did not affect
the IFN-γ but reduced IL-4 indicating the differential modu-
latory effects on Th2 functionality. N. hiiranensis attenuated
IFN-γ by 17%–90% and inhibited IL-4 by 22–39%. It is sug-
gested that the whole extract of N. hiiranensis modulated
both Th1 and Th2 activities (slash gray bar). The leaves and
roots of N. konishii mainly attenuated IFN-γ by 39–55%
while IL-4 was not affected. The leaf and stem parts ofN. par-
vigemma inhibited Th1 and Th2 cytokine production by 22–
39% (gray bar). The leaves and stems ofN. sericea var. aurata
inhibited both IFN-γ and IL-4 (22–28% inhibition rate).
Finally, N. villosa extracts attenuated IFN-γ by 17–76%, but
IL-4 was not altered. Taken together, the above results
showed that crude extracts of N. species differentially modu-
lated T helper cell functionality. The leaf extracts of N.
acuminatissima, N. hiiranensis, and N. parvigemma and N.
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Figure 1: The effects of Taiwanese Neolitsea plants on T-cell viability and activation. Splenocytes (5× 106) were treated with vehicle control
(VH, 0.05% DMSO) and/or various crude extracts of Neolitsea plants (10 μg/mL) followed by ConA treatment for 48 h. (a) The cell viability
was determined using an MTT assay and the level of (b) IL-2 in the supernatants was quantified by ELISA. The viability and IL-2 level of the
VH-treated group was shown as 100%. L, S, and R were represented as leaf, stem, and root parts of different plants. The effects of N. aciculata,
N. aciculata var. variabillima, N. acuminatissima, N. buisanensis, N. daibuensis, N. hiiranensis, N. konishii, N. parvigemma, N. sericea var.
aurata, and N. villosa on (a) cell viability and (b) IL-2 production were shown from top to bottom, respectively. Data were expressed as
the mean± SE of triplicated cultures. Results were pooled from three independent experiments. ∗p < 0 05, compared to the VH group.
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sericea var. aurata suppressed both Th1 and Th2 functional-
ity. N. aciculata var. variabillima, N. konishii, and N. villosa
mainly inhibited IFN-γ production. In contrast, N. buisanen-
sis and N. daibuensis attenuated IL-4 production.

3.3. The Differential Immunomodulatory Effects of Leaf and
Root Extracts of Selected Neolitsea Species on Th1/Th2
Functionality in Dose-Dependent Manners. According to
our abovementioned results, several leaf extracts of Neolitsea
speciesmaydifferentially regulate the functionality of Th1 and
Th2 cells by modulating the production of IFN-γ and IL-4
cytokines. We next further evaluated the concentration-
dependent effects of these particular leaf extracts on ConA-
stimulated splenocytes. The effects of leaf extracts of N.
aciculata, N. aciculata var. variabillima, N. daibuensis, N.
hiiranensis, N. konishii, andN. villosa on the cell viability and

Th1/Th2 cytokine secretions were shown in Table 2.N. acicu-
lataat the concentrationof 5–50μg/mLdidnot alter theviabil-
ity as well as IL-4 production. In contrast, N. aciculata
concentration dependently inhibited IFN-γ (25–50μg/mL)
while IL-2 was suppressed at the concentration of 50μg/mL,
indicating that leaf extracts of N. aciculata mainly affect Th1
functionality from 25μg/mL (Table 2). N. aciculata var.
variabillima (5–50μg/mL) dramatically attenuated IFN-γ
production while IL-2 was suppressed at the concentration
of 25–50μg/mL. N. aciculata var. variabillima (50μg/mL)
significantly inhibited cell viability and all tested cytokines
demonstrating the cytotoxic effects of this plant at high
concentration (Table 2). N. daibuensis (10–25μg/mL) atten-
uated IL-4 production while Th1 cytokines were not altered,
demonstrating its differential effects on Th2 functionality
(Table 2). N. hiiranensis did not affect cell viability and
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Leaves of N. aciculata-L
Stems of N. aciculata-S
Roots of N. aciculata-R

N. aciculata var. variabilliima-L
N. aciculata var. variabilliima-S
N. aciculata var. variabilliima-R

N. acuminatissima-L
N. acuminatissima-S
N. acuminatissima-R

N. buisanensis-L
N. buisanensis-S
N. buisanensis-R
N. daibuensis-L
N. daibuensis-S
N. daibuensis-R
N. hirranensis-L
N. hirranensis-S
N. hirranensis-R

N. konishii-L
N. konishii-S
N. konishii-R

N. parvigemma-L
N. parvigemma-S
N. parvigemma-R

N. villosa-L
N. villosa-S
N. villosa-R
VH control

N. sericea var. aurata-L
N. sericea var. aurata-S

0 50 100

Percentage (control as 100%)

⁎(‒31%)

⁎ (+14%)

⁎(‒17%)
⁎(‒22%)

⁎(‒27%)
⁎(‒39%)

⁎(‒46%)

⁎(‒26%)
⁎(‒28%)

⁎(‒29%)
⁎(‒19%)

⁎(‒55%)

⁎(‒90%)

⁎(‒96%)

⁎(‒76%)

⁎(‒39%)

⁎(‒28%)

⁎(‒36%)
⁎(‒59%)

⁎(‒37%)

⁎(‒39%)
⁎(‒26%)

⁎(‒20%)

(a)

Leaves of N. aciculata-L
Stems of N. aciculata-S
Roots of N. aciculata-R

N. aciculata var. variabilliima-L
N. aciculata var. variabilliima-S
N. aciculata var. variabilliima-R

N. acuminatissima-L
N. acuminatissima-S
N. acuminatissima-R

N. buisanensis-L
N. buisanensis-S
N. buisanensis-R
N. daibuensis-L
N. daibuensis-S
N. daibuensis-R
N. hirranensis-L
N. hirranensis-S
N. hirranensis-R

N. konishii-L
N. konishii-S
N. konishii-R

N. parvigemma-L
N. parvigemma-S
N. parvigemma-R

N. villosa-L
N. villosa-S
N. villosa-R
VH control

N. sericea var. aurata-L
N. sericea var. aurata-S

0 50 100

Percentage (control as 100%)

⁎(‒21%)

⁎(‒17%)

⁎(‒32%)

⁎(‒47%)
⁎(‒52%)
⁎(‒48%)

⁎(‒28%)

⁎(‒33%)

⁎(‒22%)
⁎(‒30%)

⁎(‒39%)

⁎(‒22%)
⁎(‒34%)

⁎(‒22%)
⁎(‒27%)

⁎(‒43%)
⁎(‒32%)

ConA-stimulated IL-4 production

(b)

Figure 2: The effects of Taiwanese Neolitsea plants on Th1/Th2 cytokine production. Splenocytes (5× 106) were treated with vehicle control
(VH, 0.05% DMSO) and/or various crude extracts of Neolitsea plants (10 μg/mL) followed by ConA stimulation for 48 h. The supernatants
were collected for measuring the concentration of cytokines by ELISA. The cytokine level of the VH-treated group was shown as 100%. L, S,
and R were represented as leaf, stem, and root parts of different plants. The effects of N. aciculata, N. aciculata var. variabillima, N.
acuminatissima, N. buisanensis, N. daibuensis, N. hiiranensis, N. konishii, N. parvigemma, N. sericea var. aurata, and N. villosa on (a) IFN-
γ and (b) IL-4 were shown from top to bottom, respectively. Data were expressed as the mean± SE of triplicated cultures. Results were
pooled from three independent experiments. ∗p < 0 05, compared to the VH group.
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Table 2: The effects of N. species leaf extracts on Th1/Th2 cytokine production by ConA-stimulated splenocytes.

Plants
Concentration Cell viability Th1 cytokines Th2 cytokines

(μg/mL) MTT (O.D.) IL-2 (ng/mL) IFN-γ (ng/mL) IL-4 (pg/mL)

Control 0.17± 0.01 0.06± 0.04 Not detectable Not detectable

N. aciculata VH 0.52± 0.05 7.61± 0.42 119.30± 6.28 173.70± 8.07
5 0.57± 0.04 7.23± 0.47 116.40± 0.91 174.10± 9.39
10 0.59± 0.04 6.93± 0.39 121.30± 6.50 167.40± 8.63
25 0.52± 0.04 6.40± 0.40 60.71± 6.23∗ 195.50± 19.73
50 0.41± 0.05 5.42± 0.27∗ 42.15± 1.55∗ 210.80± 16.73

N. aciculata var. variabillima VH 0.39± 0.02 10.86± 0.90 91.71± 2.51 222.00± 33.97
5 0.44± 0.02 10.34± 0.95 74.44± 6.36∗ 246.20± 19.19
10 0.40± 0.03 9.74± 0.86 62.35± 6.32∗ 208.40± 19.92
25 0.34± 0.01 7.45± 0.35∗ 43.94± 3.21∗ 161.80± 17.45
50 0.27± 0.03∗ 3.44± 0.52∗ 10.58± 3.38∗ 74.62± 9.46∗

N. acuminatissima VH 0.64± 0.03 15.53± 0.30 98.21± 2.68 50.87± 4.75
5 0.67± 0.03 15.31± 0.35 90.15± 2.80 40.28± 1.20∗
10 0.67± 0.03 14.46± 0.54 41.33± 1.52∗ 28.12± 2.90∗
25 0.71± 0.02 11.80± 1.17∗ 39.61± 3.91∗ 19.61± 4.20∗
50 0.62± 0.02 9.08± 1.75∗ 22.45± 0.44∗ 12.63± 1.98∗

N. buisanensis VH 0.67± 0.02 19.22± 0.88 444.20± 10.79 44.90± 1.89
5 0.67± 0.03 21.74± 2.60 407.70± 23.01 55.90± 9.88
10 0.65± 0.02 21.05± 2.20 394.70± 16.88 21.40± 2.00∗
25 0.64± 0.03 20.88± 2.55 339.70± 27.08∗ 21.20± 6.40∗
50 0.64± 0.02 18.87± 2.68 294.00± 5.38∗ 11.40± 3.16∗

N. daibuensis VH 0.60± 0.02 8.60± 0.18 157.30± 10.25 92.32± 5.13
5 0.63± 0.01 8.20± 0.23 179.20± 7.68 83.36± 3.57
10 0.66± 0.02 8.02± 0.15 164.90± 5.46 64.89± 3.33∗
25 0.66± 0.01 7.94± 0.09 151.60± 6.44 61.88± 4.07∗
50 0.52± 0.03∗ 8.08± 0.23 123.90± 5.13∗ 46.47± 2.46∗

N. hiiranensis VH 0.72± 0.01 10.60± 0.24 110.20± 2.97 112.00± 3.91
5 0.72± 0.01 12.09± 0.36 103.50± 8.71 93.28± 2.90∗
10 0.72± 0.01 12.09± 0.16 84.78± 7.32∗ 87.92± 5.67∗
25 0.75± 0.01 11.95± 0.57 80.71± 6.52∗ 83.18± 4.46∗
50 0.80± 0.03 9.80± 0.19 59.68± 11.64∗ 60.32± 4.95∗

N. konishii VH 0.72± 0.00 17.07± 0.32 94.47± 5.90 127.90± 8.11
5 0.74± 0.01 14.99± 0.43∗ 56.30± 7.77∗ 132.50± 9.40
10 0.74± 0.03 14.10± 0.60∗ 42.55± 3.01∗ 114.60± 5.03
25 0.67± 0.01 12.19± 0.33∗ 38.55± 4.37∗ 120.70± 2.99
50 0.35± 0.01∗ 10.39± 0.38∗ 27.30± 3.88∗ 116.80± 5.19

N. parvigemma VH 0.35± 0.02 9.30± 1.18 196.70± 14.12 243.80± 8.27
5 0.32± 0.03 8.42± 0.25 178.40± 15.70 218.90± 7.82
10 0.33± 0.01 8.29± 0.23 146.50± 4.94∗ 189.70± 3.67∗
25 0.30± 0.02 8.35± 0.26 140.60± 9.96∗ 172.40± 4.48∗
50 0.30± 0.02 8.35± 0.15 119.60± 5.20∗ 157.00± 4.89∗

N. sericea var. aurata VH 0.65± 0.03 21.21± 1.22 393.30± 16.52 147.80± 11.74
5 0.66± 0.02 22.86± 0.43 314.30± 12.97∗ 109.50± 3.70∗
10 0.67± 0.02 23.98± 2.31 307.50± 11.61∗ 87.00± 4.91∗
25 0.67± 0.01 21.76± 0.95 215.60± 16.29∗ 72.83± 3.16∗
50 0.61± 0.07 20.26± 0.33 199.80± 26.79∗ 69.50± 4.17∗
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IL-2 production. Interestingly, both Th1 and Th2 cytokines
were attenuated by N. hiiranensis leaf extracts (Table 2). N.
konishii dramatically suppressed IFN-γ at the concentration
of 5–25μg/mL while the cell viability was not altered. In addi-
tion, IL-2 production was suppressed from 5 to 25μg/mL.
These data indicated the potential effects of N. konishii on
Th1 functionality (Table 2). Interestingly,N. villosa at the con-
centrationof 25μg/mLslightly increased cell viability and IL-4
production while IFN-γ was significantly suppressed. This
data demonstrated the differential modulatory effects of N.
villosa on Th1/Th2 balance (Table 2). As the leaf extracts of
N. aciculata var. variabillima andN. konishiimainly inhibited
IFN-γ production, we further determined the effects of leaf
extracts on IL-12 production and their root extracts on the
functionality of T cells. The leaves ofN. aciculata var. variabil-
lima did not affect IL-12 production; however, N. konishii
dramatically attenuated IL-12 secretion at 25μg/mL, revealing
that leaf extracts of N. konishii suppressed IFN-γ production
through the downregulation of upstream IL-12 production
by splenic dendritic cells (Supplemental Fig.1). The root
extracts of N. aciculata var. variabillima attenuated IL-2 and
IFN-γ production. The root extracts of N. konishii dramati-
cally suppressed IFN-γ at the concentration of 5–50μg/mL.
These results demonstrated that both N. aciculata var.
variabillima and N. konishii significantly suppressed Th1
functionality (Table 3).

3.4. The Direct Immunomodulatory Effects of Leaf Extracts of
Selected Neolitsea Species on Th1/Th2 Functionality. Based on
the above results, N. aciculata var. variabillima and N.
konishii mainly modulated Th1 functionality in ConA-
stimulated splenocytes. We next analyzed the direct immu-
nomodulatory effects of these two leaf extracts on CD4 T cells
under stimulation of CD3 and CD28. CD3 is a major compo-
nent of the T-cell receptor (TCR) complex, as well as CD28,
which is a costimulatory molecule. The activation of both
CD3 and CD28 will induce T-cell proliferation and cytokine
production [37]. In addition, the production of IL-10 and
IL-17 were determined to study the effects of these leaf
extracts on the functionality of regulatory T cells and
Th17 cells. The leaves extracts of N. aciculata var. variabil-
lima significantly suppressed IFN-γ, IL-10, and IL-17 pro-
duction at the concentration of 5–25μg/mL in CD3/CD28
stimulated CD4 T cells (Figures 3(a), 3(c), and 3(d)), while
IL-4 were slightly altered at the concentration of 25μg/mL
(Figure 3(b)). The leaf extracts of N. konishii mainly attenu-
ated IFN-γ and IL-10 productions at the concentration of 5–
25μg/mL (Figure 4), while IL-17 was not affected (Figure 4).
We also performed the intracellular staining to detect the
protein levels of IFN-γ and IL-4 in CD4 T cells. Interesting,
the leaf extracts of N. aciculata var. variabillima decreased
the percentage of IFN-γ+ in CD4 T cells from 42% (VH)
to 32%, but the level of mean fluorescence intensity of

Table 2: Continued.

Plants
Concentration Cell viability Th1 cytokines Th2 cytokines

(μg/mL) MTT (O.D.) IL-2 (ng/mL) IFN-γ (ng/mL) IL-4 (pg/mL)

N. villosa VH 0.47± 0.03 7.95± 0.54 87.60± 4.38 78.08± 2.72
5 0.42± 0.01 8.28± 0.11 77.24± 7.08 81.61± 3.81
10 0.44± 0.01 8.21± 0.65 61.96± 1.89∗ 95.23± 2.68
25 0.52± 0.02 8.21± 0.44 50.67± 8.33∗ 90.93± 2.91
50 0.55± 0.02 7.54± 0.28 29.95± 4.15∗ 73.51± 3.18

Data were expressed as the mean ± SE of quadruplicate cultures. Results were representative of four independent experiments. ∗p < 0 05 was significant
compared to the VH group.

Table 3: The effects of N. species root extracts on Th1/Th2 cytokine production by ConA-stimulated splenocytes.

Plants
Concentration

(μg/mL)
Cell viability Th1 cytokines Th2 cytokines
MTT (O.D.) IL-2 (ng/mL) IFN-γ (ng/mL) IL-4 (pg/mL)

Control 0.06± 0.00 0.14± 0.12 Not detectable Not detectable

N. aciculata var. variabillima VH 0.40± 0.01 10.15± 0.71 66.21± 6.82 166.50± 5.30
5 0.43± 0.02 9.31± 0.31 50.21± 7.96 171.00± 18.73
10 0.41± 0.02 10.32± 0.22 40.42± 3.31∗ 210.20± 18.04
25 0.37± 0.03 8.02± 0.11∗ 21.15± 2.55∗ 141.20± 7.61
50 0.29± 0.02∗ 5.90± 0.31∗ 8.379± 2.25∗ 86.02± 6.78∗

N. konishii VH 0.68± 0.00 12.91± 0.09 99.63± 8.09 102.40± 1.41
5 0.69± 0.01 13.01± 0.13 64.55± 4.33∗ 106.70± 4.83
10 0.72± 0.01 13.21± 0.14 48.06± 6.32∗ 107.60± 4.82
25 0.71± 0.03 13.05± 0.10 25.46± 2.70∗ 106.20± 7.55
50 0.64± 0.01 12.45± 0.21 7.93± 1.34∗ 102.00± 8.80

Data were expressed as the mean ± SE of quadruplicate cultures. Results were representative of four independent experiments. ∗p < 0 05 was significant
compared to the VH group.
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Figure 3: The effects of leaf extracts of N. aciculata var. variabillima on T-cell functionality. The enriched CD4 T cells (5× 105 cells/mL) were
stimulated with anti-CD3 and anti-CD28 (1μg/mL) in the absence or in the presence of the leaf extracts of N. aciculata var.
variabillima (5–25μg/mL) for 48 h. (a)–(d) The concentration of IFN-γ, IL-10, IL-4, and IL-17 in the supernatants was measured by
ELISA. Data were expressed as the mean± SE of quadruplicate cultures. ∗p < 0 05 was significant compared to the VH group. (e) The
representative histogram of intracellular cytokine staining. Total percentage and the level of mean fluorescence intensity (MFI) of IFN-γ+

and IL-4+ cells in CD4+ T cells were shown. Results were representative of two independent experiments.
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Figure 4: The effects of leaf extracts of N. konishii on T-cell functionality. The enriched CD4 T cells (5× 105 cells/mL) were stimulated with
anti-CD3 and anti-CD28 (1 μg/mL) in the absence or the presence of the leaf extracts of N. konishii (5–25 μg/mL) for 48 h. (a)–(d) The
concentration of IFN-γ, IL-10, IL-4, and IL-17 in the supernatants was measured by ELISA. Data were expressed as the mean± SE of
quadruplicate cultures. ∗p < 0 05 was significant compared to the VH group. (e) The representative histogram of intracellular cytokine
staining. Total percentage and the level of mean fluorescence intensity (MFI) of IFN-γ+ and IL-4+ cells in CD4+ T cells were shown.
Results were representative of two independent experiments.
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IFN-γ was not significantly altered in IFN-γ+ cells. N. acicu-
lata var. variabillima did not affect the percentage of IL-4+

cells in CD4 T cells nor the protein levels of IL-4 in CD4
T cells, suggesting that the leaves of N. aciculata var. varia-
billima decreased the proportion of IFN-γ+ in CD4 T cells.
By contrast, the leaf extracts of N. konishii attenuated the
protein level of IFN-γ in CD4 T cells while the proportion
of IFN-γ+ cells were not changed.

4. Discussion

Natural products isolated from traditional medicinal plants
have therapeutic effects in the prevention and treatment of
various immune disorders.Neolitsea species exhibit extensive
bioactivities and have been used as traditional herbal medi-
cines in oriental countries. However, a comparative study of
immunomodulatory properties of different Neolitsea species
on immunocompetent cells such as T helper cells has not
been demonstrated to date. Our previous reported study
found that the leaf extracts of N. hiiranensis significantly
inhibited IL-12, IFN-γ, and IL-2 cytokine productions as well
as the serum levels of OVA-primed antigen-specific IgM and
IgG2a in vivo [27]. In the present study, we evaluated the
immunomodulatory properties of ten Taiwanese Neolitsea
plants on T helper cells. Our results showed that most crude
extracts of Taiwanese Neolitsea species decreased IFN-γ
production at concentrations below the IC50 by mitogen-
stimulated splenocytes, and the immunomodulatory activi-
ties of Neolitsea extracts, especially leaf extracts, were mainly
on the suppression of Th1 immunity.

Several reports showed that Neolitsea species and its
derived secondary compounds, including sesquiterpenoids,
triterpenoids, alkaloids, and steroids, possess several bioactiv-
ities including anti-inflammatory activities [18, 20]. Neolitsea
aciculata essential oil (NAE) attenuated the Propionibacter-
ium acnes-induced secretion of tumor necrosis factor-alpha
(TNF-alpha) and interleukin-8 (IL-8) productions in human
cell lines, revealing its anti-inflammatory effects [38]. Six fura-
nogermacrane sesquiterpenes isolated from the stems of N.
parvigemma, including deacetylzeylanidine, linderalactone,
neolitrane, pseudoneolinderane, zeylanidine, and zeylanicine,
have been shown to possess anti-inflammatory activities;
among them, pseudoneolinderane and linderalactone have
the ability to inhibit the superoxide anion generation by
human neutrophils in response to formyl-l-methionyl-l-
leucyl-l-phenylalanine/cytochalasin B (fMLP/CB) with IC50
values of 3.21 and 8.48μg/mL, respectively [39]. Daibucarbo-
line A, isolinderalactone, 7-omethylnaringenin, and prunetin
isolated from the roots of N. daibuensis exhibited moderate
inhibition of inducible nitric oxide synthase (iNOS) [40].Hiir-
anlactone B and hiiranlactoneD, isolated from the leaves ofN.
hiiranensis were classified as sesquiterpenes and possessed
anti-inflammatory and immunomodulatory effects [27, 34].
Thaliporphine, the alkaloid of the bark extracts ofN. konishii,
demonstrated vasoconstricting effects by promoting Ca2+

entry [25] and possessed antioxidant, anti-inflammatory,
and antiapoptotic activity to prevent cardiovascular system
disorder in guinea pigs [41]. In addition to the anti-
inflammatory effects, the ingredients from Neolitsea species

possess several bioactivities. Flavone glycosides, 2′-p-coumar-
oylafzelin and 2′,3′-di-O-(p-coumaroyl)afzelin, have been iso-
lated fromN. aciculata to demonstrate the antimelanogenesis
activities [42]. Neolitacumone A–C and 2,6-dimethoxy-p-
benzoquinone from the stem barks of N. acuminatissima
displayed significant inhibitory activities against Hep 2.2.15
cells [43]. Isolinderalactone, a sesquiterpenes from the roots
of N. villosa, exhibited antitumor activity [44]. Our recent
study reported that N. hiiranensis-derived caryophyllene
oxide inhibited several aspects of adaptive immune responses,
including T-cell differentiation, IFN-γ production, and Th1-
associated genes [27]. These studies suggested that the immu-
nomodulatory effects of Neolitsea plants are worth further
investigation; in addition, the present study aimed to clear
howotherTaiwaneseNeolitsea speciesmodulate the function-
ality of Th cells by ConA-stimulated splenocytes.

Th cells play pivotal roles in the acquired immunity. They
are categorized into several subsets based on the cytokine pro-
duction after stimulation [5]. The main roles of the type 1 Th
cells (Th1) are against intracellular bacteria and protozoa.
They are predominantly induced by interleukin-12 (IL-12)
and are fully activated by IL-2 and IFN-γ. Induction ofmitotic
activity and cytokine production are associated with Th cell
functionality. IFN-γ, an upstream cytokine of Th1 cells,
regulates inflammatory immune response, promotes Th1 cell
differentiation, enhances MHC class II expression on
antigen-presenting cells, and possesses protective immune
responses against cancer formation [4, 45–48]. Saha et al.
reported that Viscum album-derived Qu Spez significantly
stimulated IFN-γ secretion showing its ability to modulate
the immune system and to suppress tumor regression by regu-
lation of dendritic cells [49]. Th1 cells secreted IFN-γ to acti-
vate cell-mediated immune responses that several immune
cells are involved such as macrophages, cytotoxic T cells, and
natural killer cells [4, 45, 46, 50]. Th2 cells are against extracel-
lular multicellular parasites by releasing interleukin-4 (IL-4),
IL-5, and IL-13 cytokines [51]. Furthermore, the interaction
of dendritic cells with activated B cells may help dendritic
cells to acquire unique abilities to promote polarization of
Th2 [50]. The imbalance of Th1/Th2may lead to immunolog-
ical diseases, such as rheumatoid arthritis, type-1 diabetes,
multiple sclerosis, and asthma [52]. Discovering the selective
immunomodulators on different subsets of Th cells may be
beneficial for the treatment of immune disorders.

In our presented data, most of the leaf extracts ofNeolitsea
species have low cytotoxicity. The leaf extracts of N. aciculata
and N. villosa possessed differential immunomodulatory
effects on Th1/Th2 balance.N. daibuensis leaf extracts slightly
attenuated IL-4 production; in contrast, N. aciculata var. var-
iabillima and N. hiiranensis leaf extracts attenuated both Th1
and Th2 cytokines. N. konishii leaf extracts dramatically sup-
pressed IFN-γ cytokine. The leaf extracts of N. aciculata var.
variabillimaandN.konishiidifferentially affect the functional-
ity of different subsets of Th cells. Collectively, theseNeolitsea
species demonstrated selective immunomodulatory effects
and the underlying mechanisms are needed for further study.
Although there are avarietyof immunosuppressive drugs such
as cyclosporine A, tacrolimus, daclizumab, and basiliximab to
prevent the rejection of transplanted organs and tissues,
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autoimmune diseases, and inflammatory disorders [53], these
drugs could cause systemic immunosuppressionwhichgreatly
increases the risks of tumor formation and infections [54].
Hence, development of new therapeutic and preventive
immunomodulators from medicinal plants to manage
immune disorders is of great importance. There are many
studies devoted to discover new immunomodulatory thera-
peutic compounds from natural plants with low toxicity
[55–57]. p-Coumaryl alcohol-gamma-O-methyl ether
(CAME) isolated from Alpinia galanga was selectively and
substantially suppressed in IFN-γ production in Th cells
[11]. Farrerol, a new type of 2,3-dihydro-flavonoid isolated
from the leaves of Rhododendron dauricum L, markedly
suppressed concanavalin A- induced lymphocyte prolifera-
tion, Th1 and Th2 cytokine production, and differentiation
of T helper cell populations [46]. Physalin H isolated from
Physalis angulata exhibited an immunosuppressive activity
on T-cell activation and proliferation by modulation of Th1/
Th2 immune balance [58]. There are 14 compounds from
leaves of N. hiiranensis that exhibited anti-inflammatory
activity to suppress the generation of superoxide anion
from neutrophils [34]. Furthermore, four major metabo-
lites of the leaves of N. hiiranensis, including elemane type,
caryophyllene type, aromadendrene type, eudesmane type,
and germacrane dilactone type, are the main effective
anti-inflammatory constituents [34]. Caryophyllene oxide,
a sesquiterpene compound from the leaves of N. hiiranensis,
inhibited the influx of neutrophil into the inflammatory site
and the activation of NF-κB pathway [59]. We recently
reported that N. hiiranensis-derived terpenoids, including
hiiranlactone D, trans-phytol, and β-caryophyllene oxide,
attenuated antigen-specific T helper 1 immunity [27]. Here,
the leaf extracts of Neolitsea plants showed potential immu-
nomodulatory activities on T-cell functionality. To further
study the potential, immunomodulatory compounds from
these plants will help to discover new immunomodulators.

5. Conclusions

The study demonstrated that most of the crude extracts of
Taiwanese Neolitsea species, especially leaf extracts, were
not toxic to primary splenocytes, but they are capable of
decreasing IFN-γ production without affecting IL-2 produc-
tion by T cells. The selective Th1 immunomodulatory effects
of the Neolitsea extracts indicate that the phytochemicals in
these extracts have potential to be further evaluated and
developed as immunomodulatory agents.
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The roots of Euphorbia kansui, which belong to the family Euphorbiaceae, have been used as a traditional medicine for the
treatment of various diseases such as diabetes, ascites, and leukemia. Recently, it was reported that the methylene chloride
fraction of E. kansui radix (EKC) regulated the differentiation of Th17 cells and alleviated the symptoms of Th17-related
inflammatory bowel disease. Imiquimod (IMQ), a TLR7/8 agonist, has been used to induce psoriasis in a mouse model. In this
study, we evaluated the effect of EKC in an IMQ-induced psoriasis model. EKC effectively inhibited the production of
interleukin-17A and interferon-γ in vitro. On this basis, EKC was administered to an animal model of psoriasis. Acanthosis and
the infiltration of inflammatory cells into the dermis were significantly reduced by EKC. EKC also inhibited the expression of
IL-17A, IL-22, IL-23, IL-12, and RAR-related orphan receptor gamma t (RORγt) in the spleen, skin-draining lymph nodes, and
the skin. Additionally, EKC inhibited the activity of dendritic cells but not that of keratinocytes. In conclusion, EKC ameliorated
the symptoms of psoriasis through inhibition of Th17 differentiation and activation of dendritic cells. These effects are expected
to be beneficial in the treatment and prevention of psoriasis.

1. Introduction

Psoriasis is recognized as the most common type of chronic
inflammatory dermatosis, which is caused by a disorder of
the immune system in which T cells play a primary role [1].
Psoriatic inflammation was initially considered to be medi-
ated by T-helper 1 (Th1) cells that produced interferon-γ
(IFN-γ) [2]. However, research increasingly indicates that
T-helper 17 (Th17) cells, which produce interleukin-17 (IL-
17) and interleukin-22 (IL-22), are critical in the pathogene-
sis of psoriasis [3, 4]. Th17 cells are important in the host
defense against specific extracellular bacteria, and they have
been associated with various autoimmune diseases, including
rheumatoid arthritis, inflammatory bowel disease, and multi-
ple sclerosis [5–8]. In the skin, after plasmacytoid dendritic
cells (pDCs) in the epidermis have been activated by a trigger

(stress, microorganisms, or DNA mutation), they secrete a
high level of IFN-α, which activates dermal DC and initiates
T cell-mediated immunity. Activated dendritic cells produce
IL-12 and IL-23, which induce the differentiation of naive T
cells into Th17 cells. The cytokines and activated Th17 cells
advance the pathogenesis of psoriasis [9]. The pathogenic
symptoms of psoriasis are characterized by hyperplasia of
epidermal keratinocytes, scaling, and infiltration of neutro-
phils and lymphocytes [10]. Many immune-derived cyto-
kines, including IL-23, IL-17A, IL-22, TNF-α, and IFN-γ,
are involved in disease development [11, 12]. Various studies
of patients with psoriasis have demonstrated that the amelio-
ration of psoriasis was associated with reduced Th17
response. It was reported that ustekinumab, a monoclonal
antibody (mAb) to IL-12/23 p40, significantly reduced IL-
23p19 and IL-12/23p40 gene expression compared with
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baseline levels in the lesions of psoriatic patients [13, 14]. In
addition, secukinumab and ixekizumab, specific mAbs for
human IL-17A, are in phase III clinical development for the
treatment of plaque psoriasis [15–19].

Imiquimod (IMQ) has been approved for the treatment
of genital warts and actinic keratosis but occasionally leads
to the development of psoriasis in humans [20–24]. IMQ is
a potent agonist of TLR7/8 and facilitates local and acquired
immune responses [25]. Experimental data showed that
IMQ-induced dermatitis in mice closely resembled human
psoriatic lesions, not only in the histological characteristics
but also in the development of lesions [26]. In addition,
IMQ application induced the epidermal expression of IL-
23, IL-17A, and IL-17F, as well as increased their expres-
sion in splenic Th17 cells [27–29]. This experimental
method has therefore allowed the elucidation of new ther-
apies for psoriasis. Recent studies have established the
mechanism of pathogenesis and the molecular targets for
the treatment of psoriasis through an IMQ-induced mouse
model [30–32].

The roots of Euphorbia kansui (Kansu), which are plants
belonging to the Euphorbiaceae family, have been used as a
traditional medicine throughout the Far East. Many herbs
in this family have been traditionally utilized to treat various
diseases such as edema, ascites, and asthma. Approximately
100 chemical compounds have been isolated and identified
from E. kansui. Diterpenoids (e.g., kansuinine A and B)
and triterpenoids (e.g., euphol) are the main chemical con-
stituents responsible for the biological effects, which include
antiviral, antiproliferative, and immunomodulatory activities
[33]. The ethanol extract of E. kansui has the ability to acti-
vate lymphocytes, which enhanced its capacity to remove
virus-infected cells [34]. Terpenoid compounds derived from
the roots of E. kansui showed a significant inhibition of pro-
liferative activity of embryonic cells and intestinal epithelioid
cells [35, 36]. It was reported that ingenane-type diterpenes
from Kansu modulated IFN-γ production by regulating
nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-κB) [37].

Th17 cell activity was reduced by the activation of
extracellular signal-regulated protein kinase (ERK) and
increased by the phosphorylation of Stat3. A topical applica-
tion of euphol, a triterpenoid isolated from the roots of E.
kansui, significantly inhibited TPA-induced ear edema
through activation of ERK [38]. Moreover, kansuinine A
and B, chemical compounds from E. kansui, have an inhibi-
tory effect on IL-6-induced Stat3 activation [39]. Previous
studies have identified that ethanol extracts of E. kansui radix
inhibited Th17 cell differentiation and increased the division
of regulatory T cells (Treg cells) in Th17-driving conditions
(unpublished data). In addition, the methylene chloride
fraction of E. kansui radix extracted with methanol
(EKC) repressed DSS-induced colitis (unpublished data).
These regulatory effects on Th17 and related factors led
us to investigate the in vivo effect of Kansu extract on
the development of psoriasis.

This study was designed to investigate the effect of EKC
in an IMQ-induced psoriasis model and to explore underly-
ing mechanism on its therapeutic efficacy.

2. Materials and Methods

2.1. Mice. Female Balb/c mice were purchased from Orient
Bio (Sungnam, Korea). The mice were aged 6–9 weeks for
all experiments. Animals were maintained in a specific
pathogen-free environment under the following controlled
conditions: temperature, 21± 3°C; relative humidity, 50
± 10%; and illumination, 10 h light and 14 h darkness. All
studies and procedures were conducted in accordance with
the National Institutes of Health Guide for the care and use
of laboratory animals, and the protocol was approved by
the Institutional Animal Care and Use Committee of the
Laboratory Animal Research Center of Chung-Ang
University.

2.2. Materials. The materials used in this study included
Aldara cream (5% imiquimod, Dong-Ah Pharmaceutical,
Seoul, Korea) and human IL-17A recombinant protein
(ebioscience, San Diego, USA). The roots of E. kansui were
obtained from a commercial herbal drug market (Jaesung
Medicinal Herbal Drug Market, Seoul, Korea). The voucher
specimens were stored at the Pharmacognosy Laboratory of
the College of Pharmacy, Dankook University, Korea. The
dried roots of E. kansui were pulverized and extracted with
90% aqueous methanol. The methanolic extract was dis-
solved in water and partitioned with n-hexane andmethylene
chloride. The methylene chloride fraction of the methanol
extract from E. kansui radix was referred to by the abbrevia-
tion EKC.

2.3. Purification of CD4+ T Cells and Th17/Th1
Differentiation. The spleens were extracted from Balb/c mice
and naive CD4+ T cells were purified by using a magnetic cell
sorting system (MACS® separation, Miltenyi Biotech, Ber-
gisch Gladbach, Germany). The cells were cultured in RPMI
1640 culture media with 10% heat-inactivated FBS (Cellgro,
Herndon, VA, USA), 100U/mL penicillin (Cellgro), 0.1mg/
mL streptomycin (Cellgro), 2mM L-glutamine (Cellgro),
and 0.05μM 2-mercaptoethanol (Sigma-Aldrich, St. Louis,
USA) at 37°C in a 5% CO2-humidified incubator. Plate-
bound anti-CD3 antibody (1μg/mL, ebioscience) and anti-
CD28 antibody (1μg/mL, ebioscience) were used to stimu-
late T cells. Recombinant mouse IL-6 (25 ng/mL, BD, San
Jose, CA, USA) and TGF-β (2.5 ng/mL, BD) were used for
Th17 differentiation, and IL-2 (10 ng/mL, BD), IL-12 (5 ng/
mL, Biosource, Camerillo, CA, USA), and anti-IL-4 (5μg/
mL) were added to induce differentiation into Th1 cells.

2.4. Induction or Evaluation of Imiquimod-Induced Psoriasis.
Balb/c mice were separated into six groups each containing
five animals. To induce skin inflammation in the mice
using the inflammation response modifier drug imiquimod
(IMQ), five of the groups received a consecutive daily top-
ical dose (62.5mg) of commercially available 5% imiqui-
mod cream (3.215mg of active compound) on shaved
back skin for 7 days. The noninduced control group was
treated similarly with a vehicle cream (Vaseline, Unilever,
London, UK). For oral administration, EKC was dissolved
in Dimethylacetamide (DMA) and diluted in tap water to
achieve a final DMA concentration < 5%. EKC was daily
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administered from 22 days before IMQ application to the
final of the study, and methotrexate was used as a positive
control (Figure 1(a)). The psoriasis-induced groups were
IMQ+water, IMQ+MTX (1mg/kg methotrexate; Yuhan
corporation, Seoul, Korea), and IMQ+EKC low (20mg/kg),

middle (100mg/kg), and high (200mg/kg). Back thickness
was measured using digital thickness gauge (Bluebird, Seoul,
Korea). A scoring system based on the clinical Psoriasis Area
and Severity Index (PASI) was used to score the severity of
the skin inflammation. Erythema, thickness, and scaling were
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Figure 1: Experimental procedure and effects of the oral administration of EKC on dermatitis lesions. (a) Experimental overview. Day 1 was
defined as the first administration of EKC (20mg/kg, 100mg/kg, and 200mg/kg). After 22 days, imiquimod cream was applied to the shaved
back skin of the mice. Methotrexate (MTX) was used as positive control. (b) Imiquimod was applied daily to Balb/c mice. After 7 days,
pictures of mice were taken and the phenotypical symptoms of the mouse back skin were observed. The variation in body weight was
measured for 7 days. (c) Dermatitis scores (back thickness, redness, and scaling) were evaluated every other day from day 22 to day 28.
Back thickness and total score (erythema plus thickness plus scaling) are presented as mean± SD (n = 5). (d) H&E staining of skin tissue
treated with MTX or different doses of EKC (original magnification, ×200). (e) Acanthosis was evaluated by measuring the length of the
epidermal cell layers. Three sections per mouse sample were analyzed. The dermal infiltrating cells were counted from three random
sections of each sample. Bars represent the median. ∗p < 0 05; ∗∗p < 0 01; and ∗∗∗p < 0 001 compared with imiquimod+water group.
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scored independently on a scale from 0 to 4 as follows: 0,
none; 1, slight; 2, moderate; 3, marked; and 4, very marked.
The cumulative score served as a measure of the severity of
inflammation (scale 0–12).

2.5. Histological Analysis. For the histological examinations, a
skin sample with a diameter of 3mm was removed from the
back skin of psoriasis-induced mice on the final day of the
administration schedule and fixed in 10% phosphate-
buffered formalin (pH7.2). The biopsies were embedded in
paraffin, cut, and stained with hematoxylin and eosin for
the evaluation of acanthosis and dermal infiltrating cells.
The staining was analyzed by using a microscope and observ-
ing three sections from each mouse.

2.6. Cell Culture. JAWSII cells, a mouse dendritic cell line,
were cultured in RPMI 1640 medium (Cellgro) supple-
mented with FBS (10%, heat-inactivated; Cellgro), penicillin
(100U/mL; Cellgro), streptomycin (0.1mg/mL; Cellgro),
L-glutamine (2mM; Cellgro), 2-mercaptoethanol (0.05μM;
Sigma), and mouse granulocyte-macrophage colony-
stimulating factor (mGM-CSF; 5 ng/mL, R&D Systems, Min-
neapolis, MN, USA) at 37°C in a 5% CO2-humidified incuba-
tor. The cells were seeded at 1× 106 cells/well in a 24-well
plate and stimulated for 24 h with conditioned medium con-
taining 1μg/mL imiquimod, with or without EKC (5 or
10μg/mL). The cell supernatants were collected to measure
IL-12p40 and IL-23p19. HaCaT human keratinocyte cell
lines were cultured in DMEM (Cellgro) supplemented with
10% heat-inactivated FBS, penicillin, and streptomycin at
37°C in a 5% CO2-humidified incubator. The cells were
seeded at 1× 106 cells/well in 24-well plates and treated with
human IL-17A (100 ng/mL, ebioscience) and EKC (5 or
10μg/mL) for 24h. After treatment, the cells were harvested
for RNA extraction.

2.7. Sample Preparation for ELISA. CD4+ T cells (1× 106)
were plated in 24-well plates in Th17- and Th1-driving con-
ditions and treated with 5 or 10μg/mL EKC. The superna-
tants were harvested at days 1, 2, and 3. The concentration
of IL-17A, TNF-α, IFN-γ, and IL-12p40 in each sample was
detected by ELISA. Splenocytes, axillary lymph node (ALN)
cells, and brachial lymph node (BLN) cells from mice were
plated on flat-bottom 24-well plates (1× 106 cells/well) in
the presence of plate-bound anti-CD3 Ab, and the superna-
tant was collected after 24 h and 48h. The concentration of
IL-17A, IL-12p40, TNF-α, and IFN-γ in each sample was
detected by ELISA using Ab pairs. Skin biopsies from back
skin were collected at the end of the experimental day.
The samples were homogenized and extracted using T-PER
tissue protein extraction reagent (Thermo Fisher Scientific,
San Jose, CA, USA) in the presence of a protease inhibitor
cocktail (Thermo Fisher Scientific) and phosphatase inhib-
itor cocktail (Thermo Fisher Scientific). The protein
extracts were centrifuged at 10,000g for 5min. The protein
concentration of the skin extracts was estimated and quan-
tified using BCA protein assay reagents (Thermo Fisher
Scientific). For the measurement of total serum IgG1 and
cytokines, blood specimens were obtained from the retro-

orbital sinus on day 28. The serum was separated and
stored at −80°C until use.

2.8. RNA Isolation and Real-Time RT-PCR. Splenocytes,
ALN cells, and BLN cells (1× 106) from mice were activated
ex vivo by incubation with anti-CD3 (1μg/mL, BD) for 2
days, and total RNA was isolated from each sample using
TRIzol (Invitrogen, Carlsbad, CA, USA). Skin samples were
homogenized and centrifuged at 12,000g for 10min, and
the total RNA was extracted from the biopsies of the back
skin using TRIzol reagent. RNA was transcribed to cDNA
at 42°C for 1 h in a total reaction volume of 25μL, which con-
tained 5× RT buffer, 10mM dNTPs (200units), MMLV-RT
(Moloney murine leukemia virus reverse transcriptase), and
100 pmol oligo-dT primer. The cDNA was then used for
quantitative real-time PCR with 2× iQTM SYBR Green
Supermix (Bio-Rad, Hercules, CA, USA) to determine the
mRNA levels of IL-17A, IL-22, IL-12p40, IL-23p19, RORγt,
human IL-8, human IL-36γ, human CCL20, and GAPDH.
To confirm PCR specificity, the PCR products were subjected
to melting curve analysis. The comparative threshold method
was used to calculate the relative amount of mRNA in the
experimental samples compared with the control samples.
Gene expression was normalized to the expression of
GAPDH.

2.9. Flow Cytometry Analysis. Splenocytes were collected in
FACS buffer and stained with the following antibodies:
Thy1.2 FITC, CD4 APC, CD8 APC, γδ TCR PE-Cyanine5,
CD19 PE, CD11b FITC, F4/80 PE, and CD11c FITC (BD
and ebioscience). The stained cells were analyzed using a
FACSCalibur flow cytometer and Cell Quest analysis soft-
ware (BD Bioscience).

2.10. Western Blot. Skin samples from the back lesions of
mice were cut into pieces, snap-frozen in liquid nitrogen,
and stored at −80°C until use. The samples were homoge-
nized in T-PER buffer (Thermo Fisher Scientific) in the pres-
ence of a protease inhibitor cocktail and a phosphatase
inhibitor cocktail. Equal amounts of proteins were separated
by SDS-PAGE and transferred to PVDF (polyvinylidene
fluoride) membranes. The blots were blocked and incubated
at 4°C overnight with antibodies against p-IκB and β-actin
(Cell signaling, Beverly, MA, USA). The membranes were
then incubated with anti-rabbit IgG or anti-mouse IgG
HRP-linked antibodies (cell signaling). Chemiluminescence
was measured by using the chemiDoc system (Bio-rad) and
analyzed with Quantity One software (Bio-Rad).

2.11. Cell Viability Assay. JAWSII cells (2× 105) were plated
in a 96-well multiplate, EKC was added, and the cells were
cultured for 24 h. After culture, 10μL MTT [3-(4, 5-
dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide]
solution (5mg/mL, Sigma-Aldrich) was added to each well
and incubated at 37°C for 2 h. One hundred microliters of
solubilization solution (0.04N HCl in isopropanol) was
added to each well. The plate was evaluated at 570 nm wave-
length using a microplate reader (Emax, Molecular Devices,
Sunnyvale, CA, USA).
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Figure 2: Decreased secretion of IL-17A and IFN-γ in both Th17- and Th1-driving conditions by EKC. (a) CD4+ T cells were purified from
Balb/c mice and activated with 1μg/mL of plate-bound anti-CD3/CD28 antibodies in the presence of 25 ng/mL IL-6 and 2.5 ng/mL TGF-β,
with or without EKC. Production of IL-17A, IFN-γ, TNF-α, and IL-12p40 was detected by ELISA. (b) Isolated CD4+ T cells were stimulated
with plate-bound anti-CD3/CD28 antibodies with or without E. kansui under Th1-driving cytokine conditions (10 ng/mL IL-2, 5 ng/mL
IL-12, and 5μg/mL anti-IL-4) for 3 days. The concentration of cytokines in the supernatant was detected by ELISA. Values represent
the mean± SD. (∗p < 0 05; ∗∗p < 0 01; and ∗∗∗p < 0 001 compared with the DMSO-treated group).

6 Journal of Immunology Research



2.12. Statistical Analysis. Data were expressed as the mean
± SD, and statistical significance was analyzed by using Stu-
dent’s t-test. Different levels of statistical significance were
denoted as ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001.

3. Results

3.1. Methylene Chloride Fraction of E. kansui Radix
Suppresses Th17-Specific Cytokines. To determine the effect
of EKC on Th17 and Th1 polarization, CD4+ T cells were
treated with EKC under Th17- and Th1-driving conditions.
After 3 days, the supernatant was harvested and analyzed
by ELISA. In Th17-driving conditions, the production of
IL-17A was significantly decreased and IFN-γ secretion was
slightly decreased by EKC treatment. In contrast to the
results for IL-17A and IFN-γ secretion, TNF-α secretion sig-
nificantly increased (Figure 2(a)). In Th1-driving conditions,
the EKC-treated sample showed consistent results with
Th17-driving conditions (Figure 2(b)). IL-12p40 was not
detected in Th17-driving conditions, but a decreasing trend
was observed in the presence of EKC in Th1-driving condi-
tions (Figure 2(b)).

3.2. EKC Prevents Epidermal Hyperplasia and Infiltration of
Inflammatory Cells in IMQ-Induced Psoriasis. In the patho-
genesis of psoriasis, the immune response of Th17 cells is rec-
ognized as a critical factor. To investigate whether there was a
beneficial effect on psoriasis as well, EKC was orally adminis-
tered to mouse models. EKC was administered daily for 3
weeks at three escalating doses (20, 100, and 200mg/kg).
After 21 days, the animals were challenged topically on the
back skin with IMQ according to the schedule summarized
in Figure 1(a). The phenotype of psoriasis (back thickness,
redness, and scaling) was observed throughout the 7-day
period of IMQ application. Mice that were orally EKC dis-
played reduced thickness at day 5, less culminated redness
at day 3, and sparser scales (data not shown). The total scores
for all groups in the experiment are depicted in Figure 1(b).
Significant difference in the disease severity was observed in
EKC and MTX groups compared with IMQ+water group
(Figure 1(b) and Table 1). The body weight of the mice
that received 20, 100, and 200mg/kg EKC did not differ
significantly from that of the noninduced control group
(Figure 1(c)). Similar to the clinical score, the histological
analyses of skin samples at day 7 of IMQ application revealed
that EKC treatment alleviated acanthosis and infiltration of
inflammatory cells in a dose-dependent manner. MTX
decreased this psoriatic symptoms (Figures 1(d) and 1(e)).
Thus, MTX treatment and EKC administration ameliorated

dermatitis in IMQ-induced skin in both clinical and
pathological measures.

3.3. IMQ-Induced Splenomegaly Is Slightly Decreased by EKC
Treatment, and the Population of T Cells in the Spleen Is Not
Affected by EKC. IMQ treatment resulted in a significant
enlargement of the spleen (Figure 3(a)), and the number
of cells increased in dermatitis-induced groups compared
to that in the noninduced control (data not shown). The
administration of low and medium concentrations of
EKC and MTX slightly suppressed the observed increase
(Figure 3(a)). In addition, the cellular composition of the
spleen was determined by flow cytometry. IMQ treatment
induced a decrease in the percentage of CD4+ and CD8+ T
cells. However, no obvious differences were observed in the
EKC treatment groups compared to those reported with
IMQ. However, CD8+ T cells were slightly restored by
MTX application (Figures 3(b) and 3(c)). The percentage of
γδ T cells somewhat increased in IMQ-treated mice, while
administration of EKC and MTX did not change this per-
centage (Figure 3(d)). In contrast to that of T cells, the
percentage of B cells, dendritic cells, and macrophages sig-
nificantly increased in mice after the topical treatment
with IMQ. In particular, the IMQ-induced increase in
dendritic cell population decreased when EKC was adminis-
tered at medium and high concentrations. On the contrary,
the elevated population of macrophage was reduced by
MTX, whereas the effect of EKC was insignificant
(Figures 3(e), 3(f), and 3(g)). Overall, IMQ caused systemic
effects on the cellular composition of the spleen. EKC was
likely to regulate the population of dendritic cells altered by
IMQ-induced psoriasis, with a tendency in regulating that
of macrophages but not that of T cells and B cells.

3.4. EKC Inhibits Th17 Cell Differentiation in the Lymphoid
Organs of the Psoriatic Model. To determine the functionality
of the spleen cells, splenocytes were activated ex vivo by anti-
CD3 for 2 days and Th17-associated factors were analyzed.
First, the supernatant was collected and cytokine levels were
detected. IMQ treatment remarkably enhanced the produc-
tion of IL-17A and TNF-α, which is the signature of Th17
cytokines; however, administration of medium and high con-
centrations of EKC repressed this increase on days 1 and 2
(Figures 4(a) and 4(b)). On day 2, secretion of Th1 cytokines,
such as IL-12p40 and IFN-γ, was higher than that in the vehi-
cle cream application group (Figures 4(c) and 4(d)), whereas
EKC significantly suppressed the release of IL-12p40 (day 1)
and IFN-γ (day 2) (Figures 4(c) and 4(d)). The intake of the
positive control of (MTX) or EKC decreased the production

Table 1: Statistical analysis of the total score.

Day
Noninduction IMQ+water IMQ+MTX IMQ+EKC low IMQ+EKC mid IMQ+EKC high
Mean± SD Mean± SD Mean± SD Mean± SD Mean± SD Mean± SD

1 2.00± 0.00 1.50± 0.58 2.00± 0.00 1.75± 0.50 2.25± 0.50 2.00± 0.82
3 2.33± 0.58∗∗∗ 6.98± 0.60### 5.73± 0.90 5.88± 0.35∗ 6.25± 0.45 5.20± 0.54∗∗
5 2.73± 1.22∗∗ 8.75± 0.73## 6.70± 0.53∗∗ 7.33± 1.18 6.80± 0.43∗∗ 6.55± 0.73∗∗
7 3.00± 0.00∗∗∗ 9.33± 0.50### 7.73± 0.42∗∗ 7.95± 0.72∗ 7.53± 0.76∗ 7.40± 0.08∗∗
∗p < 0 05; ∗∗p < 0 01; and ∗∗∗p < 0 001 compared with imiquimod + water group. ##p < 0 01; ###p < 0 001 compared with noninduction group.
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Figure 3: Continued.
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of the two Th17 (IL-17A and TNF-α) and two Th1 (IL-12p40
and IFN-γ) cytokines (Figures 4(a), 4(b), 4(c), and 4(d)). To
investigate the alteration of molecular levels, total RNA was
extracted from anti-CD3-stimulated splenocytes and the
gene levels were analyzed using real-time PCR. Similar to
the results reported for protein secretion, an increase in
mRNA levels of genes related to Th17 and Th1 responses
in psoriasis IL-17A, IL-22, IL-23p19, RORγt, and IL-12p40
was observed in IMQ-treated group (Figure 4(e)). At three
analyzed concentrations of EKC and MTX groups, the
expression levels of the Th17- and Th1-related cytokine
genes were efficiently downregulated (Figure 4(e)). More-
over, the gene level of a Th17-specific transcription factor,
RORγt, was diminished by EKC administration (Figure 4(e)).

It is known that a lymphoid organ near the local inflam-
matory sites generally participates in antigen presentation,
lymphocyte differentiation, and proliferation, to accomplish
the rapid and effective elimination of antigen. For these rea-
sons, the effects of EKC were examined on axillary lymph

nodes and brachial lymph nodes during IMQ-induced skin
inflammation.

In the axillary lymph node, the increase in inflamma-
tory cytokines, especially TNF-α and IFN-γ, was sup-
pressed by oral administration of EKC (Figure 5(a)). The
expression levels of Th17-associated genes were significantly
inhibited by EKC administration (Figure 5(b)). After EKC
treatment, the production of IL-17A, TNF-α, and IFN-γ
in brachial lymph node cells was also lower than that in
the IMQ-only treatment group (Figure 5(c)). As expected,
IL-17A, IL-22, and RORγt levels were also depressed by
EKC (Figure 5(d)). Thus, these results showed that EKC
negatively regulated Th17 differentiation in the IMQ-
induced psoriasis model.

3.5. EKC Lowers Elevated Inflammatory Cytokines in Skin
Lesion and Alleviates Systemic Immune Activation. To clarify
whether EKC effectively suppressed the function of Th17 cell
in skin lesion, similar to the effects observed in lymphoid
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Figure 3: Effects of EKC on the spleen and analysis of cellular composition. (a) Photographs of the spleen on day 28. Each spleen was
measured, and the data presented are the median (n = 5). (b–g) Mice were treated with IMQ or vehicle cream for 7 days consecutively and
sacrificed. Splenocytes were analyzed for the percentage of T cells ((b) Thy1.2+CD4+; (c) Thy1.2+CD8+; (d) Th1.2+γδ TCR+; (e) B cells
[CD19+]; (f) dendritic cells [CD11c+]; and (g) macrophages [F4/80+CD11b+]) by flow cytometry. Numbers indicate the mean percentage
of cells present within a quadrant or gate (n = 5 mice/group). Graphs are presented as the mean± SD (n = 5). ∗p < 0 05; ∗∗p < 0 01; and
∗∗∗p < 0 001 compared with imiquimod +water group.
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Figure 4: Effects of oral administration of EKC in splenocytes. (a–d) Spleen cells were purified from mice on day 28, stimulated with anti-
CD3 Ab for 24 h and 48 h, and the cytokine levels were measured by ELISA. Values represent the mean± SD. (e) Spleen cells were purified
from mice on day 28 and stimulated with anti-CD3 Ab for 2 days. Total mRNA was extracted, and the levels of IL-17A, IL-22, IL-23p19,
IL-12p40, and RORγt were evaluated by real-time PCR. Values represent the median. ∗p < 0 05; ∗∗p < 0 01; and ∗∗∗p < 0 001 compared
with the imiquimod+water group.
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Figure 5: Continued.
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organs, Th17-related factors were analyzed in IMQ-treated
skin. Compared with the noninduced control group, the pro-
duction of IL-17A and IL-12p40 was exceptionally increased
in skin samples from IMQ-treated mice. In contrast, IL-17A
was significantly decreased in MTX and EKC groups. The
high concentration of EKC group displayed lower IFN-γ
and IL-12p40 production than the IMQ+water group
did (Figure 6(a)). Additionally, the cytokine genes
supporting Th17 and Th1 differentiation, IL-23p19 and
IL-12p40, were significantly diminished, and the Th17
signature transcription factor, RORγt, was downregulated
by EKC (Figure 6(b)).

Increased levels of IL-17A in the skin induce phos-
phorylation of IκB in keratinocytes, which activates NF-
κB signaling. Therefore, the expression levels of p-IκB-α
were evaluated in a Western blot of skin tissue. MTX
treatment decreased expression of p-IκB. In the EKC-
treated group, the phosphorylation of IκB was impeded
in a dose-dependent manner (Figure 6(c)).

In addition, serum cytokine levels were detected by
ELISA. IMQ induced elevation of IL-17A and IL-12p40,
whereas MTX and EKC inhibited these cytokine secretions
in a dose-dependent manner (Figure 6(d)). As an expanded
population of B cells was observed in the IMQ-treated group
(Figure 3(e)), the IgG level in the serum was measured. As
shown in Figure 6(e), total IgG1 levels in IMQ-treated
mice were higher than those in the noninduced control
group (p > 0 05), whereas MTX application and EKC
administration significantly decreased the IgG1 levels in a
dose-dependent manner.

3.6. EKC Regulates the Activity of Dendritic Cells and Does
Not Affect Keratinocyte. To verify whether EKC affects T cell
activation and differentiation only at the onset of psoriasis,

the effect of EKC on dendritic cells and keratinocytes was
investigated.

In IMQ-induced psoriasis model, dendritic cells are stim-
ulated by TLR7/8 ligand (IMQ) and produce IL-12 and IL-
23, which lead to accelerate Th1 and T17 cell differentiation,
respectively [40]. Thus, JAWS II cells, murine dendritic cell
lines, were stimulated by IMQwith or without EKC. The imi-
quimod had no cytotoxicity and was founded to be suitable
for cell treatment (Figure 7(a)). The IMQ-stimulated cells
significantly increased secretion of IL-12p40 and IL-23p19.
The levels of these cytokines decreased in the EKC-treated
cells (Figure 7(b)).

Additionally, aberrant activation and proliferation of the
keratinocytes were caused by Th17 signature cytokines in
psoriatic skin [41]. Under these conditions, keratinocytes
produced cytokines and chemokines, such as IL-8, IL-36γ,
and CCL20, which recruit inflammatory cells and exacerbate
skin inflammation [42–44]. EKC did not affect the viability
of the human keratinocyte HaCaT cell line (Figure 7(c)).
Cells were challenged by IL-17A, with or without EKC,
and total RNA was extracted. Although the levels of IL-8,
IL-36γ, and CCL20 were increased by IL-17A (no significant
changes except for IL-36γ), they were not modulated by EKC
(Figure 7(d)).

Consequently, it was concluded that EKC affected the
IMQ-induced activation of dendritic cells but not Th17-
stimulated keratinocytes.

4. Discussion

E. kansui, an herb of the family of Euphorbiaceae, has been
used to treat various diseases related to excessive inflamma-
tion [45, 46]. Previous studies have identified that E. kansui
decreased the differentiation of Th17 cells and relieved
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Figure 5: Effects of oral administration of EKC in axillary lymph nodes and brachial lymph nodes of psoriasis-induced mice. (a) At the end
of the experimental day, mice were sacrificed and the axillary lymph node was isolated. The axillary lymph node cells were stimulated with
anti-CD3 Ab for 2 days, and the supernatant was harvested. The cytokine levels were measured by ELISA. Values represent the mean± SD.
(b) The axillary lymph node cells were stimulated with plate-bound anti-CD3 Ab for 2 days. Total mRNA was extracted, and the levels of
IL-17A, IL-22, and RORγt were measured by real-time PCR. Values represent the median. (c) At the end of the experimental day, mice were
sacrificed and the axillary lymph node was isolated. The axillary lymph node cells were stimulated with anti-CD3 Ab for 2 days, and the
supernatant was harvested. Cytokine levels were measured by ELISA. (d) The brachial lymph node cells were stimulated with plate-
bound anti-CD3 Ab for 2 days. Total mRNA was extracted, and the levels of IL-17A, IL-22, and RORγt were measured by real-time
PCR. Values represent the median. ∗p < 0 05; ∗∗p < 0 01; and ∗∗∗p < 0 001 compared with the imiquimod+water group.
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Figure 6: Inhibition of Th17 associated factors in inflammatory skin lesions and serum by EKC. (a) Mice were sacrificed, and protein was
extracted from the back skin of each mouse. Cytokine levels were measured by ELISA. Values represent the mean± SD. (b) Total mRNA
was extracted from the skin using TRIzol, and the levels of IL-23p19 and IL-12p40 were measured by real-time PCR. Values represent the
median. (c) The skin samples were prepared by homogenization with T-PER protein extraction buffer. p-IκB-α expression levels were
determined by Western blot analysis. The intensity of β-actin staining in each sample was used as a loading control. (d) The
concentration of IL-17A and IL-12p40 collected in serum on day 28 was determined by ELISA. Values represent the mean± SD. (e)
Concentration of IgG1 in the collected serum was measured by ELISA. Values represent the mean± SD. ∗p < 0 05; ∗∗p < 0 01; and
∗∗∗p < 0 001 compared with the IMQ+water group.
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inflammatory bowel disease, a Th17-associated autoimmune
disease (unpublished data).

In this study, it was investigated whether psoriasis, a
known autoimmune disease with pathogenesis focused on
Th17 cells, was affected by E. kansui. The topical application
of imiquimod activated plasmacytoid dendritic cells, trig-
gered downstream Th1 and Th17 cell-mediated adaptive
immunities, and resulted in mice with similar lesions to
human psoriasis [26]. This quick and cost-effective model
furthered the elucidation of pathogenic mechanisms and
the evaluation of new treatments for psoriasis [47, 48].

Recent studies have suggested that regulatory B cells,
γδ T cells (dendritic epidermal T cells [DETCs]), and
innate immune cells perform an essential role in the path-
ogenesis of psoriasis and that regulation of these cells was
also important [49–52]. However, the IL-17A/IL-23 axis
was still emphasized as an important factor in the treat-
ment of psoriasis [15, 26].

Treatment with the methylene chloride fraction of E.
kansui radix (EKC) reduced IL-17A and IFN-γ significantly
in Th17- and Th1-driving conditions. Although the in vitro
data indicated that EKC increased TNF-α production, the

clinical data from patients with psoriasis demonstrated a
spectacular improvement with an IL-17 blockade rather
than increased TNF [53]. Furthermore, recent studies have
reported that TNF-alpha inhibitors therapy exacerbated
psoriasis or induced new onset of psoriatic skin lesions
in some cases [54, 55]. Thus, the curtailed symptoms in
the psoriasis model may be attributed to the effective
reduction of IL-17 by EKC; IL-17 is considered a major
factor in the treatment of psoriasis.

The severity of inflammation (erythema, scaling, and
thickness) was alleviated by EKC administration in a dose-
dependent manner. The histological analysis demonstrated
that acanthosis in the EKC group was more improved than
that in the MTX group whereas the infiltration of inflam-
matory cells in the MTX group was similar to that observed
after the highest dose of EKC administration. The relief of
symptoms was associated with the suppression of Th17 and
Th1 differentiation.

In the spleen, similar to a previous study, the percentage
of T cell population (CD4+ and CD8+ T cells) was decreased
by IMQ [26]. However, when considering the total number
of splenocytes, the number of T cells did not change (data
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Figure 7: Reduced production of IL-12 and IL-23 in IMQ-stimulated dendritic cells by EKC. (a) JAWSII cells were plated at 2× 105 cells/well
in a 96-well plate. EKC (5 μg/mL and 10μg/mL) dissolved in DMSO (final concentration of 0.05%) was added to the cells, which were then
cultured for 24 h with or without IMQ (1 μg/mL). Cytotoxicity was analyzed by MTT assay. (b) JAWSII cells (1× 106) were plated in a 24-well
multiplate, cultivated with EKC (5 μg/mL and 10μg/mL), and treated with or without IMQ (1 μg/mL). After 18 h, total RNA was isolated
from each sample and reverse-transcribed cDNA was analyzed by quantitative real-time PCR (qPCR). Values represent the mean± SD.
∗∗p < 0 01; ∗∗∗p < 0 001 compared with control (0.05% DMSO); #p < 0 05; ##p < 0 01 compared with the IMQ group. (c) HaCaT cells were
plated at 2× 105 cells/well in a 96-well plate. EKC (5 μg/mL and 10 μg/mL) dissolved in DMSO (final concentration of 0.05%) was added,
and the cells were cultured for 24 h. Cytotoxicity was analyzed by MTT assay. (d) HaCaT cells (1× 106) were plated in a 24-well
multiplate, cultivated with EKC (5 μg/mL and 10μg/mL), and treated with or without human IL-17A (100 ng/mL). After 18 h, total RNA
was isolated from each sample and reverse-transcribed cDNA was analyzed by quantitative real-time PCR (qPCR). Values represent the
mean± SD. ∗p < 0 05 compared with control (0.05% DMSO).
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not shown). In addition, elevated percentages of splenic
CD4+ IL-17A+ IFN-γ− cells and CD8+ IFN-γ+ cells were
observed in IMQ-treated mice. In contrast, CD4+ IFN-γ+

double positive cells were almost absent [26]. It was esti-
mated that the reduction of IL-17A, IL-22, TNF-α, and
ROR-γt compared to that in the IMQ-treated group occurred
through the inhibition of Th17 cells (CD4+ IL-17A+ IFN−

cells) by EKC and that the reduction of IFN occurred through
the inhibition of CD8+ IFN+ cells. The γδ T cells in the skin-
draining lymph node of psoriasis produce approximately 10
times more IL-17A and IL-22 than CD4 T cells [48, 56]. Also,
these cells express the Th17-specific transcription factor,
RORγt [57]. The reduction of cytokines and RORγt expres-
sion in the draining lymph node was considered to be related
to the effect of EKC on γδ T cells. However, the effect of EKC
on γδ T cells requires further study.

IL-23 and IL-12 are cytokines with critical roles in the
differentiation and growth of Th17 and Th1 in psoriasis
[58, 59]. IMQ increases the activation and population of
dendritic cells and macrophages [60, 61]. EKC not only
reduced dendritic cell populations in the spleen but also
decreased IL-12 and IL-23 expression in the spleen and
skin. Moreover, the in vitro experiments have shown that
the activation of dendritic cells was suppressed by EKC.
These results suggested that EKC inhibited dendritic cell
activity independently of Th17 inhibition.

IMQ treatment was shown to increase serum IL-17A as
well as skin inflammation, which led to systemic immune
activation [62]. When EKC was administered, the level of
IL-17A and IL-12p40 in both skin tissue and blood was
decreased. Th17 cells induce expansion of cognate B cells,
immunoglobulin class switching, and the increase in the
number of B cells. Moreover, Th1 cells have a character pro-
moting higher IgG2 whereas Th17 cells support higher IgG1
levels [63]. As the B cell population was increased in the
spleen, blood IgG1 was investigated and the IgG level was
found to be decreased in a dose-dependent manner by EKC
treatment. In contrast, the number of B cells in splenocytes
was not diminished by EKC administration. According to
these results, the decrease in IgG1 seems to be related to the
prevention of Th17-mediated class switching by inhibiting
Th17 cells rather than directly involved in B cells.

In order to determine if the suppression of IκB phosphor-
ylation in skin resulted from a decrease in IL-17A or EKC
affected keratinocyte activation, keratinocyte cell lines were
activated by IL-17A, with or without EKC. The results eluci-
dated that EKC did not affect keratinocytes. These results
have drawn that suppression of EKC-induced Th17 resulted
in relief of psoriasis through interruption of the phosphoryla-
tion of IκB in skin.

In conclusion, this study revealed that reduced inflam-
mation in the EKC-treated group was caused by the inhi-
bition of Th17 but not keratinocytes. EKC suppressed not
only the differentiation of Th17 but also the activation of
dendritic cells. EKC is expected to be suitable for the treat-
ment of patients with early and intermediate stages of pso-
riasis. Additionally, the effect of single compounds
extracted from EKC should also be assessed as potential
therapies for psoriasis.
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Atopic dermatitis (AD) is one of the most common skin diseases, whose incidence is increasing in industrialized countries.
The epicutaneous application of a hapten, such as 2,4-dinitrochlorobenzene (DNCB), evokes an experimental murine AD-like
reaction. Glycomacropeptide (GMP) is a dairy bioactive peptide derived from hydrolysis of 𝜅-casein by chymosin action. It
has anti-inflammatory, prebiotic, and immunomodulatory effects. The present study was aimed to investigate the effect of GMP
administration on DNCB-induced AD in rats. The severity of inflammatory process, pruritus, production of cytokines, and total
immunoglobulin E (IgE) content were measured, and the histopathological features were analyzed. GMP reduced the intensity
of inflammatory process and edema of DNCB-induced dermatitis, with a significant decrease in eosinophils recruitment and
mast cells hyperplasia. In addition GMP suppressed the serum levels of total IgE and IL-4, IL-5, and IL-13 expression in AD-
lesions. Besides, the levels of IL-10 were significantly increased. Remarkably, GMP administration before AD-induction abolished
pruritus in dermatitis-like reactions in the rats. Taken together, these results indicate that GMP has an inhibitory effect on AD by
downregulating Th2 dominant immune response, suggesting GMP as a potential effective alternative therapy for the prevention
and management of AD.

1. Introduction

Atopic dermatitis (AD) is a chronic and relapsing skin disease
that is characterized by skin inflammation and pruritus. It
is one of the most common skin diseases, affecting about
15–30% of children and 2–10% of adults worldwide, with
an increasing prevalence rate in industrialized countries
[1]. Although it is not a life-threatening disease, AD has a
significant impact on patients’ quality of life and on economy
of health services. Besides, AD is often the first manifestation
of allergic disease, as most patients with AD will further
develop another atopic disorder, such as allergic rhinitis or
asthma [2].

The precise etiology of AD is not yet determined, but one
possibility is a deregulation of adaptive and innate immune
response raised by environmental and genetic factors [3].
In AD patients, genetic conditions, external stimuli, or
scratching episodes disrupt barrier skin that facilitates aller-
gen penetration and activation of keratinocytes to produce
thymic stromal lymphopoietin that triggers dendritic cells
to induce a Th2-cell mediated response [4]. In the acute
phase of disease, infiltrated CD4+ T cells in skin lesions
predominantly secrete IL-4, IL-5, and IL-13. These Th2
cytokines orchestrate a skin inflammation characterized by
eosinophil recruitment and mast cells hyperplasia. Besides,
IL-4 induces immunoglobulin (Ig)E isotype switching in B
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cells, increasing serum IgE levels which is associated with
the pathogenesis of the disease [5]. In the chronic phase of
the AD,Th1 cells appear and secrete interferon-gamma (IFN-
𝛾) that is mainly associated with epidermal hyperplasia [1].
Therefore, the imbalance in the rate of Th1 and Th2 cells, or
in Treg cells that maintain immune homeostasis locally, has
special consideration in AD [6].

Animal models for human diseases are very important
to analyze the mechanisms involved in the onset and devel-
opment of pathologies and to establish treatment strategies
for the disease [7]. Mice model has been widely used for
the detailed study of AD and for the development of rapid
trials of possible therapies for the disease [8]. Dermatitis
model induced by skin repeated application of haptens causes
histopathological, immunological, and clinical features sim-
ilar to human AD [7, 9]. Although most of AD-models by
hapten repeated application are developed in mice, thickness
of the cornea layer and chemical permeability of skin in
mouse are greater than rat and human, so rat skin suffers
AD-like injuries less severe than mouse and more similar to
human [10–12].

Many kinds of bioactive peptides that might prevent
lifestyle-related diseases are released from food proteins after
enzymatic digestion. Glycomacropeptide (GMP) is an active
biopeptide derived from milk 𝜅-casein that is released to
the whey during cheese-making process by the action of
chymosin [13]. It is composed of 64 amino acids extensively
glycosylated with units of N-acetylneuraminic (sialic) acid
that confers several nutraceutical and biological properties
[14]. GMP has an excellent safe record and is not immuno-
genic [15]. As component of the whey, it is included in infant
food formulas as a source of amino acids; besides, it is added
to nutritional formulas for phenylketonuria patients due to
the lack of phenylalanine [16]. Recently, GMP has deserved
much interest for its proposed prebiotic, anti-inflammatory,
and immunoregulatory properties. It has anti-inflammatory
activity in rat models of colitis and ileitis induced by
trinitrobenzene-sulphonic acid [17–19] and prevents exten-
sive damage in colon in amodel of colonic damage induced by
dimethyl hydrazine [20]. Both GMP effects are mediated by
the regulation of lymphocytes differentiation. Recent studies
carried out in our laboratory show the prophylactic effect of
orally administered GMP on the development of immune
response associated with allergic sensitization, protecting
animals from the severity of urticarial reaction and systemic
anaphylaxis induced by allergens. This effect is related to
changes in gutmicrobiota composition, upregulation of TGF-
𝛽 and downregulation of IL-13 production by splenocytes,
reduction in allergen-specific IgE production, and mast cells
inhibition [21, 22]. GMP has also immunoregulatory activity
in allergic asthma models, as it effectively suppresses blood
and lung eosinophilia, goblet cell hyperplasia, and collagen
deposition in airways. Beneficial effect of GMP in asthma
is associated with downregulation of IL-5 and IL-13 and
upregulation of IL-10 expression in asthmatic lung tissue [23].

The aim of this study was to evaluate whether oral
GMP administration, previously or once pathology was
established, can influence the development of AD. Firstly,
we characterized a rat model of dermatitis by systemic

sensitization followed by hapten repeated application. We
further examined the effect of GMP in skin inflammation,
pruritus, as well as Th2-immune response associated with
AD to determine its potential prophylactic and therapeutic
activity.

2. Material and Methods

2.1. Animals. Male Wistar rats (150–180 g) obtained from the
Laboratory Animal Service of the Autonomous University of
Aguascalientes were used throughout the study. Rats were
housed under controlled conditions of temperature (22–
24∘C) and illumination (12 h light cycle) and fed with Rodent
LaboratoryChow 5001 (Purina,MexicoCity,Mexico) and tap
water ad libitum. All experiments were carried out with strict
adherence to ethical guidelines approved by the Institutional
Normative Welfare Standards.

2.2. Protocol for Induction of Experimental Atopic Dermatitis.
Ear cutaneous reaction was induced by repeated applications
of 2,4-dinitrochlorobenzene (DNCB; Sigma, St. Louis, MO,
USA) after systemic sensitization, as previously described
[24]. Briefly, animals were sensitized at day 0, with an intra-
muscular injection of 1mg of dinitrophenyl-bovine serum
albumin (DNP-BSA) precipitated in 7.8mg of aluminum
hydroxide gel (Al(OH)

3
; Thermo Scientific, Waltham, MA,

USA) in 1mL of saline solution. Simultaneously, and as an
adjuvant, 0.5mL of Bordetella pertussis vaccine (Zuvirac,
Mexico City, Mexico) containing 10–15 × 109 heat-killed
bacilli/mLwas injected subcutaneously. On days 14, 16, 18, 20,
22, and 36, animals were resensitized with a topical applica-
tion of 60𝜇L of 1.5%w/v DNCB prepared in acetone-olive oil
(A-OO) solution (4 : 1) to both sides of the right ear lobe of
the rats. Control group was only injected with adjuvants and
topically applied with A-OO solution (Figure 1).

2.3. Experimental Design. For characterization of dermatitis
model, rats were randomly assigned to two different groups
(5 rats per group): control and DNCB sensitized. For analysis
of GMP effect, rats were randomly assigned to five different
groups (8 rats per group): control, not sensitized and water
administered before AD-induction; DNCB-P, DNCB sensi-
tized and water administered before AD-induction; GMP-
P, DNCB sensitized and GMP administered before AD-
induction; DNCB-T, DNCB sensitized and water adminis-
tered after AD-induction; and GMP-T, DNCB sensitized and
GMP administered after AD-induction. GMP (Lacprodan�
cGMP-10; a gift from Arla Foods Amba, Viby, Denmark) was
orally administered to animals at 500mg/kg/day dissolved in
tap water. Oral intake of GMP was started from 3 days before
sensitization to day 36 as prophylaxis (GMP-P) and from
day 23 to day 36 when employed in a therapeutic manner,
that is, once AD was established (GMP-T). Control, DNCB-
P, and DNCB-T groups were administered orally with tap
water during corresponding times (Figure 1). An esophageal
catheter was used to deliver GMP solution or water. All
animals were sacrificed with an overdose of ether at day 37,
and blood and ear samples were obtained.
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Figure 1: Schematic diagram of experimental dermatitis induction protocol and GMP administration. Rats were sensitized on day 0
with injection of DNP-BSA mixed with Al(OH)

3
gel and simultaneously with B. pertussis vaccine. Animals were resensitized with topical

application of DNCB in A-OO on days 14, 16, 18, 20, 22, and 36. Control group was injected with the adjuvants but without DNP-BSA and
applied topically with A-OO mixture. GMP or water was administered, daily and orally, from 3 days before AD-induction or from day 23
after AD-induction, and until day 36 to analyze the prophylactic or therapeutic effect, respectively. Animals were sacrificed at day 37.

2.4. Evaluation of Ear Cutaneous Inflammatory Reaction and
Edema. Cutaneous reaction was evaluated by ear swelling
induced by the challenge with DNCB. Ear thickness was
measured using a dial thickness gauge (Milomex, Ltd., Bed-
fordshire, UK) at 0, 1, 6, and 24 h after DNCB application on
day 36. Ear swellingwas calculated based in the increase of ear
thickness as RT-LT, where RT and LT represent the thickness
of the right and left ear, respectively, at the corresponding
time point. At day 37 animals were sacrificed, the ears
were excised from the base, and identical portions of the
middle of the ears were removed using a metallic punch. The
tissue samples were individually weighted on an analytical
balance (Precisa XT220A,Dietikon, Switzerland). Edemawas
calculated based on the increase of ear weight as RW-LW,
where RW and LW represent the weight of the fragment of
the right and left ear, respectively.

2.5. Evaluation of Scratching Behavior. The total number of
scratching events was counted during 10 minutes immedi-
ately after the application of DNCB on days 16, 22, and 36.
For that purpose, rats were placed into an acrylic cage divided
into eight compartments. Their behavior was recorded using
a digital video camera (Samsung HMX-W350, New Jersey,
USA). Videoswerewatched by two observers and the number
of scratching events was counted. One scratching event or
episode was defined as a series of one or more scratching
movements by the hind paw directed toward the application
site and ended when the rat either licked its hind paw or
placed it back on the floor [25].

2.6. Histological Analysis. Upper portions of the right ears of
each rat were fixed in 10% neutral formalin, embedded in
paraffin, and sectioned into 5 𝜇m slices. Slices were stained
with hematoxylin and eosin for evaluation of eosinophils
infiltration and with toluidine blue for evaluation of mast
cells number. After microscopic fields were photographed,
the numbers of stained eosinophils and mast cells were
counted in random areas (40,000 𝜇m2) with an AxioPlan
Carl Zeiss microscope (Oberkochen, Germany) at 400x
magnification. Three slides were stained per rat and three

fields were examined per slide. Morphometric assessment
was performed using AxioVision Rel 4.8 software by two
observers whowere not aware of the group of rats fromwhich
the samples originated.

2.7. Determination of Total IgE. Serum samples prepared
from blood obtained on day 37 were stored at −70∘C until
used to IgE determination. Total IgE level in serum was
quantified using a rat IgE ELISAkit (Abcam,Cambridge,UK)
according to the manufacturer’s instructions.

2.8. RNA Purification and Semiquantitative or Real-Time
Quantitative PCR (qRT-PCR). Total RNA was isolated from
the lower ear tissue using the SV Total RNA Isolation System
(Promega, Madison,WI, USA). Purified RNAwas quantified
with a NanoDrop 2000 Spectrophotometer (Thermo Scien-
tific) with the A260/280 ratio. Only samples with ratio >1.8
were employed for cDNA synthesis. Reverse transcriptions of
2 𝜇g of RNAwere performedwith the RETROscript�Reverse
Transcription kit (Thermo Scientific). Semiquantitative PCR
was performed with 1𝜇L of 1 : 10 diluted cDNA product,
5 𝜇L of PCR Master Mix 2x (Thermo Scientific), and 1 𝜇L of
forward and reverse primers at 5 𝜇M each (listed on Table 1);
all reactions were completed with nuclease-free water to
10 𝜇L. PCR conditions were as follows: initial denaturing at
95∘C for 3min, with 25, 30, or 35 cycles of 95∘C for 30 sec,
60∘C for 30 sec, and 72∘C for 10 sec, and later for all reactions
a final extension of 72∘C for 3min was included. Amplicons
were separated in 2% agarose gels containing GelRed�
Nucleic Acid Gel Stain (Biotium, Hayward, CA, USA) as
recommended by the manufacturer, in TBE 1x (89mM Tris,
89mM boric acid, 2mM EDTA, pH 8). Gels were visualized
under UV light in a MiniBis Pro documentation system
(DNR Bio-Imaging Systems, Jerusalem, ISR). For RT-PCR,
2 𝜇L of diluted cDNA reaction was used as template for
the detection of IL-4, IL-5, IL-13, IL-10, and 𝛽-actin with
the GoTaq� qPCR Master Mix (Promega) in an Eco Real-
Time PCR System (Illumina, San Diego, CA, USA). Relative
quantification was determined with ΔΔCt method using 𝛽-
actin as housekeeping gene for normalization.
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Table 1: Oligonucleotides for gene expression quantification.

Gene Oligonucleotides Accession number

IL-4 Fw: CACCTTGCTGTCACCCTGTT NM 201270.1
Rv: ACATCTCGGTGCATGGAGTC

IL-5 Fw: CAGTGGTGAAAGAGACCTTG NM 021834.1
Rv: GTATGTCTAGCCCCTGAAAG

IL-13 Fw: ATCGAGGAGCTGAGCAACAT NM 053828.1
Rv: ATCCGAGGCCTTTTGGTTAC

IFN-𝛾 Fw: GCCTAGAAAGTCTGAAGAAC NM 138880.2
Rv: GAGATAATCTGGCTCTCAAG

IL-10 Fw: CACCTTGCTGTCACCCTGTT NM 012854.2
Rv: ACATCTCGGTGCATGGAGTC

𝛽-Actin Fw: GTCGTACCACTGGCATTGTG NM 031144.3
Rv: GCTGTGGTGGTGAAGCTGTA

2.9. Data Analysis. Data were expressed as mean ± standard
error of the mean (SEM). Statistical analysis was performed
by Student’s 𝑡-test. Ear thickness data were analyzed by
multicomparative Bonferroni test. Significance was set at 𝑝 <
0.05.

3. Results

3.1. Characterization of Dermatitis Evoked by Repeated Chal-
lenges withDNCBafter Systemic Sensitization. First, rats were
systemically sensitized with DNP-BSA and later challenged 6
times by painting the right ear with DNCB/A-OO solution.
As shown in Figures 2(a)-2(b), repeated impregnation with
DNCB solution caused potent inflammatory changes in
the ear skin, such as the thickening of both dermis and
epidermis, edema, and the accumulation of eosinophils and
mast cells. The number of eosinophils and mast cells in
dermis of rats from DNCB group increased by 12.6- and
2.3-fold (Figure 2(c)). The ear thickness, measured as an
indicator of skin inflammation [11], increased after each
application of DNCB. On day 36, the ear thickness picket at
1 h after DNCB painting and maintained significantly greater
than control rats at 6 and 24 h (Figure 2(d)). On day 37,
edema in DNCB group was 98-fold higher than that in
control rats (Figure 2(e)). Scratching toward the ear receiving
DNCB application was observed from day 16. Scratching
occurred immediately after the application of DNCB, with its
frequency decreasing as time passed, and no scratching was
observed at 1 h and thereafter. The scratching events counted
for the first 10min, as shown in Figure 2(f), significantly
increased at day 16 and were almost equal at day 22, with
a slight decrease at day 36. Total RNA was extracted from
the skin lesions excised 24 h after the sixth DNCB challenge
and the expression of inflammatory cytokines was examined.
As shown in Figure 2(g), the IFN-𝛾, IL-5, and IL-13 mRNA
expression in skin of control rats was very weak, but it
was potentiated in DNCB group. Furthermore, although the
expression of IL-4mRNAs in skinwas undetectable in control
rats, DNCB-treatment induced their expression in dermatitis
lesion.

3.2. Oral GMP Administration Diminishes Inflammatory Pro-
cess in Dermatitis. First we investigated whether oral intake
of GMP might modify the development of the inflammatory
response associated with dermatitis. So, ear thickness was
measured after DNCB-repeated applications. On day 36,
before the sixth DNCB application (0 h), DNCB-P and
DNCB-T animals reported an increase of 0.15 and 0.23mm
over control animals. But animals administered with GMP
reduced in 95.6 and 54.55% the thickness induced by the
previous five DNCB applications when used in a prophylactic
or therapeutic manner, respectively. One hour after the last
DNCB application, ear thickness presented a peak of 0.41
and 0.48mm in the ears of DNCB-P and DNCB-T animals,
which was sustained at 6 h and presented a slight decrease at
24 h. However, when animals were GMP administered before
AD-induction the inflammatory process was reduced in 99.4,
93.98, and 85.89% at 1, 6, and 24 h after challenge, and if they
received GMP after AD-induction the ear inflammation was
diminished in 47.16, 49.41, and 34.06% (Figure 3(a)).

Another way to assess changes in the inflammatory
process is to evaluate the ear edema as the increment in
ear weight. As shown in Figure 3(b), when animals were
repeatedly challenged with DNCB the ear edema was 6.64
(DNCB-P) and 8.05 (DNCB-T) higher than in control ani-
mals.However, when animalswereGMPadministered before
AD-induction there was a decrease of 97.03% on ear DNCB-
induced edema. Besides, animals that received GMP once
dermatitis was established showed a decrease of 39.87% on
edema when compared to untreated group (DNCB-T).

3.3. Scratching Behavior Is Inhibited by GMP-Prophylaxis.
Pruritus is one of the major symptoms of AD and impacts
quality of life of patients in a significantmanner [26]. Control
animals did not show any scratching event in the right
ear during 10min immediately after the application of A-
OO mixture (data not shown). The chronological profile of
scratching behavior in DNCB challenged rats, treated or not
with GMP, is shown in Figure 4. In DNCB-P and DNCB-
T rats the number of scratching events remained almost
constant during 10min afterDNCB topical application at days
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Figure 2: Characteristics of dermatitis-like reaction in rats challenged with DNCB after systemic sensitization. Histopathological features
of the ears of control and DNCB challenged rats, 24 h after the sixth challenge, stained with (a) hematoxylin and eosin and (b) toluidine
blue. Arrows indicated (a) eosinophils and (b) mast cells. (c) Eosinophils and mast cells were counted in dermis with a microscope at a
magnification of 400x. (d) Ear thickness was measured at 0, 1, 6, and 24 h after last DNCB challenge. (e) To measure ear edema, equal areas
from ears were punched and weighed 24 h after last challenge. (f) Scratching frequency was measured during the first 10 min after DNCB
application and reported at days 16, 22, and 36. (g) Inflammatory cytokine mRNA expression in the skin lesion 24 h after the last DNCB
challenge. Values represent mean ± SEM;𝑁 = 5 rats. ∗𝑝 < 0.001 versus control at each time point.

16, 22, and 36, with an average of 36.87 and 41.71 scratch-
ing events. Oral GMP administration before AD-induction
resulted in a significant and dramatic inhibition of more
than 99% in the number of scratching episodes of DNCB-
applied animals during the same days, pruritus being almost
completely abolished. In contrast, there were no differences

in scratching behavior betweenGMP-T andDNCB-T groups,
indicating that GMP has no effect on pruritus when it was
administered once dermatitis was established.

3.4. GMPAdministration Reduces the Infiltration of Inflamma-
tory Cells into DNCB-Induced Skin Lesions. Cellular changes
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Figure 3: Effect of GMP administration on inflammatory process. (a) Ear thickness value is represented by the difference between right and
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in dermatitis skin include marked infiltration of eosinophils
andmast cells hyperplasia [27]. Histological analysis revealed
that topical DNCB elicited the infiltration of inflammatory
cells into ear skin lesion but GMP administration attenuated
the amount of infiltrated inflammatory cells (Figures 5(a)-
5(b)). Morphometric assessment showed that the number of
eosinophils in ears with DNCB applications was 13.12 and
12.89 times higher than in control group, for DNCB-P and
DNCB-T rats. Whereas in animals administrated with GMP,
amount of eosinophils in dermis was reduced in 94.47%

when GMP was used as prophylaxis or 78.71% when it
was administered in a therapeutic manner (Figure 5(c)). On
the other hand, the amount of mast cells in the dermis of
DNCB untreated animals was 2-fold compared to control
animals. However, mast cells number was remarkably low-
ered in 61.51% by GMP administration before AD-induction
and in 39.59% by GMP administration after AD-induction
(Figure 5(d)).

3.5. Influence of GMP on Serum Levels of IgE. It is known that
dermatitis is characterized by high levels of serum total IgE
[28].Therefore, we investigated whether GMP suppresses IgE
in serum. After the sixth DNCB application, serum samples
were collected and total IgE levels were measured by ELISA.
In rats receiving topical DNCB total IgE levels were 3.7-
fold higher than in control group. Prophylaxis with GMP
significantly reduced in 86.53% total serum IgE levels as
compared with nontreated animals (DNCB-P). When GMP
was administered in a therapeuticmanner the decrease in IgE
level was 63.68% (Figure 6).

3.6. Effect of GMP Administration on IL-4, IL-5, IL-13, and IL-
10 Expression in Dermatitis Skin Lesion. Inflammation in AD
is mediated by an initial Th2 phase, which is orchestrated by
IL-4, IL-5, and IL-13 cytokines and is related to IgE produc-
tion and eosinophilia [1]. To address the question whether
GMP administration might modulate this Th2 inflammatory
response in dermatitis, we examined mRNA changes of IL-4,
IL-5, and IL-13 by qRT-PCR in injured skin tissue. We found
that IL-4, IL-5, and IL-13 mRNAwere 11.24-, 3.93-, and 12.50-
fold higher, on average, in DNCB groups. Interestingly, GMP
administration beforeAD-induction decreased in 83.56, 96.5,
and 88.38% the expression of IL-4, IL-5, and IL-13 in dermati-
tis skin. When GMP was administered after AD-induction
the decrease of these Th2-inflammatory cytokines, although
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Figure 5: Effect of GMP on inflammatory cell infiltration. Sections of right ears were stained with (a) hematoxylin and eosin to identify
eosinophils and (b) blue toluidine for mast cells. Quantitative analysis of (c) eosinophils and (d) mast cells per 40,000 𝜇m2 of dermis was
developed with a microscope at magnification of 400x. Data are presented as mean ± SEM, 𝑁 = 8. Control, not sensitized and water
administered before AD-induction; DNCB-P, DNCB sensitized and water administered before AD-induction; GMP-P, DNCB sensitized
and GMP administered before AD-induction; DNCB-T, DNCB sensitized and water administered after AD-induction; and GMP-T, DNCB
sensitized and GMP administered after AD-induction; ∗𝑝 < 0.0001 versus control; +𝑝 < 0.0001 versus the respective DNCB without GMP
administration.
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Figure 6: Effect of GMP on total serum IgE. Serum was collected
24 h after last challenge with DNCB. IgE level was measured by
ELISA. Data are presented as mean ± SEM, 𝑁 = 8; control, not
sensitized and water administered before AD-induction; DNCB-
P, DNCB sensitized and water administered before AD-induction;
GMP-P, DNCB sensitized and GMP administered before AD-
induction; DNCB-T, DNCB sensitized and water administered after
AD-induction; and GMP-T, DNCB sensitized and GMP adminis-
tered after AD-induction; ∗𝑝 < 0.001 versus control; +𝑝 < 0.001
versus the respective DNCB without GMP administration.

not somarked,was still significant in order of 57.05, 65.89, and
63.3% lower than nontreated animals (Figures 7(a)–7(c)).

Besides, we analyzed mRNA changes on IL-10, one
of the most important anti-inflammatory cytokines which

downregulates the immune system minimizing tissue dam-
age during inflammation [29]. As shown in Figure 7(d),
the expression of IL-10 was significantly higher in DNCB
challenged than in control animals, but it was clearly potenti-
ated by GMP administration. IL-10 expression was 4.68-fold
higher in DNCB challenged animals when receiving GMP as
prophylaxis and 2.44-fold higher when it was administered in
a therapeutic manner.

4. Discussion

AD is one of the most common skin inflammatory disorders
[30] and its early onset in childhood often triggers the
atopic march, which leads to the consequent development of
asthma and allergic rhinitis [31].The anti-inflammatory ther-
apy of AD includes topical corticosteroids and calcineurin
inhibitors; however resolution is often temporary and long-
term usage can be associated with significant adverse effects
[32, 33]. Due to the deleterious effect of AD on the quality of
life of patients and the significant economic impact in health
systems, new therapies that prevent or act on the immuno-
logical mechanisms involved in AD and with minimal side
effects are required.

In this study we investigated whether GMP attenuates
the severity of AD-like lesions induced by DNCB in rat. We
chose rat as animal model because thickness of the corneal
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Figure 7: Effect of GMPonmRNA expression for IL-4, IL-5, IL-13, and IL-10 in ear tissue. Changes in (a) IL-4, (b) IL-5, (c) IL-13, and (d) IL-10
mRNA expression relative to 𝛽-actin were measured. Skin tissue was obtained at day 37 from control and DNCB sensitized rats, administered
or not with GMP. Three rats from each experimental group were analyzed. Skin samples from each rat were analyzed in triplicate for qPCR.
Each value represents the mean ± SE. Control, not sensitized and water administered before AD-induction; DNCB-P, DNCB sensitized
and water administered before AD-induction; GMP-P, DNCB sensitized and GMP administered before AD-induction; DNCB-T, DNCB
sensitized and water administered after AD-induction; and GMP-T, DNCB sensitized and GMP administered after AD-induction; ∗𝑝 < 0.05,
∗∗𝑝 < 0.001, and ∗∗∗𝑝 < 0.0001 versus control; +𝑝 < 0.05, ++𝑝 < 0.01, and +++𝑝 < 0.0001 versus the respective DNCB without GMP
administration.

layer and chemical permeability of skin rat is more similar
to human than mice [10–12]. So, we firstly characterized
an experimental model of AD in rat based on a reported
protocol of epicutaneous DNCB sensitization in mice [24].
The rat model demonstrates immunological dysregulation,
such as IgE hyperproduction in serum and elevated IL-4,
IL-5, IL-13, and IFN-𝛾 expression in skin injuries. It also
shows hypertrophy of epidermis, intracellular edema, and
infiltration of inflammatory cells, such as eosinophils and
mast cells, which are histopathological features of AD [1].
Besides, DNCB applications induce a scratching behavior
toward the affected area that denotes the appearance of
pruritus, one of the most characteristic AD symptoms [26].
So, in our rat model AD-like lesions have histopathological,
immunological, and clinical features of human lesions.

GMP is a bioactive peptide that has been demonstrated
to prevent allergic sensitization and attenuate the severity of
urticarial reaction, anaphylaxis, and asthmatic airway inflam-
mation and remodeling [21, 23]. It is already incorporated
in nutritional products and is safe and not immunogenic
[15–17]. In the present study, we demonstrated that oral

administration of GMP in a prophylactic or therapeutic
manner induces a significant reduction in the development
of AD by strongly reducing skin inflammation, eosinophils,
andmast cells number in dermis and total IgE levels. Besides,
GMP administration targets theTh2-inflammatory response,
as it decreases IL-4, IL-5, and IL-13 but increases IL-10
expression in AD-like skin lesions. Prophylaxis with GMP
also impacts on pruritus, as it suppresses scratching episodes
associated with disease. So, we demonstrate that oral intake
of GMP before or after AD establishmentmodulates immune
response and pathophysiology in experimental AD.

The epidermis of AD patients is characterized by signifi-
cant skin barrier disruption which activates keratinocytes to
develop an extreme Th2-dominant response that strength-
ens IgE production [34]. Thus, IgE level in the serum is
correlated with the severity of AD [5]. In our experimental
model of AD, high levels of total IgE were quantified in
serum. GMP administration before or after AD-induction
significantly reduces serum total IgE levels. When GMP was
administered before AD-induction IgE levels were lower than
in control animals, suggesting that in this condition GMP
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administration can suppress serum total IgE. It is known
that IgE released from B cells binds to mast cells. Allergens
induce mast cells degranulation through IgE-Fc𝜀RI complex
and the release of several biological mediators involved in
skin inflammation [35]. So, a lessened level of IgE is in
line with the reduction of edema and skin inflammation of
AD-lesions observed in animals with GMP administration.
Previously, it has been demonstrated that GMP inhibits mast
cells activation by allergens [22] and we observed a reduced
number of mast cells in dermis of GMP-treated animals,
so the reduction in edema and skin inflammation as a
consequence of GMP administration might also be mediated
by alterations in mast cells number and function.

One of the central causes of the AD is the dysregu-
lated Th1 and Th2 response that induces the characteristic
Th2-dominant skin allergic inflammation [36]. In this Th2
response, the involvement of IL-4, IL-5, and IL-13 is crucial
in humans [37]. In transgenic mice that overproduce IL-4,
IL-5, and IL-13, investigators have demonstrated a positive
correlation between the onset and progression of AD-like
disease and the expression of these Th2 cytokines [38]. In
our experimental model of AD the expression of IL-4, IL-
5, and IL-13 was increased in skin lesions. It is known that
IL-5 plays an important role in eosinophil differentiation,
activation, proliferation, and chemotaxis [39, 40]. The num-
ber of eosinophils and levels of IL-5 have previously been
shown to be elevated in injured skin of patients with AD
[5, 41].We show thatGMP administration before or afterAD-
induction induces a significant reduction in IL-5 expression
in AD-lesions, which is correlated with the decrease in the
number of eosinophils infiltrated in dermis. On the other
hand, transgenic mice overexpressing epidermal IL-4 or IL-
13 spontaneously developed signs and symptoms associated
with AD, including elevated IgE levels [42, 43]. So, reduced
levels of IL-4 and IL-13 in skin of animals treated with GMP
in a prophylactic or therapeutic manner are in concordance
with the decrease in total IgE.The downregulation of theTh2-
dominant skin inflammation by GMP administrationmay be
associated with the increased expression of IL-10, a known
regulatory cytokine. It has been reported that IL-10 inhibits
both the proliferation and the cytokine synthesis of CD4+
Th2 cells [44]. Recently, the role of IL-10 in the control of AD
development and maintenance has been highlighted by the
fact that polymorphisms in the IL-10 gene could represent a
genetic marker for AD in childhood [45]. As Th2 cytokines
destabilize cutaneous barrier function [46, 47] and IFN-𝛾
is crucial in dermal thickening and in the progression to
chronic AD skin lesions [1], the study of the effect of GMP
administration on the recovery of skin barrier integrity and
on levels of IFN-𝛾 expression is the aim of our current
research.

Pruritus is a clinical manifestation of AD [26] that causes
a great deterioration in patient’s quality of life [48]. Besides,
scratching worsens the dermatitis, increasing lesions in skin
and thereby aggravating pruritus [49]. Thus, proper treat-
ment of pruritus is the critical part of therapeutic approach
to AD. Our rats with dermatitis showed an intense pruritus
after DNCB application, but prophylaxis with GMP totally
abolished the scratching episodes of the rats. A wide range

of itch-inducing stimuli generated within the skin are able to
trigger pruritus. Among them, histamine is recently consid-
ered relevant, as combined H1R/H4R antagonists therapy is
successfully addressing pruritus in AD [50]. The decrease in
IgE levels andmast cells number observed in animals admin-
istered with GMP before AD-induction, together with the
reported inhibitory action of GMP on mast cells activation
by allergen [22], might cause a decrease in histamine levels
in skin, impacting on itching. Besides, it has been reported
that transgenicmice expressing IL-13 in skin develops intense
pruritus [43]. Dupilumab, a monoclonal antibody that binds
to IL-4R𝛼 and blocks both IL-4 and IL-13 signaling pathways,
induces a reduction in the pruritus score of patients with
moderate to severe AD [51, 52]. These data indicate a role of
IL-4 and IL-13 in triggering pruritus.Thus, antipruritic action
of GMP-prophylaxis might be alsomediated by the reduction
of IL-4 and IL-13 expression in skin. However, due to the wide
range of stimuli able to trigger pruritus in AD we cannot
exclude a possible effect of GMP on other itching-inducing
element.

GMP exerted a clearly superior therapeutic effect when it
was given beforeAD-induction thanwhen administered once
AD-lesions were established. This is a common observation
with GMP, because when it is used as anti-inflammatory
therapy in experimental colitis its effect is greater when
used as prophylaxis [17]. We recently demonstrated that
GMP administration before allergen sensitization induces
a significant increase in the amount of Lactobacillus, Bifi-
dobacterium, and Bacteroides in the gut of sensitized animals
[22]. In this regard, data about the effect of probiotics in the
prevention and treatment of AD remain elusive, with negative
and positive results, but evidencing that their positive effects
depend on factors such as the type of probiotic strain,method
of administration, onset time, duration of exposure, and
dosage [53]. Particularly Lactobacillus and Bifidobacterium
as therapy in AD show a promissory effect on prevention
of pediatric AD, while there is less convincing information
about their effects when used in a therapeutic manner [54],
which is in concordance with our results. It is important to
highlight that even after AD-induction most of the beneficial
effects of GMP were retained, with exception of antipruritic
effect. This may be due to the lesser reduction in IgE
levels, mast cells number, and IL-4 and IL-13 expression in
animals administered with GMP once AD was established.
The remaining levels of these immune elements might be
sufficient to maintain pruritus in the animals. However, we
must consider that patients with AD may benefit from anti-
inflammatory and Th2-downregulation properties of GMP
used in a therapeutic manner.

In conclusion, the present study shows that GMP pos-
sesses prophylactic and therapeutic effects in the develop-
ment of AD. GMP effectively suppresses skin inflammation,
eosinophils recruitment, and mast cells hyperplasia in der-
mis, as well as total IgE in serum. Beneficial effect of GMP
is associated with downregulation of IL-4, IL-5, and IL-13
expression together with upregulation of IL-10. Prophylactic
administration of GMP also abolished pruritus. This study
provides the first experimental basis for the potential use of
GMP in the prevention and therapy of AD.
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