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It was hypothesized that the suppressive effect of diosgenin (1) on the intestinal T helper (Th)2 responses is associated
with an enhancement of the regulatory T-cell immunity. Ovalbumin (OVA)-sensitized BALB/c mice were gavaged
daily with 1 and received repeatedly oral OVA challenges to induce intestinal allergic responses. The expression of
Th2- and Treg-related cytokines and transcription factors was examined by immunohistochemical staining and RT-
PCR. Administration of 1 markedly attenuated the intestinal expression of interleukin (IL)-4 and GATA3. In addition,
administration of 1 reversed the diminished density of intestinal Foxp3+ cells induced by OVA oral challenges and
enhanced the expression of IL-10 by Foxp3+ cells markedly. These results suggest that the suppressive effect of 1 on
allergen-induced intestinal Th2 responses is closely associated with an up-regulation of the regulatory T-cell immunity
in the inflammatory site.

Dioscorea opposita Thunb. (Dioscoreaceae), also known as the
Chinese yam, has been used as a tonic herb and food supplement
in several Asian countries for centuries. In general, D. opposita is
considered as having a number of beneficial effects, such as
antidiarrhea activity and the improvement of the function of the
immune and gastrointestinal systems.1-5 Although the medicinal
and dietary use of D. opposita has a long history, limited evidence
is available pertaining to its claimed effects on the immune system.

Diosgenin (1) is the major steroidal sapogenin contained in the
rhizomes of D. opposita and several other plants.1 Recent studies
have indicated that 1 may be an active constituent contributing to
some of the biological effects induced by D. opposita, including
anti-inflammatory, antitumor, estrogenic, hypocholesterolemic, and
immunomodulatory activities. We reported previously that admin-
istration of 1 attenuated the serum level of IgE, but enhanced IgG2a

in ovalbumin (OVA)-sensitized mice. In parallel with the profile
on antibody production, 1 demonstrated a suppressive effect on
the expression of IL-4, but enhanced IFN-γ expression by
splenocytes.6,7 These results indicate a Th1 polarization of the Th1/
Th2 immunobalance in mice treated with 1. Recently, our group
further showed that allergen-induced intestinal inflammation was
significantly attenuated by administration of 1 in a murine model
of food allergy.7 Collectively, these results provide evidence to show
the potential of 1 as an immunomodulatory and antiallergic phyto-
chemical. However, the underlying immunological mechanisms for
antiallergic effects mediated by 1 remain mostly unclear.

Food allergy is an increasingly prevalent atopic disorder in de-
veloped countries.8-10 The major identified food allergens are
water-soluble glycoproteins, such as ovalbumin (OVA) in eggs.11,12

Food allergy is defined as an adverse immune reactivity to dietary
antigens with symptoms ranging from gastrointestinal discomfort
to anaphylactic shock and even death.13,14 The majority of
recognized food allergy is IgE-mediated and is more prevalent in
atopic individuals. Th2 cells express a battery of cytokines,
including IL-4, -5, -6, and -13, which promote IgE class switching
and allergic reactions.15 The increase in prevalence and potential
fatality of food allergy has stimulated increasing efforts to find
effective therapeutic and preventive measures.16 However, the
management of food allergy relies on avoidance of allergens.

Pharmacotherapy is used primarily for the relief of hypersensitivity
symptoms.12 New therapeutic and preventive strategies are needed
for the management of this disorder.

The gut has a life-long exposure to a variety of dietary and enteric
bacterial antigens. In spite of the exposure, the gastrointestinal
immune system remains insensitive to almost all of the exposed
antigens primarily due to the immunosuppressive function of
regulatory T (Treg) cells.17 Treg cells are critical for maintaining
the balance between immune tolerance and allergic responses.18-20

Based on the ontogeny, Treg cells in the gut can be categorized
into three major subsets, including natural Treg cells, induced Treg
cells, and unconventional Treg cells.21 The transcription factor
forkhead box P3 (Foxp3) is crucial for the development of natural
Treg cells, which is also the most universal Treg marker widely
used.22,23 The immunosuppressive mechanisms of Treg cells include
cytokine-dependent and -independent pathways. IL-10, TGF-�, and
T-lymphocyte-associated molecule-4 are the major cytokines and
molecule to suppress immune responses in the cytokine-dependent
and -independent pathways, respectively. Compelling evidence
indicates that IL-10 and TGF-� are crucial for maintaining immune
tolerance and attenuating allergic responses.24-28

On the basis of the pivotal role of Treg cells in maintaining the
intestinal immune homeostasis, it is hypothesized that the anti-
allergic effect of 1 may be associated with the up-regulation of
regulatory T-cell immunity. To test this hypothesis, we examined
the influence of the administration of 1 on the profile of the Th1/
Th2 immunobalance and the number and functionality of Foxp3+

cells in the intestine using a murine model of food allergy induced
by OVA.

Results and Discussion

Diosgenin (1) Administration Attenuated Allergen-In-
duced Th2 Immune Responses in the Intestine. It has been
well established that T-cells play a pivotal role in the pathogenesis
of food allergy and the maintenance of intestinal immune
homeostasis.21,29,30 To elucidate the underlying immunological
mechanisms for 1-mediated antiallergic effects, we investigated
whether diosgenin affects the functionality of T-cells in the intestine,
which is one of the major inflammatory sites associated with food
allergy. The duodenal sections from the OVA and VH control
groups, which have been shown to exhibit marked inflammatory
responses,7 showed red signals around the blue nuclei, indicating
IL-4+ cells (Figure 1A). The number of IL-4+ cells was increased
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markedly in the OVA group compared to the NS group (Figure
1A,B), confirming the activation of Th2 cells in response to OVA
challenges in the employed model. Allergic diarrhea and serum
IgE were also confirmed in the OVA group (data not shown). The
number of IL-4+ cells in the VH group was similar to that of
the OVA group, demonstrating that the VH per se did not affect
the cytokine response (Figure 1B). The IL-4 response induced by
OVA challenges was suppressed significantly by both doses of 1
used (Figure 1B; VH vs 1 of 100 and 200 mg). To address the
possibility that the detected IL-4 changes may be due to altered
infiltration of T-cells, the presence of CD3+ cells in the duodenum
was examined. This possibility was ruled out, as a comparable
number of CD3+ cells was observed between the 1- and VH-treated
groups (Figure 1C). However, a greater number of CD3+ cells was
detected in the OVA group compared to the NS group (Figure 1C),
confirming the involvement of T-cells in allergic inflammation. In
addition to cytokine, the expression of GATA3 was examined, since
this is a key transcription factor involved in the development of
Th2 cells. The number of GATA3+ cells was increased by OVA
challenge (Figure 1D; NS vs OVA), which was suppressed
significantly by administration of 1 (Figure 1D; VH vs 1 of 100
and 200 mg). These results demonstrate the attenuation by 1 of
Th2 responses in the inflammatory site and suggest that the effect
may be attributed to the suppression of Th2 cell development.

Diosgenin (1) Administration Reverses Allergen-Induced
Diminishment of Foxp3+ Cells and Enhances IL-10 Expres-
sion by Foxp3+ Cells. Previous studies have shown that the
regulatory T-cell immunity is critical for counteracting aberrant Th2-
type immune responses and that the level of splenic Foxp3 mRNA
expression is diminished in a murine model of food allergy.31,32

The pivotal role of Treg cells in regulating intestinal allergic
responses has been illustrated recently using Peyer patch-null
mice.33 To address whether administration of 1 influences the
intestinal regulatory T-cell immunity, the presence of Foxp3+ cells
and the expression of IL-10 and TGF-�, two major inhibitory
cytokines known to be secreted by Treg cells, were examined.24-27

A decreased number of Foxp3+ cells was detected in the OVA
group compared to the NS group (Table 1), confirming the
association of Treg cells with the pathophysiology of food allergy.
Interestingly, an increased number of IL-10+ cells in the OVA group
was observed (Table 1). The IHC results were confirmed by RT-
PCR using total RNA extracts of the duodenum. The levels of
Foxp3 and IL-10 mRNA expression in the OVA group were
significantly attenuated and enhanced, respectively, compared to
the NS group (Figure 2A,B,C). These results are inconsistent with
the notion that IL-10 is expressed by Treg cells, which can be

Figure 1. Immunohistochemical analysis of IL-4, CD3, and GATA3 in the duodenum. (A) Representative sections stained for IL-4 are
shown (original magnification, ×100). Cells with red signals around the blue nuclei indicate IL-4+ cells. The positive cells of (B) IL-4, (C)
CD3, and (D) GATA3 are quantified and expressed as means ( SEM (n ) 3-6) (#p < 0.05 compared to the NS group; *p < 0.05 compared
to the VH group; results are representative of three independent experiments).

Table 1. Immunohistochemical Staining of Foxp3+, IL-10+, and
TGF-�+ Cells in the Duodenum:

number of positive cellsa

NA NS OVA VH 1 (100) 1 (200)

Foxp3+ 62 ( 9 49 ( 4 19 ( 11b 16 ( 14 59 ( 9c 86 ( 11c

IL-10+ 5 ( 3 9 ( 3 21 ( 1b 26 ( 3 50 ( 8c 49 ( 7c

TGF-�+ 34 ( 3 34 ( 3 41 ( 3 32 ( 2 35 ( 2 33 ( 4
Foxp3+IL-10+ 1 ( 1 2 ( 1 4 ( 1 4 ( 2 21 ( 4c 22 ( 4c

a The number of positive cells was quantified using Image-Pro Plus
5.1 morphometric software, except for Foxp3+IL-10+ cells, which were
counted manually. Data are expressed as means ( SEM (n ) 3-6).
Results are representative of three independent experiments. b p < 0.05
compared to the NS group. c p < 0.05 compared to the VH group.
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marked as Foxp3+. To address this issue and elucidate the source
of IL-10, doubling staining for both Foxp3 and IL-10 was
performed. The number of Foxp3+IL-10+ cells in the OVA group
is low and comparable to the NS group (Table 1). These results
indicate that Foxp3+ cells are not the major source responsible for
the increased IL-10 expression in the OVA group. Alternatively,
as Th2 cells can produce IL-10,34 and the results showed an
increased CD3+ cell infiltration and IL-4 expression in the duode-
num of OVA-challenged mice (Figure 1), it is postulated that the
infiltrated CD3+ cells, likely Th2 cells, in the duodenum may
account for the increased IL-10 expression.

Diosgenin (1) administration increased both the number of
Foxp3+ and IL-10+ cells compared to the VH control group (Table
1). Results from IHC doubling staining further showed a significant
increase in the number of Foxp3+IL-10+ cells in 1-treated groups
compared to the VH group (Table 1 and Figure 3). The IHC results
on Foxp3 and IL-10 were confirmed by RT-PCR analysis (Figure
2B,C). In contrast to the marked changes in IL-10 expression, the
number of TGF-�+ cells was comparable among the different
groups (Table 1), showing that IL-10, but not TGF-�, may
contribute to the antiallergic effect of 1. Of relevance to the present
findings, the activity of IL-10 as a regulatory cytokine to inhibit
the development of allergic diarrhea has been previously reported
in the OVA model employed.33,35,36 To the best of our knowledge,
the present studies provide the first evidence to show that intake
of 1 up-regulates regulatory T-cell immunity, which may account
for the antiallergic effect of 1. As 1 is the main sapogenin contained
in the rhizomes of D. opposita, ingestion of the Chinese yam may
be beneficial for the prevention of allergy. It is presently unclear
how 1 up-regulates the regulatory T-cell immunity. Our preliminary
results suggest that 1 possesses a prebiotic-like activity on certain
lactic acid bacteria (unpublished data), which might be a potential
mechanism responsible for the antiallergic effect of 1.

Figure 3. IL-10-secreting Foxp3+ cells in the duodenum. Representative sections stained for both IL-10 and Foxp3 are shown. Arrows
indicate Foxp3+IL-10+ cells. Quantitative data are shown in Table 1.

Figure 2. mRNA expression of Foxp3, IL-10, and �-actin in the
duodenum. (A) Representative photos of RT-PCR products are
shown. The expression levels of (B) Foxp3 and (C) IL-10 are
quantified and expressed as means ( SEM (n ) 3-6) (#p < 0.05
compared to the NS group; *p < 0.05 compared to the VH group;
results are representative of three independent experiments).
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Experimental Section

Mice, Reagents, and Antibodies. Male BALB/c mice (4 to 5 weeks
old) were obtained from the Animal Breeding Center of the National
Taiwan University Hospital (Taipei, Taiwan). On arrival, mice were
transferred randomly to plastic cages containing a sawdust bedding and
quarantined for 1 week. Mice were housed in a temperature- (23 ( 2
°C), humidity- (60 ( 20%), and light- (12 h light/dark cycle) controlled
environment. Except on the days of allergen challenge (described in
the following section), food and water were supplied ad libitum.

All chemicals and reagents, including diosgenin (1, purity g99%),
were purchased from Sigma Chemical (St. Louis, MO), unless otherwise
stated. Reagents used for immunohistochemical (IHC) staining were
purchased from BioGenex Laboratories (San Ramon, CA) and AbCam,
Inc. (Cambridge, MA). Reagents and enzymes used for RT-PCR were
purchased from Promega (Madison, WI).

The following purified antibodies were used for IHC staining: anti-
CD3 IgG (Neomarker, Fremont, CA), anti-mouse IL-4 IgG1, anti-mouse
IFN-γ IgG1, anti-mouse Foxp3 IgG2b, anti-mouse IL-10 IgG2b (all from
BioLegend, San Diego, CA), ant-mouse GATA3 IgG (AbCam), anti-
mouse TGF-� IgG (ABBIOTEC, San Diego, CA), and anti-mouse T-bet
IgG (Santa Cruz Biotechnology, Inc., Santa Cruz, CA). The anti-rat
IgG secondary antibodies conjugated with alkaline phosphatase (AP)
or horse radish peroxidase (HRP) were purchased from AbCam, Inc.

Protocol of Animal Experiments. The experimental protocol
employed and dosing regimen have been reported previously.6 Briefly,
the mice were divided randomly into the following groups (Figure S1,
Supporting Information): naı̈ve (NA), nonsensitized (NS), OVA-
sensitized and challenged (OVA), vehicle-treated, OVA-sensitized, and
challenged (VH), and treated with 1, OVA-sensitized, and challenged.
Diosgenin (1) was suspended in olive oil (vehicle; VH) as a fine
suspension. This compound (100-200 mg/kg body weight; 1 100 and
1 200; 0.1 mL/mouse) and VH (0.1 mL/mouse) were administered daily
into mice by oral gavage throughout the experiment. Except for the
mice in the NA and NS groups, each mouse was sensitized with OVA
by intraperitoneal injection using 0.1 mL of sensitization solution
containing 50 µg of OVA and 1 mg of alum on day 3 and later boosted
with a double dose on day 17 followed by repeated challenge with
OVA by gavage every other day from day 31 to day 49. Mice were
deprived of food 3 h before administration of 1 on the days of challenge
and were challenged 1 h after administration of this compound. The
mice were euthanized 3 h after the last OVA challenge, and the
duodenal tissues were isolated for further experiments. The animal
experiments were approved by the Institutional Animal Care and Use
Committee of the National Taiwan University.

Immunohistochemistry. The duodenal tissues (1.5 to 4.5 cm toward
the anal side from the pylorus) were excised followed by washing with
saline and then fixed in 10% neutral buffered formalin. After 24 h,
tissue blocks were embedded in paraffin and cut into 4-5 µm thick
sections on silane-coated slides. For dewaxing, slides were immersed
in xylene for 5 min three times and then immersed sequentially in 100%,
95%, 90%, 80%, and 60% ethanol for 5 min each for hydration. The
hydrated slides were immersed in Trilogy (Cell Marque Corporation,
Rocklin, CA) at 121 °C for 15 min for antigen retrieval. The slides
were then treated with 3% H2O2 for 15 min followed by blocking with
normal horse serum for 1 h. After washing, the slides were incubated
with primary antibodies at 4 °C in the dark overnight, treated with
Super Enhancer reagent for 1 h, and then incubated with Poly-HRP
reagent or HRP-conjugated secondary antibody for 1 h. For visualiza-
tion, the slides were treated with the HRP substrate 3-amino-9-
ethylcarbazole (AEC) for 2 min followed by hematoxylin counter-
staining for 1 min.

For IHC double staining, AEC-treated slides were incubated with
another primary antibody at 4 °C in the dark overnight followed by
incubation with AP-conjugated secondary antibody for 1 h. Finally,
the slides were treated with BCIP/NBT (5-bromo-4-chloro-3-in-
dolylphosphate/nitroblue tetrazolium, a substrate of AP) solution for
30 min for observation of a second staining without counter-staining.
The slides were washed three times between each step after dewaxing.
Except for the step of antigen retrieval and incubation with primary
antibodies, each step was operated in the dark at room temperature.

The number of IHC-positive signals was quantified using the Image-
Pro Plus 5.1 morphometric program, as previously described.6 Three
measurements per tissue segment and 3-6 segments per group were
analyzed at 100- or 400-fold magnification.

Reverse Transcription-Polymerase Chain Reaction (RT-PCR).
Total RNA from the duodenal tissues of each group was extracted using
TRI reagent (Sigma) following the supplier’s instruction. The steady-
state mRNA expression of IL-4, IFN-γ, Foxp3, L-10, and �-actin was
measured by RT-PCR. All isolated RNA samples were confirmed to
be free of DNA contamination, as determined by the absence of product
after PCR amplification in the absence of RT. For reverse transcription,
2 µg of total RNA was reverse-transcribed into cDNA by 40 units of
MMLV reverse transcriptase using oligo-dT as primers. The reverse
transcription proceeded at 42 °C for 15 min and then at 95 °C for 5
min. A PCR master mixture consisting of PCR buffer, 4 mM MgCl2,
6 pmol each of forward and reverse primers specific for the gene of
interest, and 2.5 units of Taq DNA polymerase was added to each cDNA
sample for PCR. The used PCR primers are listed in Table S1,
Supporting Information. PCR products were electrophoresed in 1.5%
agarose gels and visualized by ethidium bromide staining. Quantification
was performed by assessing the optical density for the DNA bands
(cytokine mRNA of interest) using the Alpha Imager 1200 digital
imaging system (Alpha Innotech Corp, San Leandro, CA). The results
are expressed as the density ratio between the gene of interest and the
reference standard (�-actin).

Statistical Analysis. Data are expressed as the mean ( standard
error of the mean (SEM) for each treatment group. Dunnett’s two-
tailed t-test was used to assess the statistical difference between the
NA control group, VH control group, and treatment groups (p < 0.05
was defined as statistically significant).
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