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The phytogestrogenic stilbenes, arachidin-1 and resveratrol,
modulate regulatory T cell functions responsible
for successful aging in aged ICR mice
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Abstract. CD4*CD25" regulatory T cells (Tregs) are recog-
nized as a distinctive T helper cell population which controls
immunosuppression during the maintenance of immunological
self-tolerance and immunohomeostasis. Sex steroids modu-
late fundamental immune functions, including immune cell
development, differentiation and polarization, and facilitate
specific immunophysiological microenvironments, such as
pregnancy. The supplementation of exogenous phytoestro-
gens is beneficial to post-menopausal women. Stilbenes are a
potent group of phytoestrogens, of which resveratrol (Res) is
a well-known representative exhibiting a variety of immuno-
modulatory activities, including the attenuation of autoimmune
diseases and boosting anti-tumor immunity. In the present
study, arachidin-1 (Ara-1) and Res, primary stilbenes, enriched
in peanut sprouts as phytoalexins, were investigated for their
immunomodulatory properties for successful aging. We found
that similar to 17-B-estradiol (E2), Ara-1 or Res significantly
inhibited concanavalin A (ConA)-activated lymphoblasto-
genesis of cell repertories from splenic or thymic origins.
However, these inhibitory effects were partially reversed by
the E2 receptor blocker, tamoxifen. While the ratios of the
CD4*CD25* cell population of ConA-activated T cell reperto-
ries were not significantly altered, treatment with E2, Ara-1 or
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Res led to an increase in the number of cytotoxic T-lymphocyte
associated protein 4 (CTLA-4; also known as CD152)-positive
cells and in the gene expression levels of CTLA-4, Forkhead
box P3 (FoxP3), interleukin (IL)-10 and transforming growth
factor-p (TGF-f). When low (L-S-PNT) and high (H-S-PNT)
levels of stilbene-enriched peanut sprout-fortified diets were
provided ad libitum to 12-week-old ICR mice for 48 weeks, their
circulating Treg populations were assessed following magnetic
bead enrichment. The gene expression levels of CTLA-4 and
TGF-f were significantly (P<0.05) elevated, as assessed by
semi-quantitative RT-PCR. The findings of the present study
support the beneficial roles of the phytoestrogenic stilbenes,
Res and Ara-1, in facilitating a successful aging immune status
which may attribute to longevity.

Introduction

The optimization of immune functions is a lifelong task for
an individual's well-being and is possibly the ultimate solution
for longevity in addition to an individual's genetic contribution
as regards lifespan. There is evidence to indicate that a group
of suppressive T cells [CD4*CD25*Forkhead box P3 (FoxP3)*
T cells, namely natural regulatory T cells (Tregs); and
CD4*CD25%nterleukin (IL)-10*, CD4*CD25*transforming
growth factor (TGF)-B* T cells, namely inductive Tregs]
is critical in maintaining immunohomeostasis in elderly
subjects (1,2). During advanced aging, autoantigens are
frequently generated from aged organs and tissues, caused by
the decline in the antioxidant capacity to scavenge harmful
free radicals. Progressive pro-inflammatory conditions or
related disease symptoms often have severe health conse-
quences to aged individuals. To compensate the overwhelming
oxidative stress and inflammation, the immune system under-
goes a profound adaptation by diverting its T effector cell
responses toward CD4+*CD25* Treg-mediated immunity. The
Treg population increases with age and is significantly higher
in centenarians (1,3). Naturally, Tregs composed 5-10% of
CD4 T helper cell populations possess immunosuppressive
functions by secreting surface CD25, cytotoxic T lymphocyte-
associated antigen 4 (CTLA-4; CD152), glucocorticoid-induced
tumor necrosis factor receptor (GITR) and also producing
anti-inflammatory cytokine, such as IL-10 and TGF-§§ (4,5).
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The specific nuclear transcription factor, FoxP3, is tightly
associated with Treg development and regulatory functions.
Tregs can be further divided into FoxP3-expressing natural
Tregs developed in the thymus, and peripheral-induced Tregs
which express low levels of FoxP3, but mainly generate IL-10
or TGF-f (6,7).

Estrogen synthesized from cholesterol through steroido-
genesis with no gender bias tightly modulates immune cells of
both myeloid and lymphoid origin, thus assisting reproductive
immune tolerance. Estrogen controls the production of pro-
inflammatory mediators, chemokines and chemokine receptor
expression, as well as the regulation of TNF-a and inducible
nitric oxide synthase(iNOS) expression (8,9), suggesting
that estrogen has an anti-inflammatory property. Indeed, in
pregnancy, high levels of estrogen and progesterone levels
have been shown to have ameliorative effects on autoimmune
diseases, whereas pathogenic inflammatory conditions may be
exacerbated during the menstrual cycle due to the decline in
estrogen levels. Moreover, post-menopausal women deficient
in estrogen, or estrogen receptor (ER) knockout or ovariecto-
mized animals are all prone to developing autoimmune-related
diseases (10,11). Although discrepancies in the lymphoid tissue
distributions of the ERa and {3 isoforms still exist in different
animal species, the ER is expressed in the thymus and periph-
eral blood mononuclear cells in response to fluctuating serum
estradiol levels during the estrous cycle.

Due to structural similarities, stilbenes exhibit phytoes-
trogenic activities. Among the family of stilbenoids,
resveratrol (Res; trans-3,54'-trihydroxystilbene) is most well-
studied for its biological activities. The phytoestrogenic activity
of Res has been well documented and discussed (12-14). Res
is abundantly found in grapes, blueberries, peanuts and in the
TCM herb Rhizoma polygoni Cuspidati (15). Stilbenes are
secondary metabolites produced in peanuts during infection
with Aspergillus flavus (16), and stilbenes, including Res,
isopentadienylresveratrol, arachidin-1 (Ara-1) and arachidin-3
are available through the enhanced biosynthesis of floating
peanut sprout cultivation (17). Res is able to compete with
estrogen on ER binding (18) and activates the ER-mediated
phosphoinositide-3 kinase signaling pathway (19). Ara-1 of the
major peanut stilbenoids possesses anti-inflammatory activity
by inhibiting lipopolysaccharide (LPS)-induced iNOS activity,
CCA AT-enhancer-binding protein (C/EBP)d expression and
nuclear factor-kB (NF-xB) activation in macrophages (20).
Gao et al (21) reported that Res suppressed cell-mediated
cytotoxicity, interferon-y (IFN-y) and IL-2 production, as well
as concanavalin A (ConA)-induced lymphocyte proliferation
through the nhibition of NF-«B activation.

Immunomodulatory evidence is still lacking to demon-
strate that the stilbenes, Res and Ara-1, may have similar
effects to those of estrogen by altering the Treg ratio and
functional activities. Moreover, the question of whether Ara-1,
a major stilbene derived from peanut sprouts extract would
have better biological activity than Res in immunomodulation
remains to be determined. In order to shed light on this matter,
in the present study, the immunomodulatory activities of the
stilbenes, Res and Ara-1, were assessed. The mechanisms
associated with their phytoestrogenic properties in modulating
aging-associated CD4*CD25* Treg functions were examined
in both in vitro and in vivo experiments.
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Materials and methods

Animals and immune cell culture. Forty healthy female Balb/c
mice aged 6-8 weeks were purchased from the National
Laboratory Animal Center and all animal experimentations
met the regulations of the Institution of Animal Care and
Utilization Committee, National Chiayi University, Chiayi,
Taiwan. The animals were raised on standard laboratory rodent
chow (LabDiet, Richmond, VA, USA) were euthanized by an
overdose of CO,, and splenocytes were subsequently harvested
by the Ficoll Histopaque (Sigma Co., Ltd., St. Louis, MO,
USA) gradient separation technique as previously described by
Weng et al (22). Spleno-lymphocytes suspended in 10% fetal
bovine serum (FBS) with RPMI-1640 medium (phenol red
free) (Sigma Co., Ltd.) were automatically counted to deter-
mine the number of live or dead cells by Trypan blue exclusion
assay (Cellometer® Auto T4; Nexcelom Bioscience, Lawrence,
MA, USA) and adjusted live 5x10° cells were then seeded
onto 96-well plates for further assays. All materials, unless
otherwise indicated, were purchased from Sigma Co., Ltd.
Plastic ware was obtained from Corning Co., Ltd. (Corning,
NY, USA). Cell cultures were performed in a humidified, 37°C,
5% CQO, incubator.

Cytotoxicity of stilbenes to lymphocytes. MTT assay was used
to determine lymphocyte viability following incubation with
Res or Ara-1 [Res and Ara-1 were biosynthesized and puri-
fied by floating peanut sprout cultivation in our laboratory
previously described by Chang et al (17). A commercial Res
was purchased and used as standard for comparative checking
purposes]. Res and Ara-1 (1, 5, 10 and 25 yM) were prepared
by dissolving with dimethyl sulfoxide (DMSO). The final
concentration of DMSO was controlled under 0.1% (v/v).
MTT solution (0.5 mg/ml) was added to each well followed by
incubation for 4 h. The MTT formazan is reduced to purplish
formazan crystals, indicating proliferating cells. This was then
dissolved by the addition of a 95% EtOH and DMSO mixture.
The absorbance was measured at OD = 570 nm using an ELISA
reader (Biotek Instruments, Inc., Winooski, VT, USA).

ConA-induced lymphocyte proliferation assay. The T cell
mitogen, ConA, was used to non-specifically activate T cell
polyclonal proliferations at a predetermined sub-optimal
concentration of 5 ug/ml. An aliquot of 100 pl, 5x10° cells
purified lymphocytes from either splenocytes or thymocytes
was seeded into 96-well round-bottom plates of a phenol-red
free basal medium in the presence of estrogenic treatments for
24 h prior to mitogen stimulation. The cells were pre-incubated
with either E2 (17-f-estradiol, 160 pM; Cat. no. 3301; Merck,
Darmstadt, Germany), Res at concentrations of 5, 10 and
25 uM, or Ara-1 at concentrations of 0.5, 1 and 5 M, and an
additional 20 pl ConA was then added for an extended 48 h of
incubation at 37°C, 5% CO, in a humidified incubator. During
the incubation period, 20 ul Alamar Blue Dye™ (Accumed
International Inc., Chicago, IL, USA) were added to each well
24 h before the end of incubation. The dye is in a blue oxidized
form (resazurin) and is reduced to resorufin with a red color
when cells are proliferating. The level of lymphocyte prolif-
eration was determined by the change in absorbency when the
fluorescent dye was reduced. The difference between the mean
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values of absorbence of duplicates from the unstimulated cell
medium and the ConA-stimulated cell medium was detected
using a microplate reader (FLx800; BioTek, Winooski, VT,
USA) to measure the reduced form at an excitation of 528 nm
and the oxidized form at an emission of 590 nm, as previously
described (22). The percentage proliferation index was calcu-
lated as follows: the value of the treatment group divided by
that of the control group.

Cytokine concentrations in culture supernatants. The TGF-f,
and IL-10 levels in the supernatant of ConA-activated lympho-
cyte repertories of spleno-lymphocytes or thymocytes were
assessed after 48 h of culture. The supernatants from each
assay were stored in -80°C freezer until final analysis. Specific
cytokines were detected by standard enzyme-linked immuno-
sorbent assay (ELISA) using assay techniques as described in
the manufacturer kit instructions (TGF-f, Cat. no. DY1679;
R&D Systems Inc., USA; and IL-10, Ready-Set-Go kit,
Cat. no. 88-7904; eBioscience, San Diego, CA, USA). Duplicates
of each sample were measured for their cytokine production
using a microplate ELISA reader.

Lymphocyte phenotyping. ConA-stimulated lymphocyte
populations of splenocytes or thymocytes were subjected
to flow cytometric analysis to determine the number of
CD25*CD4* T cell populations. CD3* cells were firstly gated
as the T lymphocyte compartment using an anti-CD3 anti-
body conjugated with FITC anti-CD3 antibody conjugated
with FITC (Cat. no. 561798). Anti-CD4-conjugated PE anti-
body (Cat. no. 558642) and anti-CD25-conjugated PerCP-Cy5.5
antibody (Cat. no.551071) (all from BD Pharmingen, San Diego,
CA,USA) were used to stain the cells at 4°C for 45 min followed
by washing with fresh phosphate-buffered saline (PBS) with
sodium azide. Following forward and side scatter adjustment
on a flow cytometer (FACScan; Becton-Dickinson, San Jose,
CA, USA), the fluorescence and frequency of FL-1a, FL-2 and
FL-3 channels were examined for the pan CD3 population and
two color analysis of CD25*CD4* T cells. Values are presented
as the mean percentage of the total cell population of 3 inde-
pendent experiments. Three-color fluorescence flow cytometric
analysis was performed to determine CTLA-4 (anti-CD152
conjugated FITC antibody; BD Pharmingen) expression.
Logical gated FL-2- and FL-3-positive populations were then
analyzed for CTLA-4 expression (FL-1). Data were analyzed
using WinMDI® (Free software, Flow Cytometry Core Facility,
Scripps Institute, La Jolla, CA, USA).

Semi-quantitative determination of specific mnRNA expression
by RT-PCR. For RNA extraction, 1x10° cells were collected at
designated experimental phases. Total RNA was extracted
using TRIzol reagent following the manufacturer's instructions
(Protech Technology Enterprise Co., Ltd, Taipei, Taiwan).
RNA was reverse transcribed using a cDNA synthesis
kit (Promega, Madison, WI, USA). Synthesized cDNA was
then amplified with Taq polymerase and specific primers for
B-actin, FoxP3, CTLA-4 and TGF-f in a thermal cycler. The
optimum conditions for RT-PCR were 58°C for 0.5 min, 60°C
for 0.5 min, and 55°C for 0.5 min for 30 cycles for (3-actin,
30 cycles for FoxP3, 35 cycles for CTLA-4, and 30 cycles for
TGF-p, respectively, and a final extension at 72°C for 7 min.
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The primers used in this study and the product size were
5'-TCTACGAGGGCTATGCTCTCC-3' (sense) and
5'-GGATGCCACAGGATTCCATAC-3' (antisense) for [3-actin
(340 bp); 5"“TTCACCTATGCCACCCTTATCC-3' (sense) and
5'-GGCTCCTCTTCTTGCGAAACTC-3' (antisense) for
FoxP3 (216 bp); 5-ATTCACCATCACACAACACT-3' (sense)
and 5'-GGGGCATTTTCACATAGACC-3' (antisense) for
CTLA-4 (483 bp); 5'-CTGTCCAAACTAAGGCTCGC-3'
(sense) and 5'-CGTCAAAAGACAGCCACTCA-3' (antisense)
for TGF-f3 (440 bp). A total of 25 pl of final PCR products was
analyzed by electrophoresis on 1.2% agarose gel in TBE
buffer. The bands were visualized using ethidium bromide and
each band was measured and analyzed using Gel-Pro Analyzer®
software (Media Cybernetics, Silver Spring, MD, USA).

Effect of estrogen receptor blocker on the stilbene-mediated
inhibition of lymphocyte proliferation. 4-Hydroxytamoxifen
(TAM, Cat. no. H7904; Sigma Co., Ltd.) is a known ERa
antagonist which mimics endogenous estrogen. The cells
were pre-incubated with 1 yuM TAM and then subjected
to co-incubation with the stilbenes for 24 h. Subsequently,
ConA was added for an additional 48 h of incubation prior
to the measurement of lymphocyte proliferation. The same
methodology was used as described above in the lymphocyte
proliferation assay.

Dietary intervention with a stilbene-fortified diet on sorted
Treg functions in aged ICR mice. Stilbenes were extracted
and purified from peanut sprouts as previously described by
Lin et al (23) and Huang et al (24) and fortified into a rodent
basal diet at levels of 15 mg (L-S-PNT; low) and 75 mg (H-S-
PNT; high) per kilogram body weight per day. Peanut sprout
powder deficient in stilbenes following extraction was used as
a vehicle control (PNT) at the same quantity as the treatment
groups. The control group (negative control, NC) was fed basal
rodent diet only. Animals were purchased from the National
Laboratory Animal Center, Taiwan, and all animal experimen-
tations met the regulations of the Institution of Animal Care
and Utilization Committee, National Chiayi University, Chiayi,
Taiwan. A total of 40 12-week-old male ICR mice were equally
assigned into 4 dietary treatment groups as follows: the control
group, the PNT group, the L-S-PNT group and the H-S-PNT
group. The mice were fed on an ad libitum basis for an entire
48 weeks until they were euthanized by an overdose of CO,
to determine the ratio of Tregs. For monitoring purposes,
measurements of body weight and blood biochemicals, and
hematological analysis were performed, and the results did
not reveal any statistically significant differences among the
treatment groups (data not shown). Spleno-lymphocyte Treg
subset analysis was performed as described above. The spleens
of 3 mice from each group were aseptically removed and forced
through a stainless steel wire mesh. Spleno-lymphocytes were
then harvested by Ficoll gradient separation. The spleno-
lymphocytes of 3 mice were pooled for CD4*CD25* Treg
enrichment by magnetic bead separation. The CD4*CD25*
Treg cell enrichment protocol was performed according to
the manufacturer's recommendations (regulatory T cell isola-
tion kit, Cat. no. 130-091-041; Miltenyi Biotec Inc., Bergisch
Gladbach, Germany). Briefly, non-CD4" cells were removed
magnetically with a cocktail of biotin-labeled antibodies and
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anti-biotin microbeads using a large column. Subsequently,
CD25-positive selection was performed using specific micro-
bead-labeled antibody using a small column. Enriched Tregs
were then subjected to RNA extraction for the determination of
CTLA-4 and FoxP3 expression as described above.

Statistical analysis. All data were conducted using the GLM
model procedure (SAS Institute, 1996) for statistical analysis.
Significant differences among the treatment groups were
determined using Fisher's LSD test. Values represented in the
bar graphs are the means + standard deviation (SD). For the
in vitro experiments, the Student's t-test was used for paired
comparisons among experimental groups.

Results and Discussion

Immunotoxicity of stilbenes and their inhibitory effects
on ConA-induced lymphoblastogenesis. The silbenes, Res
or Ara-1, extracted from peanut sprout powder were puri-
fied (17,24) and assessed for their cytotoxicity to murine
lymphocytes (Fig. 1). The IC50 value of Ara-1 was approxi-
mately 25 ¢M, while little or no toxicity was observed with
Res at the same concentration. Ara-1 has a chemical structure
similar to Res, but an additional hydroxyl and isopentenyl
moiety, which possibly facilitates a better biological potency.
It is not chemically synthesized and has been shown to inhibit
LPS-induced nitric oxide production in murine macrophages
by reducing the expression of C/EBPd and NF-«B signaling at
concentrations <15 uM (20). Hence, the concentrations of Res
and Ara-1 used in the ex vivo experiments were maximum at
25 and 5 uM, respectively.

To reduce progressive T cell responses to aging-associated
self-antigens, Tregs are largely expanded in successfully aged
individuals to offset the pathogenic autoimmune diseases
resulting from overreactive T cells. The non-specific polyclonal
activation of T cell blastogenesis by ConA was setup as a 72-h
culture period with an initial 24 h of priming with different
concentrations of Res, Ara-1, E2 or medium only (ConA only)
prior to 48 h of stimulation with ConA. T cell proliferation was
presented as an index of proliferation (%) as a percentage of the
proliferation of ConA-stimulated lymphocytes. Pre-culture with
160 pM E2 exerted an approximately 20 and 40% inhibitory
effect on lymphoblastogenesis in the spleen and thymus respec-
tively. All levels of Res, apart from the lowest level, exerted
a significant (P<0.05) inhibitory effect on ConA-stimulated
T cell proliferation. At the concentration of 25 uM, Res exerted
a similar effect as E2, and the inhibitory effects were more
prominent on the lymphocytes from the thymus than those
from the spleen (Fig. 2A). Similar to the inhibitory effects of E2
and Res, Ara-1 exerted a more prominent (P<0.001) inhibitory
effect on lymphoblastogenesis at the concentration of 5 uM,
whereas Res did not affect ConA-stimulated lymphoblastogen-
esis at the same concentration. In general, the inhibitory effects
were more prominent on the thymus lymphocytes in all estro-
genic treatments. Both stilbenes did not exert any cytotoxic
effects on the lymphocytes at the concentration range tested
in the present experiment; thus, the inhibition of cell prolifera-
tion due to cytotoxicity was devoid. It has been reported that
E2 and diethylstilbestrol (DES) exert suppressive modulatory
effects on lymphocyte activation and blastogenic responses,
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Figure 1. The cytotoxicity of resveratrol and arachidin-1 of peanut sprout
extracts in spleno-lymphocytes was assessed with MTT assay. Arachindin-1
had higher toxicity than resveratrol and significantly reduced lymphocyte
viability at concentration higher than 10 M as compared to that of resvera-
trol. At concentration up to 25 uM, resveratrol showed negligible cytotoxicity
in spleno-lymphocyte culture. Data shown were mean + SD of three inde-
pendent assays.

and alter the peripheral T cell repertoire by altering thymic
selection (25,26). In addition, a previous study using 20 M
Res demonstrated that ConA-induced lymphocyte proliferation
was suppressed (21), which may be attributed to the decreased
expression of the T cell co-stimulatory molecules, CD28, and
CDS80 of antigen-presenting cells (3,21). CTLA-4 is known to
compete with CD28 in their ligands and mediates immunosup-
pression that is often observed with upregulated regulatory
T cell activity (31). Whether CTLA-4 expression causes the
unresponsiveness to ConA-induced lymphoblastogenesis shall
be firstly tested if the inhibitory efffects of stilbenes on ConA-
activated lymphoblastogenesis is attributed to their estrogenic
properties.

Recovery of stilbene-mediated suppression of lymphoblas-
togenesis by tamoxifen. Mixed lymphocyte reaction (MLR)
resembles the lymphocyte proliferation reaction and is down-
regulated by elevated estrogen concentrations, and is known
to be essential in minimizing allograft rejection for successful
pregnancy. Res acts as a phytoestrogen, exerting agonistic
effects with ER in lymphocytes to modulate mitogen-induced
T cell proliferation (21). Similarly, our results demonstrated
that the ConA-induced lymphoblastogenesis of spleno- or
thymic lymphocytes was suppressed by Res and Ara-1 in
a dose-dependent manner, and the inhibitory effects were
more promiment with Ara-1 at a concentration range of 0.5 to
5 uM (Fig. 2A). When the lymphocytes were pre-incubated
with tamoxifen, a known ERa blocker, the suppressive effects
of Res and Ara-1 on ConA-induced lymphoblastogenesis
were attenuated, and lymphoblastogenesis returned to levels
similar to those of the ConA only group treated with ConA
alone (Fig. 2B). Moreover, partial recovery was observed in the
thymic lymphocytes treated with high levels of Res (25 yM) or
Ara-1 (5§ uM), which indicated that the thymus is more prone
to estrogenic modulation. The recovery of lymphoblastogenesis
by pre-treatment with tamoxifen indicated that the immuno-
suppressive effects of the stilbenes was similar to those of E2
and that they are mediated through the ER-mediated cellular
signaling pathway. ER has two isoforms, ERa and ERf3, which
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Figure 2. The dose-dependent inhibition of resveratrol and arachidin-1 on concanavalin A (ConA) activated lymphoblastogenesis of spleno- and thymic
lymphocytes are shown (A). The highest level of arachidin-1 was 5 times less than resveratrol which implies a higher potency of arachidin-1. The suppressive
effects of arachindin-1 and resveratrol were similar to that of estradiol (E2) at a physiologically relative concentration of 160 pM. When lymphocytes were
pretreated with 1 uM tamoxifen (ER blocker), partial recovery on the inhibition of ConA-activated lymphoblastogenesis of E2, resveratrol or arachidin-1
was demonstrated (B). The immunosuppression mediated by arachidin-1 and resveratrol was similar to E2 through estrogen receptor signaling. Significant
difference in comparison with the ConA only group at “P<0.05 and *"P<0.001 of spleno-lymphocytes; significant difference in comparison with the ConA only
group at "P<0.05 and “P<0.001 of thymic lymphocytes. Data were mean + SD of three independent experiments.

are differentially distributed in various tissues. In the thymus,
ERp expression is high and that of ERa is low (28). Res binds
to ERa and ERf with similar affinity. In a previous study, at
concentrations of 100 M, Res was shown to exert an inhibi-
tory effect on the proliferation of CHO-K1 cells transfected
with either ERa or ERf (12). Moreover, tamoxifen and the
non-steroidal estrogen, DES, are known to be ligands exclusive
to the ERa receptor containing the C-terminal ligand binding
domain (27). In immune organs, the spleen and thymus have
higher a mRNA expression of ERP than ERa (28); however,
epithelial cells of these tissues primarily express ER[3, whereas
ERa is mainly expressed in CD4 and CDS8 T cells (29). In
the present study, pre-incubation with tamoxifen effectively
repressed the subsequent stilbene modulation of T lymphocyte
functions. Additional pathways through other targeted recep-
tors or cellular protein molecules of Res (those that are beyond
ER-mediated activities), such as the inhibition of tyrosine
kinase in cell signal transduction occur particularly during
high concentration of stilbenes (13) should also be considered.

Stilbenes do not affect the CD4*CD25" regulatory T cell
population in the ConA-activated T lymphocyte repertoire.
It has been reported that the expansion of Tregs during the
late menstrual cycle is tightly correlated with plasma estradiol
levels (30). To determine whether phytoestrogenic stilbenes
alter the Treg ratio, we analyzed the repertoire of Tregs in the
ConA-stimulated thymic or spleno- lymphocytes pre-treated
with E2, Res or Ara-1. Flow cytometry detected an approxi-
mately 10% increase in the CD4*CD25* T cell population
following stimulation with ConA (ConA only group) when

compared with the unstimulated lymphocyte population (data
not shown). Following stimulation with ConA, the CD25*
T cell population was markedly increased (data not shown).
Anti-CD25 antibody is specific for capturing the IL-2a
subunit. IL-2 receptor expression increases in proliferating
T cells in an IL-2 autocrine manner (6). In this study, to obtain
stably expanded T cell colonies at a resting state, samples were
replaced with fresh medium for a 12-h extention of culture
prior to flow cytometric analysis. As shwon in Fig. 3, no
significant changes were observed in the CD4*CD25* T cell
ratio among the E2-, Res- or Ara-1-treated cells as compared
to the ConA only group (ConA-activated lymphoblast reper-
toire of either spleno- or thymic lymphocytes). It has been
suggested that CD4*CD25" cells remain at a fixed ratio rela-
tive to CD4°CD25* cells, even though the absolute number of
a particular T cell is clonally expanded (31). In addition, it has
been reported that follicular or gestational high-level E2 may
expand Treg compartments to maintain an immunological
tolerance (30). In the present study, lymphocytes pre-treated
with E2 at a physiological gestation level of 160 pM, or with
Res or Ara-1 had an overall lower proliferative index than the
ConA only group. This may be attributed to the inhibitory
effects of estrogenic stilbenes on the CD4*CD25* Treg cell
populations. For better elucidation, we further characterized
Treg cell functional activity by the unique nuclear transcrip-
tion factor, FoxP3, and their essentially expressed inhibitory
molecule, CTLA-4 as affected by phytoestrogenic stilbenes.

Functional activity of Tregs treated with stilbenes in the
ConA-activated T lymphocyte repertoire. CTLA-4 is well
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Figure 3. Analysis of CD4*CD25* T cells sub-population of concanavalin A (ConA) activated spleno- or thymic lymphocytes (ConA only) treated with
either estrogen (E2), resveratrol (Res) or arachidin-1 (Ara) or vehicle control were demonstrated. There was no significant (P>0.05) alteration on the ratio of
CD4*CD25* T cells population among treatments. Data were mean + SD of at least three independent experiments.

documented as a contact inhibitory molecule expressed in
Tregs. CTLA-4 expression in the CD4*CD25* T cells from
the ConA-stimulated lymphocytes from the E2-, Res-, or
Ara-1-treated groups was examined and the results are shown
in Fig. 4A. Flow cytometric histograms demonstrated that
the lymphocytes pre-cultured with E2, Res or Ara-1 had an
increased the mean ratio of CTLA-4-expressing populations
following stimulation with ConA. It should be noted that the
T cells analyzed in the present study were pre-cultured with E2,
Res or Ara-1 for 24 h prior to a 48 h of stimulation with ConA,
followed by an additional 12 h of culture in fresh medium by
replacing mitogen containing medium with fresh RPMI-1640
basal medium (without FBS). This is to allow mitogen-acti-
vated T cells to return to a resting state for better estimation
of the CTLA-4-expressing population. Moreover, the semi-
quantitative analysis of the gene expression of CTLA-4 was
also carried out and results are shown in Fig. 4B. The results
of the density of CTLA-4 mRNA expression exhibited a >50%
increase (P<0.05) in the Ara-1 pre-treated spleno-lymphocytes
as compared to the ConA only group. Although the Res-treated
cells exhibited a similar enhancement as the Ara-1-treated
cells, the effective concentration of Res (25 M) was much
higher than that of Ara-1 (5 yM). In general, thymocytes
were less responsive to stilbene modulation, while E2 exerted
more prominent (P<0.05) promoting effects on CTLA-4 gene
expression. It has been reported that CTLA-4 gene expression
protects mice from experimental autoimmune encephalo-
myelitis (32). CTLA-4 expression has also been shown tobe
upregulated in the CD4*CD25* Tregs of pregnant women (33).
Using concentrations of 1 to 20 uM of Res, Sharma et al (34)
did not demonstrate changes in CTLA-4 expression in ConA-
stimulated T cells, but repressed lymphocyte proliferation
by the downregulation of the expression of CD28 and CDS80.
The discrepancy in the modulatory effects of Res on CTLA-4
expression require further investigation. Ara-1 belongs to the
family of stilbenoids and is structurally similar to Res, but
with an additional hydroxyl group and terpene tail; it exhibited
greater potency than Res in stimulating CTLA-4 expression.
Moreover, we also demonstrated that FoxP3 gene activity was

upregulated by E2, as well as by Res and Ara-1 in both the
ConA-activated spleno- and thymic lymphocytes (Fig. 4C).
The FoxP3-transduced Tregs (natural Tregs) are found in high
numbers in mice positive for estrogen (17-p-estradiol, E2), and
FoxP3 is downregulated in ERa-deficient animals (35). In this
study, we demonstrated that the stilbenes, Res and Ara-1, acted
in a manner similar to E2 in promoting FoxP3 activity, and
this effect was more prominent in thymocytes. Natural Tregs
developed in the thymus known to express FoxP3 compared
to peripheral polarized Tregs, which mainly produce the
cytokines, IL-10 and TGF-f. Hence, we further investigated
whether the production of IL-10 and TGF- by Tregs is also
affected by treatment with stilbenes, which may contribute to
peripheral tolerance in leading to successful aging.

Ara-1 promotes the production of TGF-f and IL-10 in the
ConA-activated T lymphocyte repertoire. TGF-f and IL-10
are anti-inflammatory cytokines and control pathogenic, as
well as aging-associated inflammatory conditions. They are
selectively produced by peripheral Treg subsets as distant
mediators of immunosuppression. The productions of TGF-§
and IL-10 in ConA-activated spleno- and thymic lymphocytes,
as affected by E2, Res, or Ara-1 is shown in Fig. SA. TGF-§
production by the ConA-stimulated spleno-lymphocytes
was significantly (P<0.05) elevated following treatment with
E2 (160 pM) or Res (25 uM), but not with Ara-1 (5 uM). On
the other hand, Ara-1 significantly stimulated IL-10 production
in both the ConA-activated spleno- and thymic lymphocytes
as compared to treatment with E2, Res and ConA alone. In the
ConA-activated thymic lymphocytes, IL-10 was upregulated in
an order of significance which was Ara-1 > Res > E2 > ConA
only treatment. The effects of E2 and the stilbenes on TGF-f§
and IL-10 mRNA levels were similar, and were exerted in an
elevating manner (Fig 5B). Previous findings have indicated
that physiological levels of estrogen can induce the expansion
of CD4*CD25* Tregs and the upregulation of FoxP3 and IL-10
genes expression in in vitro setting, which is attributed to the
suppression of T cell proliferation in a mixed lymphocyte
reaction (36). Our result was in agreement with that study, in
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Figure 4. Flow cytometric analysis of CTLA-4 expressed on cell population of pan CD4*CD25* T cells has confirmed the resveratrol (Res) (25 yM) and
arachidin-1 (Ara) (5§ uM) were similar to the effects of E2 moderately increased the CTLA-4 expression of both spleno- and thymic CD4*CD25* lympho-
cytes (A). The semi-quantify gene expression of CTLA-4 confirmed that E2, Res and Ara had enhanced its expression. Moreover, Ara significantly enhanced
spleno-lymphocyte CTLA-4 mRNA expression ("P<0.05), while E2 exhibited a stronger modulatory effect on thymic lymphocytes ('P<0.05) (B). Moreover,
Forkhead box P3 (FoxP3) mRNA expression was also semi-quantify analyzed. Again, Ara treated concanavalin A (ConA)-activated spleno-lymphocytes had
a significant ("P<0.05) increase in FoxP3 expression as compared to that of ConA only group. The average FoxP3 mRNA expressions had an elevated-trend
in thymic lymphocytes as affected by E2, Res or Ara (C). In all bar graphs, significances were treatment comparisons to respective ConA only group at
P-value=0.05. All data were shown in mean + SD of at least three independent experiments.

that IL-10 production was upregulated by E2; nevertheless, superior biological activity as regards IL-10 production in
both phytoestrogenic Res and Ara-1 exhibited even more  ConA-activated T lymphocytes. In particular, Ara-1 used at a
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Figure 5. Productions and gene expressions of transforming growth factor-f (TGF-f) and interleukin-10 (IL-10) of concanavalin A (ConA) activated spleno- or
thymic lymphocytes were assessed. TGF-f3 level were elevated in ConA-activated lymphocytes (ConA only) when compared with unstimulated lymphocytes
(NC, negative control).. In spleno-lymphocytes, E2 and resveratrol (Res) treatments had significantly (P<0.05) increased TGF-f3 concentration as compared with
the vehicle and arachidin-1 treatments, while no significant difference among treatments of those ConA-activated thymic lymphocytes. Culture with arachidin-1
(Ara) significantly increased IL-10 production in ConA-activated lymphocytes of both spleen and thymus, whereas Res and E2 selectively affect thymocytes
but only moderately affect IL-10 production of spleno-lymphocytes (A). Semi-quantitative analysis on TGF-f3 and IL-10 mRNA expressions revealed that E2,
Res or Ara could upregulate IL-10 and TGF-f genes expressions of ConA-activated lymphocytes. Results of the density of specific mRNA expression as fold of
house-keeping control gene (3-actin) is also shown in bar graph (B). Data with different letters indicated significant difference between two treatment groups at
P<0.05. Significant difference in comparison with the respective ConA only group at “P<0.05 and “P<0.001; data were expressed as mean = SD; n=3.

relatively lower concentration of 5 yM than that of Res at 25 yM
led to a >5-fold greater increase in the IL-10 level. It has been
reported that Res binds ERa and ER[3 with comparable affinity,
but with a 7,000-fold lower affinity than E2 (12). Whether the
estrogen receptor binding affinity of Ara-1 is higher requires
further investigation. Moreover, DES is a synthetic compound
that is chemically similar to stilbenes. It has potent estrogenic
activity via ERa, and has been reported to alter the T cell
repertoire in the peripheral blood by influencing thymic selec-
tion of T cell development (26). Taken together, Res and Ara-1
of the stilbenoid family exhibited similar properties as those
of E2 in modulating the production of TGF-f and IL-10, and
their immunomodulatory effects were exerted at the mRNA
level. Ara-1 seems to be more potent than Res in promoting the
immunosuppressive cytokines, TGF-3 and particularly IL-10
production in lymphocytes. The phytoestrogenic properties of
stilbenes hold immunological promises in complying with the
successful aging phenomenon of Treg dominant immunity.

Long-term dietary supplementation of peanut sprout powder
richin stilbenes boosts Treg activity in aged ICR mice. Stilbenes
are naturally abundant in a wide variety of plant species, and
are produced as phytoalexin via the phenylpropanoid synthesis
pathway to protect against microbial infections (15). In
previous studies, we demonstrated that Res, Ara-1, arachidin-2
and archidin-3 are abundantly found in peanut sprouts and
possess antioxidant properties (15,17). In this study, dietary
supplementation experiments, by providing either a basal diet,

peanut sprout only (PNT) diet or a peanut sprout diet fortified
with additional 15 mg/kg body weight /day (L-S-PNT) or
75 mg/kg body weight /day (H-S-PNT) of stilbenes extracts,
were conducted. Adult male ICR mice fed the experimental
diets for 48 weeks were at their last trimester of a known
2-year estimated lifespan of murine species. CD4*CD25*
T cell subset phenotyping of lymphocytes harvested from the
spleen was carried out as shown in Fig. 6A. In general, the
aging mice fed either the low or high stilbene-rich diet had a
similar ratio of the CD4*CD25* T cell population as those of
the control or PNT groups. Moreover, the inhibitory molecules,
CTLA-4 and TGF-, are crucial to Treg suppressive func-
tions. TGF-f is required in the development of both natural
and induced Tregs of thymic or peripheral origins (37). In
this study, both the L-S-PNT and H-S-PNT groups had Tregs
which highly expressed TGF-f mRNA; the H-S-PNT group
exhibited significantly (P<0.05) higher levels than the control
group (Fig. 6B). Although FoxP3 gene expression did not
differ among the groups, the expression of CTLA-4, which is
known to be constitutively expressed in Tregs, was significantly
upregulated in the aged ICR mice fed either PNT (P<0.05),
L-S-PNT (P<0.001) or H-S-PNT (P<0.001). Since the stilbenes
were removed in the PNT group, some minor factors may
exist in peanut sprouts that may increase CTLA-4 expression.
Tregs may interact with CD80 or CD86 in dendritic cells in
a CTLA-4 dependent manner, which renders indoleadmine 2,
3-dioxygenase production in dendritic cells to induce the catab-
olism of tryptophan into pro-apoptotic metabolites, resulting in
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Figure 6. Mice fed with different levels of stilbenes rich peanut sprouts fortified diets for 48 weeks had no significant difference CD4*CD25* T cell subset of pan
CD3* T cells population of spleno-lymphocytes (A). CD4*CD25* Tregs enriched with magnetic beads sorting kit were analyzed on gene expressions of Forkhead
box P3 (FoxP3), CTLA-4, transforming growth factor-f (TGF-f) and data were semi-quantitatively analyzed as shown in bar graph (B). Mice with free access
to the diet supplemented with stilbenes rich peanut sprouts exhibited a dose-dependent increase in CTLA-4 and TGF-3 gene expression in Tregs. Significant
difference in comparison with the control at “*P<0.05, and was at “'P<0.001; data were expressed as mean + SD; n=3.

T effector cell apoptosis (38). Baeza et al (39) suggested that
estrogen or phytoestrogen treatments are beneficial to aging or
overiectomzied rats by affecting lymphocyte proliferation and
NK cell activity. Immunological benefits to aging individuals
were not associated with Treg populations, but emphasized
their antioxidant abilities. Recently, Wang et al (40) reported
that the peripheral blood Treg number and CTLA-4 gene
expression were increased in mice with obesity due to a high-
fat diet by Res supplementation. In this study, in our ex vivo
experiments, Ara-1 was shown to be much more potent than
Res in promoting IL-10 and CTLA-4 expression, but not
TGF-. Unlike immune organs, the spleen and thymus have a
higher ERf3 mRNA expression than ERa (28), whereas ERa is
mainly expressed in CD4 and CD8 T cells (29). In the present
study, due to thymus involution in aging mice, thymic samples
were not sufficient for analysis, which also indirectly explained
why FoxP3 gene expression was low and there was no differ-
ence in FoxP3 expression among the treatment groups. Dietary
peanut sprout powder rich in stilbenes exerted potent effects
on peripheral induced-Treg functions in aged mice, and the
upregulation of CTLA-4 and TGF-f in Tregs is essential for
controling chronic inflammation.

In conclusion, the data demonstrate that Treg-mediated
immunosuppression in aged individuals is crucial in
managing increased pro-inflammatory conditions resulting
from higher ratios of memory T cell and effector T cell
activities reacting to excessive autoantigens in aged indi-
viduals. Res of the stilbene family has been reported to
extend lifespan in several species, particularly in mice fed a
high-calorie diet (41). Although some controversial aspects
of the effects of Res on lifespan were raised against dietary
calorie-restriction in the elderly (40,42) the results of the
present study provided an alternative mechanism by its potent
phytoestrogenic activity on Treg cell activity. Upregulated
Tregs are dominant in centenarians and are associated with
longevity. Arachidin-1 is abundantly found in peanut sprouts
and has a chemical structure similar to tht of Res, but with
an additional hydroxyl and isopentenyl groups. It exhibited
more potent phytoestrogenic property in the modulation
Treg functions than Res, as demonstrated in this study. Thus,
Res and Ara-1 may be beneficial in successful aging and
longevity through their phytoestrogenic activity. They are
potent in modulating regulatory T cell inhibitory functions
by upregulating CTLA-4, TGF-p and IL-10 expression.
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