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a b s t r a c t

The disruption of intestinal mucosal immune tolerance can lead to the development of intestinal im-
mune diseases such as food allergy (FA). Regulatory T cells (Tregs) in the mucosa play a critical role in
maintaining peripheral immune tolerance in the intestine, and retinoic acid (RA) is absolutely required
for the induction of Tregs. We have previously reported that kakkonto, a traditional Japanese herbal
medicine, suppresses FA in a murine FA model due to the induction of Tregs in the colonic mucosa.
However, the precise molecular mechanisms underlying the induction of Tregs remain unclear. Puerarin,
an isoflavone derivative, is a major constituent of kakkonto. Thus, we investigated the effect of puerarin
on the induction of Tregs. BALB/c mice were systemically sensitized and then orally challenged with
ovalbumin (OVA) as an FA model. Puerarin treatment suppressed the development of allergic diarrhea in
FA mice. The gene expression levels of IL-4 and mast cell protease I (mMCP-1) were significantly
upregulated in the proximal colon of FA mice but were reduced by puerarin. The proportions of
Foxp3þCD4þ cells and CD103þCD11cþ dendritic cells (DCs) were significantly higher among the colonic
lamina propria (cLP) cells of puerarin-treated FA mice than among those of untreated FA mice. The gene
expression of Aldh1a1, an RA synthesis enzyme, in colonic epithelial cells (CECs) was significantly higher
in the puerarin-treated FA mouse colon than in the untreated FA mouse colon. In addition, the preventive
effect of puerarin was suppressed in the FA model by pretreatment with LE540, an RA receptor (RAR)
antagonist. The induction of Foxp3þCD4þ cells and CD103þCD11cþ DCs by puerarin was reduced by
pretreatment with LE540. The present findings indicate that the augmentation of RA production in CECs
induced by puerarin enhances the induction of Tregs and suppresses the development of FA in a mouse
model. Thus, a natural enhancer of RA production, such as puerarin, has the potential to treat immune
diseases attributed to Treg deficiency.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Food allergy (FA) is an abnormal immune reaction due to non-
tolerance to some specific foods. In recent decades, FA has become
increasingly prevalent, especially in developed countries [1].
Currently, there is no approved long-term effective medicine for FA.
Therefore, the treatments for FA patients are the avoidance of FA-
triggering foods and the management of allergic hypersensitiv-
ities known as anaphylaxis.

The development of FA is attributed to a disturbance in oral

tolerance induction in the intestinal mucosal immune system [2].
Foxp3þ regulatory T cells (Tregs) play a key role in the establish-
ment of oral tolerance. Hadis et al. reported that FA responses are
enhanced by the depletion of Foxp3þ Tregs and that oral tolerance
is induced by the expansion of intestinal FoxP3þ Tregs [3]. Wang
et al. reported that the intake of a low dose of antigen promotes the
induction of Foxp3þ Tregs in the jejunum and mesenteric lymph
node (MLN), thereby suppressing allergic responses [4]. However, it
remains unclear how Foxp3þ Tregs expand in the intestine.

We have previously reported that kakkonto, a traditional Japa-
nese herbal medicine, is a potential suppressive drug that prevents
the development of FA in our FA mouse model [5] and that kak-
konto induces Foxp3þ Tregs in the colonic lamina propria (cLP) cell
population [6]. Puerarin is an isoflavonoid isolated from the root of* Corresponding author.
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Pueraria lobata and one of the main bioactive components of kak-
konto. Puerarin possesses many pharmacological activities [7].
Puerarin exerts antiallergic effects on several animal models.
Puerarin suppresses the expression of Th2 cytokines and inhibits
the recruitment of eosinophils into the lungs of ovalbumin (OVA)-
induced asthma mice [8]. However, little is known about the effect
of puerarin on intestinal mucosal immune responses.

Retinoic acid (RA), the active derivative of Vitamin A (VA), plays
an important role in immune responses [9]. In particular, the dif-
ferentiation of Foxp3þ Tregs [10] and tolerogenic CD103þ dendritic
cells (DCs) [11] depends on the amount of RA. Humans are not able
to synthesize VA and thus depend on dietary replenishment. In the
intestine, RA is synthesized from VA via the enzymatic reactions of
retinaldehyde dehydrogenase 1a1 (Aldh1a1). Aldh1a1 is expressed
at high levels in intestinal epithelial cells andmaintains RA levels in
the intestinal mucosa of humans [12] and mice [13]. Thus, the
expression of Aldh1a1 in intestinal epithelial cells contributes to
immune tolerance in the intestine by regulating intestinal RA
levels.

In this study, we investigated the effect of puerarin on FA model
mice and the underlying mechanisms, especially those involved in
the induction of immune tolerance in the intestine.

2. Materials and methods

2.1. Animals

Male BALB/c mice (4e8 weeks old) and Rag2�/� DO11.10 TCR
transgenic mice were purchased from SLC (Shizuoka, JAPAN) and
Taconic Laboratories (Germantown, NY, USA). This study was
approved by the Animal Experiment Committee at the University of
Toyama (authorization No. A2018 INM-4 and A2015 INM-3).

2.2. FA model and drug treatment

FA induction was performed as previously described [5,6,14].
Briefly, BALB/c mice were sensitized twice at two-week intervals by
intraperitoneal (ip) injection of 50 mg of OVA in the presence of an
aluminum hydroxide gel adjuvant. Two weeks later, the mice were
repeatedly given 50mg of OVA 3 times per week. Diarrhea was
assessed by visually monitoring the mice for up to 1 h following the
oral OVA challenge. Puerarin (1, 5, 25, or 50mg/kg) was orally
administered to mice 1 h before oral OVA challenge. LE540 (2.5mg/
kg;Wako, Osaka, Japan) was intraperitoneally administered tomice
2 h before puerarin administration.

2.3. Cell isolation of cLP cells, colonic epithelial cells (CECs) and
splenocytes

cLP cells were isolated from the colon as previously described
[6,14]. Briefly, excised colons were incubated at 37 �C in 2% fetal
bovine serum (FBS) RPMI 1640 medium containing 0.05mM EDTA
for 20min cLP cells were isolated using an enzymatic dissociation
procedure with collagenase (for cell dispersion; Wako) and then
the Percoll density gradient centrifugation method. CECs were
isolated from the cells separated by 0.05mM EDTA. Splenocytes
were isolated by an enzymatic dissociation procedure with colla-
genase III (Worthington Biochemical Corp., Freehold, NJ, USA).

2.4. Cell staining and flow cytometry analysis

To analyze cell surface markers by flow cytometry, isolated cells
were stained with the following monoclonal antibodies (mAbs):
FITC-conjugated anti-mouse CD3ε (Miltenyi Biotec, Bergisch Glad-
bach, Germany), PE-conjugated anti-mouse CD4 (Miltenyi Biotec),

FITC-conjugated anti-mouse CD103 (BioLegend, San Diego, CA,
USA), and APC-conjugated anti-mouse CD11c (BD Biosciences, San
Jose, CA, USA). For intracellular staining, cells were permeabilized
with the Foxp3 Staining Buffet Set (eBioscience, San Diego, USA)
following the manufacturer's instructions. Thereafter, the cells
were stained with an APC-conjugated anti-mouse/rat Foxp3 anti-
body (eBioscience). Flow cytometry analysis was performed using a
FACS Canto II (BD Biosciences).

2.5. Quantitative real-time PCR

Total RNA was isolated from colonic tissue and CECs by Sepasol
Super (Nacalai Tesque). An ExScript RT reagent kit (Takara Bio,
Shiga, Japan) and PCR Thermal Cycler Dice (Takara Bio) were used
for RNA reverse transcription. Quantitative real-time PCR was then
performed using SYBR Premix Ex Taq (Takara Bio) and a Takara
TP800 Real-time PCR system (Takara Bio).

The following primer pairs were used: interleukin (IL)-4, for-
ward 50-GGTCTCAACCCCCAGCTAGT-30 and reverse 50-GCCGAT-
GATCTCTCTCAAGTGAT-3’; mast cell protease I (mMCP-1), forward
50-CCATCTGAAGATCATCACGGACA-30 and reverse 50-ACATCAT-
GAGCTCCAAGGGTGAC-3’; Aldh1a1, forward 50- GGATTCAA-
GATGTCTGGAAATGGA-30 and reverse 50-
TGCGACTGTCTTGAGCTCAGTGTA-3’; and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), forward 50-TGACCA-
CAGTCCATGCCATC-30 and reverse 50-GACGGACACATTGGGGGTAG-
3’.

The levels of target mRNA expression were normalized to the
GAPDH mRNA level as an internal control for each sample.

2.6. In vitro Treg differentiation assay

Treg differentiation assays were performed according to a
method described previously [14]. Briefly, naïve CD4þ T cells were
separated from the splenocytes of Rag2�/� DO11.10 TCR transgenic
mice and labeled with carboxyfluorescein succinimidyl ester
(CFSE). The CFSE-labeled naïve CD4þ T cells (2.0� 105 cells/well)
were cultured with DCs (2.0� 104 cells/well) isolated from the
splenocytes of normal mice in the presence of OVA peptide
323e339, an anti-interferon (IFN)-g mAb, an anti-IL-4 mAb, re-
combinant mouse IL-2, recombinant human transforming growth
factor (TGF)-b1 and/or puerarin for 5 days. The CFSE-labeled CD4þ T
cells were assessed using flow cytometry.

2.7. In vitro experiments using bone marrow-derived dendritic cells
(BMDCs)

BMDCs were prepared from the femurs and tibias of BALB/c
mice according to a method described previously [15]. Briefly,
immature BMDCs were obtained using GM-CSF (10 ng/mL; R&D
Systems, Minnesota, USA). After treatment with puerarin for 24 h,
immature BMDCs were incubated with FITC-OVA (10 mg/mL; Invi-
trogen) for 60min at 37 �C, and fluorescence intensity was assessed
by flow cytometry. After treatment with puerarin for 24 h, imma-
ture BMDCs were cultured with lipopolysaccharide (LPS). Adherent
mature BMDCs were stained with mAbs against CD11c, MHC class
II, CD80, CD86 and CD103 and analyzed by flow cytometry.
Immature BMDCs were incubated with 100 ng/ml LPS for 24 h at
37 �C in RA-containing medium (1e1000 nM). Adherent mature
BMDCs were stained with mAbs against CD11c and CD103 and
analyzed by flow cytometry.

2.8. Statistical analyses

The data are expressed as themean± SE. Statistical comparisons
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were made with an unpaired Student t-test, the c2 test or one-way
ANOVA followed by Dunnett's test or the Bonferroni/Dunn tests for
multiple comparisons. Probability (P) values< 0.05 were consid-
ered statistically significant.

3. Results and discussion

The extract of the root of Pueraria lobata, one of the constituent
herbal medicines of kakkonto, significantly suppressed the occur-
rence of allergic diarrhea in FA mice (Supplementary Fig. 1). Puer-
arin is a major constituent of the root of Pueraria lobata and
kakkonto.

Therefore, to investigate whether puerarin can suppress the
development of FA, puerarin was administered 1 h before each oral
OVA challenge. As shown in Fig. 1A, allergic diarrhea began to occur
approximately 30min after the 3rd oral OVA challenge. The
occurrence of allergic diarrhea increased in proportion to the
number of oral OVA challenges and reached 77.5± 7.7% after the 6th
OVA challenge. Puerarin significantly reduced the occurrence of
allergic diarrhea to 45.9± 10.7% after the 6th OVA challenge
(P< 0.05). Furthermore, puerarin suppressed the occurrence of
allergic diarrhea in a dose-dependent manner (Fig. 1B,
P< 0.01e0.05).

The intestinal mucosal immune system is more important than
the systemic immune system in the development of FA by showing
that splenectomy fails to prevent allergic diarrhea [16]. Enhanced
expression of Th2 cytokines (IL-4 and IL-13) in the intestine is
concomitant with the development of FA symptoms [5,6,17e19].

Therefore, we evaluated the effect of puerarin on the mRNA
expression of the Th2 cytokine IL-4 in the proximal colon by real-
time PCR. The mRNA expression of IL-4 was significantly down-
regulated in puerarin-treated FA mice (Fig. 1C, P< 0.05). Next, we
assessed the infiltration of mucosal-type mast cells. We previously
reported that the development of FA symptoms depends upon the
hyperplasia and degranulation of mucosal-type mast cells in the
colon [5,6,17]. A previous clinical report demonstrated that the
level of mast cell tryptase, a mast cell-associatedmarker, is elevated
in gut mucosa biopsy samples from FA patients with gastrointes-
tinal symptoms [20]. Puerarin significantly reduced the mRNA
expression of mMCP-1 in puerarin-treated FA mice (Fig. 1D,
P< 0.05).

The defective generation of functional Tregs caused by muta-
tions in the human Foxp3 gene results in a variety of immune
diseases, including severe FA [21]. Similarly, Foxp3 mutant mice
also exhibit allergic dysregulation [22]. In addition, an adoptive
transfer of in vitro-differentiated CD4þCD25þFoxp3þ Tregs ame-
liorates peanut allergy in a murine model [23]. Therefore, these
previous reports indicate that inducers of abundant and functional
Tregs in the intestine have the potential to suppress the develop-
ment of FA. Thus, we examined the proportion of Tregs in the cLP
cell population. CD4þFoxp3þ Tregs were assessed by flow cytom-
etry after the 6th OVA administration. The proportion of
CD4þFoxp3þ Tregs among the CD4þ T cells in the cLP cell popula-
tion of puerarin-treated FA mice (26.3± 2.2%) was higher than that
in untreated FA mice (20.0± 1.4%) (Fig. 2A, P< 0.01).

To investigate the mechanism underlying the induction of
CD4þFoxp3þ Tregs by puerarin in FA mice, we next assessed the
direct effect of puerarin on the differentiation of CD4þFoxp3þ Tregs.
However, puerarin had no effect on the proportion of CD4þFoxp3þ

Tregs in an in vitro Treg differentiation assay (Fig. 2B).
We previously reported that RA significantly augments the dif-

ferentiation of CD4þFoxp3þ Tregs from naïve CD4þ Tcells in a dose-
dependent manner [14]. Foxp3þ Tregs are differentiated from naïve
CD4þ T cells by the combination of RA and TGF-b [14,24]. In the
intestine, the RA synthase Aldh1a1 is highly expressed in intestinal
epithelial cells [12,13]. Therefore, we investigated whether RA is
involved in the suppressive effect of puerarin on the occurrence of
allergic diarrhea in FA mice. Puerarin treatment significantly
upregulated the mRNA expression level of Aldh1a1 in the CECs of
FA mice (Fig. 3A, P< 0.01). In addition, the RA receptor (RAR)
antagonist LE540 was used to suppress the activation of the RA
signaling pathway. Pretreatment with LE540 inhibited the sup-
pressive effect of puerarin (25mg/kg po) on the occurrence of
allergic diarrhea (Fig. 3B, P< 0.01). Pretreatment with LE540
completely suppressed the increased proportion of CD4þFoxp3þ T
cells in the cLP cell population of puerarin-treated FA mice (Fig. 3C,
P< 0.01). We have also reported that kakkonto treatment does not
affect the mRNA expression of TGF-b in the colon by using micro-
array analysis [5]. Taken together, these findings suggested that
puerarin increases the RA concentration in the colon by enhancing
RA production in CECs and thereby induce CD4þFoxp3þ Tregs in the
cLP cell population.

Intestinal CD103þ DCs can exert tolerogenic effects by express-
ing Aldh1a2 and producing RA and drive the differentiation of in-
testinal Foxp3þ Tregs via a TGF-b and RA-dependent mechanism
[25]. Conversely, RA reportedly increases Aldh1a2 mRNA expres-
sion in BMDCs [26]. We examined whether puerarin induces tol-
erogenic DCs in the colon of FA mice. The proportion of
CD103þCD11cþ DCs in the cLP cell population was significantly
increased in puerarin-treated FA mice (0.6± 0.1%) compared to
untreated FAmice (0.3± 0.1%) (Fig. 4A, P< 0.05). However, puerarin
did not influence FITC-OVA uptake by BMDCs (Fig. 4B) nor the
surface expression of CD80, CD86, MHC class II and CD103 on

Fig. 1. Suppressive effect of puerarin on the occurrence of allergic diarrhea. A: The
occurrence of allergic diarrhea in untreated FA mice (●) and puerarin-treated FA mice
(,; 25 mg/kg, po) is shown. The data were obtained from 5 independent experiments
(total n ¼ 45). *P < 0.05 vs. the untreated FA mice. B: Puerarin suppressed the
occurrence of allergic diarrhea in a dose-dependent manner (n ¼ 8e21 mice per
group). *P < 0.05 and **P < 0.01 vs. the FA mice. C, D: The mRNA expression levels of IL-
4 (C) and mMCP-1 (D) in the proximal colon of untreated FA mice and puerarin-treated
FA mice were measured by real-time PCR. *P< 0.05 vs. the untreated FA mice (n¼ 4e9
mice per group).
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BMDCs (Fig. 4C) in an in vitro assay.
Several recent studies have indicated that the induction of tol-

erogenic intestinal CD103þ DCs is promoted by intestinal epithelial
cells through RA production. Human monocyte-derived DCs
become tolerogenic after incubating with human intestinal
epithelial cells, and then these DCs are able to induce Foxp3þ Treg
differentiation [27]. In a murine experiment, Aldh1a1-expressing
epithelial cells are shown to induce tolerogenic CD103þ DCs
through RA production, and these tolerogenic CD103þ DCs can
induce Foxp3þ Tregs [28]. In the present study, RA upregulated the
proportion of CD103þCD11cþ DCs in a BMDC population in a dose-
dependent manner (Fig. 4D, P< 0.01e0.05). Puerarin increased
Aldh1a1 expression in CECs, and pretreatment with LE540 reduced
the increased proportion of CD103þ DCs in the cLP cell population
of puerarin-treated FA mice (Fig. 4E).

These findings indicate that RA produced in CECs exerts a tol-
erogenic function in the intestine and that the expression of
Aldh1a1 in CECs correlates with the levels of RA in the colonic
mucosa. The conclusion regarding RA is supported by clinical re-
ports showing that Aldh1a1 expression is lower in patients with
Crohn's disease than in normal subjects [12] and that the propor-
tion of CD103þ DCs is lower in the intestinal mucosa of Crohn's
disease patients than in that of normal subjects [29]. Collectively,
our data support the notion that the Aldh1a1 expression in CECs
upregulated by puerarin enhances the production of RA, and sub-
sequently, a high level of RA leads to the induction of tolerogenic
CD103þ DCs and the concomitant induction of Foxp3þ Tregs by RA
released from CD103þ DCs.

Therefore, it is assumed that a sufficient level of RA maintains
immune tolerance in the intestine. However, an excess of RA has
adverse effects, such as abnormal fetal development and disrup-
tions in the regulation of the energy balance [30]. In contrast,
puerarin has few adverse effects since the RA level is increased only
in the colonic tissue by inducing Aldh1a1 expression in CECs.

In conclusion, puerarin is able to induce Aldh1a1 expression in
CECs, and then the enhanced RA production leads to the induction
of tolerogenic CD103þ DCs and Foxp3þ Tregs in the cLP cell popu-
lation. Consequently, a natural enhancer of RA production, such as
puerarin, has the potential to maintain immune tolerance and
thereby suppress the development of FA.

Fig. 2. Effect of puerarin on the proportion of Tregs in the colon of FA mice and the differentiation of CD4þFoxp3þ Tregs in vitro. A: The proportion of CD4þFoxp3þ Tregs among the
CD4þ T cells in the cLP cell population of untreated FA mice and puerarin-treated FA mice was analyzed by flow cytometry. *P < 0.05 and **P< 0.01 vs. the untreated FA mice
(n¼ 6e7 mice per group). B: Representative dot plots and the proportions of CD4þFoxp3þ Tregs in vehicle-containing medium and puerarin-containing medium are shown. Naïve
CD4þ T cells and DCs from the spleen were cocultured in the presence or absence of 10 mM puerarin (n¼ 4e5 per group).

Fig. 3. Involvement of the RA signaling pathway in the suppressive effect of puerarin
on the occurrence of allergic diarrhea in FA mice. A: The mRNA expression of Aldh1a1
in the CECs of untreated FA mice and puerarin-treated FA mice was measured by real-
time PCR. *P < 0.05 vs. the untreated FA mice (n ¼ 8 mice per group). B: The occurrence
of allergic diarrhea in untreated FA mice (●), puerarin-treated FA mice (,; 25 mg/kg,
po) and LE540-pretreated puerarin-treated FA mice (A; puerarin 25 mg/kg, po; LE540
2.5 mg/kg, ip) is shown. **P < 0.01 vs. the untreated FA mice, þþ P< 0.01 vs. the
puerarin-treated FA mice. (n¼ 14e40 per group). C: The proportion of CD4þFoxp3þ

Tregs among the CD4þ T cells in the cLP cell population in untreated FA mice, puerarin-
treated FA mice and LE540-pretreated puerarin-treated FA mice was analyzed by flow
cytometry. *P < 0.05 vs. the untreated FA mice, þþ P< 0.01 vs. the puerarin-treated FA
mice (n¼ 4e11 mice per group).

T. Yamamoto et al. / Biochemical and Biophysical Research Communications xxx (xxxx) xxx4

Please cite this article as: T. Yamamoto et al., The isoflavone puerarin induces Foxp3þ regulatory T cells by augmenting retinoic acid production,
thereby inducing mucosal immune tolerance in a murine food allergy model, Biochemical and Biophysical Research Communications, https://
doi.org/10.1016/j.bbrc.2019.06.051



Acknowledgments

This work was supported by JSPS KAKENHI Grant Number
JP16K09234 and JP19K07908.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.bbrc.2019.06.051.

Transparency document

Transparency document related to this article can be found
online at https://doi.org/10.1016/j.bbrc.2019.06.051.

References

[1] J. Savage, C.B. Johns, Food allergy: epidemiology and natural history, Immunol.
Allergy Clin. N. Am. 35 (2015) 45e59. https://doi.org/10.1016/j.iac.2014.09.
004.

[2] L. Tordesillas, M.C. Berin, Mechanisms of oral tolerance, Clin. Rev. Allergy
Immunol. 55 (2018) 107e117. https://doi.org/10.1007/s12016-018-8680-5.

[3] U. Hadis, B. Wahl, O. Schulz, M. Hardtke-Wolenski, A. Schippers, N. Wagner,
W. Müller, T. Sparwasser, R. F€orster, O. Pabst, Intestinal tolerance requires gut

homing and expansion of FoxP3þ regulatory T cells in the lamina propria,
Immunity 34 (2011) 237e246. https://doi.org/10.1016/j.immuni.2011.01.016.

[4] M. Wang, I.V. Yang, E.J. Davidson, A. Joetham, K. Takeda, B.P. O'Connor,
E.W. Gelfand, Forkhead box protein 3 demethylation is associated with
tolerance induction in peanut-induced intestinal allergy, J. Allergy Clin.
Immunol. 141 (2018) 659e670. https://doi.org/10.1016/j.jaci.2017.04.020.

[5] T. Yamamoto, K. Fujiwara, M. Yoshida, N. Kageyama-Yahara, H. Kuramoto,
N. Shibahara, M. Kadowaki, Therapeutic effect of kakkonto in a mouse model
of food allergy with gastrointestinal symptoms, Int. Arch. Allergy Immunol.
148 (2009) 175e185. https://doi.org/10.1159/000161578.

[6] T. Yamamoto, K. Fujiwara, Y. Tsubota, N. Kageyama-Yahara, S. Hayashi,
M. Kadowaki, Induction of regulatory T cells as a novel mechanism underlying
the therapeutic action of kakkonto, a traditional Japanese herbal medicine, in
a murine food allergy model, Int. Arch. Allergy Immunol. 169 (2016) 146e156.
https://doi.org/10.1159/000445433.

[7] Y.X. Zhou, H. Zhang, C. Peng, Puerarin: a review of pharmacological effects,
Phytother Res. 28 (2014) 961e975. https://doi.org/10.1002/ptr.5083.

[8] J. Wang, T. Zhang, C. Ma, S. Wang, Puerarin attenuates airway inflammation by
regulation of eotaxin-3, Immunol. Lett. 163 (2015) 173e178. https://doi.org/
10.1016/j.imlet.2014.12.002.

[9] M.N. Erkelens, R.E. Mebius, Retinoic acid and immune homeostasis: a
balancing act, Trends Immunol. 38 (2017) 168e180. https://doi.org/10.1016/j.
it.2016.12.006.

[10] M.J. Benson, K. Pino-Lagos, M. Rosemblatt, R.J. Noelle, All-trans retinoic acid
mediates enhanced T reg cell growth, differentiation, and gut homing in the
face of high levels of co-stimulation, J. Exp. Med. 204 (2007) 1765e1774.
https://doi.org/10.1084/jem.20070719.

[11] W.W. Agace, E.K. Persson, How vitamin A metabolizing dendritic cells are
generated in the gut mucosa, Trends Immunol. 33 (2012) 42e48. https://doi.

Fig. 4. Effect of puerarin on the induction of tolerogenic DCs in the colon of FA mice. A: The effect of puerarin on the proportion of tolerogenic DCs in the cLP cell population of FA
mice. The proportion of CD103þCD11cþ DCs in the cLP cell population of untreated FA mice and puerarin-treated FA mice was analyzed by flow cytometry. *P < 0.05, **P< 0.01 vs.
the untreated FA mice (n¼ 6e7 mice per group). B: The rates of BMDC uptake of FITC-OVA in vehicle-containing medium and puerarin-containing medium. The fluorescence
intensity in BMDCs was assessed by flow cytometry. The data were calculated as a percent of the value obtained for the vehicle-containing medium and are expressed as the
mean± SE obtained from 5 independent experiments. C: Histogram showing the representative expression of MHC class II, CD80, CD86 and CD103 in BMDCs. Fluorescence intensity
was assessed by flow cytometry. D: Dose-dependent effect of RA on the differentiation of BMDCs into CD103þCD11cþ DCs in vitro. The data are expressed as the mean ± SE obtained
from 3 independent experiments. *P < 0.05 and **P< 0.01 vs. vehicle. E: The proportion of CD103þCD11cþ DCs in the cLP cell population of untreated FA mice, puerarin-treated FA
mice and LE540-pretreated puerarin-treated FA mice (Fig. 3B) was analyzed by flow cytometry. *P< 0.05 vs. the untreated FA mice (n¼ 4e11 mice per group).

T. Yamamoto et al. / Biochemical and Biophysical Research Communications xxx (xxxx) xxx 5

Please cite this article as: T. Yamamoto et al., The isoflavone puerarin induces Foxp3þ regulatory T cells by augmenting retinoic acid production,
thereby inducing mucosal immune tolerance in a murine food allergy model, Biochemical and Biophysical Research Communications, https://
doi.org/10.1016/j.bbrc.2019.06.051

https://doi.org/10.1016/j.bbrc.2019.06.051
https://doi.org/10.1016/j.bbrc.2019.06.051
https://doi.org/10.1016/j.iac.2014.09.004
https://doi.org/10.1016/j.iac.2014.09.004
https://doi.org/10.1007/s12016-018-8680-5
https://doi.org/10.1016/j.immuni.2011.01.016
https://doi.org/10.1016/j.jaci.2017.04.020
https://doi.org/10.1159/000161578
https://doi.org/10.1159/000445433
https://doi.org/10.1002/ptr.5083
https://doi.org/10.1016/j.imlet.2014.12.002
https://doi.org/10.1016/j.imlet.2014.12.002
https://doi.org/10.1016/j.it.2016.12.006
https://doi.org/10.1016/j.it.2016.12.006
https://doi.org/10.1084/jem.20070719
https://doi.org/10.1016/j.it.2011.10.001


org/10.1016/j.it.2011.10.001.
[12] I.D. Iliev, I. Spadoni, E. Mileti, G. Matteoli, A. Sonzogni, G.M. Sampietro,

D. Foschi, F. Caprioli, G. Viale, M. Rescigno, Human intestinal epithelial cells
promote the differentiation of tolerogenic dendritic cells, Gut 58 (2009)
1481e1489. https://doi.org/10.1136/gut.2008.175166.

[13] N. Bhattacharya, R. Yuan, T.R. Prestwood, H.L. Penny, M.A. DiMaio,
N.E. Reticker-Flynn, C.R. Krois, J.A. Kenkel, T.D. Pham, Y. Carmi, L. Tolentino,
O. Choi, R. Hulett, J. Wang, D.A. Winer, J.L. Napoli, E.G. Engleman, Normalizing
microbiota-induced retinoic acid deficiency stimulates protective CD8þ T cell-
mediated immunity in colorectal cancer, Immunity 45 (2016) 641e655.
https://doi.org/10.1016/j.immuni.2016.08.008.

[14] Y. Nagata, T. Yamamoto, M. Hayashi, S. Hayashi, M. Kadowaki, Improvement
of therapeutic efficacy of oral immunotherapy in combination with regulatory
T cell-inducer kakkonto in a murine food allergy model, PLoS One 12 (2017)
e0170577, https://doi.org/10.1371/journal.pone.0170577.

[15] K. Inaba, M. Inaba, N. Romani, H. Aya, M. Deguchi, S. Ikehara, S. Muramatsu,
R.M. Steinman, Generation of large numbers of dendritic cells from mouse
bone marrow cultures supplemented with granulocyte/macrophage colony-
stimulating factor, J. Exp. Med. 176 (1992) 1693e1702. https://doi.org/10.
1084/jem.176.6.1693.

[16] Y. Kurashima, J. Kunisawa, M. Higuchi, M. Gohda, I. Ishikawa, N. Takayama,
M. Shimizu, H. Kiyono, Sphingosine 1-phosphate-mediated trafficking of
pathogenic Th2 and mast cells for the control of food allergy, J. Immunol. 179
(2007) 1577e1585. https://doi.org/10.4049/jimmunol.179.3.1577.

[17] T. Yamamoto, T. Kodama, J. Lee, N. Utsunomiya, S. Hayashi, H. Sakamoto,
H. Kuramoto, M. Kadowaki, Anti-allergic role of cholinergic neuronal pathway
via a7 nicotinic ACh receptors on mucosal mast cells in a murine food allergy
model, PLoS One 9 (2014) e85888, https://doi.org/10.1371/journal.pone.
0085888.

[18] E.B. Brandt, R.T. Strait, D. Hershko, Q. Wang, E.E. Muntel, T.A. Scribner,
N. Zimmermann, F.D. Finkelman, M. E Rothenberg, Mast cells are required for
experimental oral allergen-induced diarrhea, J. Clin. Investig. 112 (2003)
1666e1677. https://doi.org/10.1172/JCI19785.

[19] N. Takayama, O. Igarashi, M.N. Kweon, H. Kiyono, Regulatory role of Peyer's
patches for the inhibition of OVA-induced allergic diarrhea, Clin. Immunol.
123 (2007) 199e208. https://doi.org/10.1016/j.clim.2007.01.007.

[20] A.F. Hagel, T. deRossi, Y. Zopf, P. Konturek, W. Dauth, J. Kressel, E.G. Hahn,
M. Raithel, Mast cell tryptase levels in gut mucosa in patients with gastro-
intestinal symptoms caused by food allergy, Int. Arch. Allergy Immunol. 160
(2013) 350e355. https://doi.org/10.1159/000341634.

[21] T.R. Torgerson, A. Linane, N. Moes, S. Anover, V. Mateo, F. Rieux-Laucat,
O. Hermine, S. Vijay, E. Gambineri, N. Cerf-Bensussan, A. Fischer, H.D. Ochs,
O. Goulet, F.M. Ruemmele, Severe food allergy as a variant of IPEX syndrome

caused by a deletion in a noncoding region of the FOXP3 gene, Gastroenter-
ology 132 (2007) 1705e1717. https://doi.org/10.1053/j.gastro.2007.02.044.

[22] W. Lin, N. Truong, W.J. Grossman, D. Haribhai, C.B. Williams, J. Wang,
M.G. Martín, T.A. Chatila, Allergic dysregulation and hyper-
immunoglobulinemia E in Foxp3 mutant mice, J. Allergy Clin. Immunol. 116
(2005) 1106e1115. https://doi.org/10.1016/j.jaci.2005.08.046.

[23] P.L. Smaldini, M.L. Orsini Delgado, C.A. Fossati, G.H. Docena, Orally-induced
intestinal CD4þ CD25þ FoxP3þ Treg controlled undesired responses towards
oral antigens and effectively dampened food allergic reactions, PLoS One 10
(2015) e0141116, https://doi.org/10.1371/journal.pone.0141116.

[24] J.L. Coombes, K.R. Siddiqui, C.V. Arancibia-C�arcamo, J. Hall, C.M. Sun,
Y. Belkaid, F. Powrie, A functionally specialized population of mucosal CD103þ

DCs induces Foxp3þ regulatory T cells via a TGF-beta and retinoic acid-
dependent mechanism, J. Exp. Med. 204 (2007) 1757e1764. https://doi.org/
10.1084/jem.20070590.

[25] B. Zhu, T. Buttrick, R. Bassil, C. Zhu, M. Olah, C. Wu, S. Xiao, W. Orent,
W. Elyaman, S.J. Khoury, D.J. Kasprowicz, K. Kellar, J. Pare, T. van Dyke,
S. Ziegler, D. Unutmaz, B. Pulendran, IL-4 and retinoic acid synergistically
induce regulatory dendritic cells expressing Aldh1a2, J. Immunol. 191 (2013)
3139e3151. https://doi.org/10.4049/jimmunol.1300329.

[26] T. Feng, Y. Cong, H. Qin, E.N. Benveniste, C.O. Elson, Generation of mucosal
dendritic cells from bone marrow reveals a critical role of retinoic acid,
J. Immunol. 185 (2010) 5915e5925. https://doi.org/10.4049/jimmunol.
1001233.

[27] I.D. Iliev, I. Spadoni, E. Mileti, G. Matteoli, A. Sonzogni, G.M. Sampietro,
D. Foschi, F. Caprioli, G. Viale, M. Rescigno, Human intestinal epithelial cells
promote the differentiation of tolerogenic dendritic cells, Gut 58 (2009)
1481e1489. https://doi.org/10.1136/gut.2008.175166.

[28] G. Goverse, R. Molenaar, L. Macia, J. Tan, M.N. Erkelens, T. Konijn,
M. Knippenberg, E.C. Cook, D. Hanekamp, M. Veldhoen, A. Hartog,
G. Roeselers, C.R. Mackay, R.E. Mebius, Diet-derived short chain fatty acids
stimulate intestinal epithelial cells to induce mucosal tolerogenic dendritic
cells, J. Immunol. 198 (2017) 2172e2181. https://doi.org/10.4049/jimmunol.
1600165.

[29] A. Dige, M.K. Magnusson, L. €Ohman, C.L. Hvas, J. Kelsen, M.J. Wick, J. Agnholt,
Reduced numbers of mucosal DR(int) macrophages and increased numbers of
CD103þ dendritic cells during anti-TNF-a treatment in patients with Crohn's
disease, Scand. J. Gastroenterol. 51 (2016) 692e699. https://doi.org/10.3109/
00365521.2015.1134649.

[30] K.L. Penniston, S.A. Tanumihardjo, The acute and chronic toxic effects of
vitamin A, Am. J. Clin. Nutr. 83 (2006) 191e201. https://doi.org/10.1093/ajcn/
83.2.191.

T. Yamamoto et al. / Biochemical and Biophysical Research Communications xxx (xxxx) xxx6

Please cite this article as: T. Yamamoto et al., The isoflavone puerarin induces Foxp3þ regulatory T cells by augmenting retinoic acid production,
thereby inducing mucosal immune tolerance in a murine food allergy model, Biochemical and Biophysical Research Communications, https://
doi.org/10.1016/j.bbrc.2019.06.051

https://doi.org/10.1016/j.it.2011.10.001
https://doi.org/10.1136/gut.2008.175166
https://doi.org/10.1016/j.immuni.2016.08.008
https://doi.org/10.1371/journal.pone.0170577
https://doi.org/10.1084/jem.176.6.1693
https://doi.org/10.1084/jem.176.6.1693
https://doi.org/10.4049/jimmunol.179.3.1577
https://doi.org/10.1371/journal.pone.0085888
https://doi.org/10.1371/journal.pone.0085888
https://doi.org/10.1172/JCI19785
https://doi.org/10.1016/j.clim.2007.01.007
https://doi.org/10.1159/000341634
https://doi.org/10.1053/j.gastro.2007.02.044
https://doi.org/10.1016/j.jaci.2005.08.046
https://doi.org/10.1371/journal.pone.0141116
https://doi.org/10.1084/jem.20070590
https://doi.org/10.1084/jem.20070590
https://doi.org/10.4049/jimmunol.1300329
https://doi.org/10.4049/jimmunol.1001233
https://doi.org/10.4049/jimmunol.1001233
https://doi.org/10.1136/gut.2008.175166
https://doi.org/10.4049/jimmunol.1600165
https://doi.org/10.4049/jimmunol.1600165
https://doi.org/10.3109/00365521.2015.1134649
https://doi.org/10.3109/00365521.2015.1134649
https://doi.org/10.1093/ajcn/83.2.191
https://doi.org/10.1093/ajcn/83.2.191


FA 100 200 

* 
Fo

od
 a

lle
rg

y 
oc

cu
rr

en
ce

 (%
) 

0 

20 

40 

60 

80 

100 

* 

Puerariae Radix (mg/kg) 

Figure	S1�


	20190625-YamamotoT.pdf
	The isoflavone puerarin induces Foxp3+ regulatory T cells by augmenting retinoic acid production, thereby inducing mucosal  ...
	1. Introduction
	2. Materials and methods
	2.1. Animals
	2.2. FA model and drug treatment
	2.3. Cell isolation of cLP cells, colonic epithelial cells (CECs) and splenocytes
	2.4. Cell staining and flow cytometry analysis
	2.5. Quantitative real-time PCR
	2.6. In vitro Treg differentiation assay
	2.7. In vitro experiments using bone marrow-derived dendritic cells (BMDCs)
	2.8. Statistical analyses

	3. Results and discussion
	Acknowledgments
	Appendix A. Supplementary data
	Transparency document
	References


	1-s2.0-S0006291X19311775-mmc1.pdf

