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Abstract: Ten traditional herbal extracts effective against diarrhea, infectious diseases, and bacterial
activity were selected and analyzed for Peyer’s patch cell-mediated intestinal immunomodulatory
activity in vitro and in vivo. Among the 10 herbal extracts, Zingiber officinale Rosc. (ZO) extract induced
the highest secretion of immunoglobulin A (IgA) and granulocyte macrophage colony-stimulating
factor (GM-CSF) in the cells of Peyer’s patches. Furthermore, animal experiments showed that IA
production was enhanced with the oral administration of ZO extract (100 mg/kg and 300 mg/kg) for
10 days. In addition, 6-, 8-, 10-gingerol, and 6-, 8-, 10-shogaol, the six major index compounds of ZO
extract, were analyzed using HPLC. Our study findings confirm the intestinal immunomodulatory
activity of ZO extract and lay a strong foundation for future analytical studies aimed at determining
the active components of ZO extracts.

Keywords: IgA; intestinal immune modulation; Peyer’s patch; Zingiber officinale Rosc.

1. Introduction

The epithelial layer of the intestinal mucosa is continuously exposed to foreign sub-
stances or hormones passing through the intestinal tract. The adult intestinal mucosa,
which has an area 200 times larger than that of the skin surface, is the site of contact with
various antigens [1,2]. Mucosa-associated lymphatic tissues (MALTs) are divided into
various mucosal lymphatic organs of the body, such as nasal-associated lymphatic tissue
(NALT) and bronchus-associated lymphatic tissue (BALT), and they play an important
role in immune defenses [3,4]. Among these mucosal lymphoid organs, gut-associated
lymphoid tissue (GALT) represents the largest lymphoid tissue in vivo and is composed
of Peyer’s patches; moreover, it plays a pivotal role in the digestion and absorption of
numerous essential nutrients, simultaneously serves as a barrier against pathogenic mi-
croorganisms and harmful substances, and is known as an induction site [5,6]. The intestinal
mucosa contains more than 80% of activated B cells, which eventually differentiate into
plasmablasts and plasma cells, making the intestine the largest antibody-producing struc-
ture in the body [7]. In addition, Peyer’s patches contain specialized M cells that are
responsible for transporting intestinal antigens, and the basolateral membrane of M cells
contains B lymphocytes, T lymphocytes, macrophages, and dendritic cells [7]. Reports
have indicated that the activation of Peyer’s patch cells by intestinal antigens leads to the
production of cytokines that activate B lymphocytes to differentiate into plasma cells and
induce immunoglobulin A (IgA) secretion [8,9]. Secreted IgA promotes the involvement of
eosinophils and macrophages in systemic immune responses [10]. Thus, Peyer’s patches
play a major role in the activation of the systemic immune system.
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Herbal medicines, including Amomum kravanh Pierre ex Gagnep., Schisandra chinensis
Baillon, Panax ginseng C. A. Meyer, Zingiber officinale Rosc. (ZO), Glycyrrhiza uralensis
Fisch., Scutellaria baicalensis Georgi, Paenoia suffruticosa Andrews, and Coptis chinesis Franch.
have been widely prescribed to treat recurrent diarrhea or infectious diseases [11-14]. In
addition, medications such as Paeonia suffruticosa Andrews, Spatholobus suberectus Dunn,
and Salvia miltiorrhiza Bunge have been used to eliminate blood stasis [11-13]. Many studies
have focused on the anti-inflammatory activities of these natural products, such as Coptis
chinesis Franch., Glycyrrhiza uralensis Fisch., Salvia miltiorrhiza Bunge, Schisandra chinensis
Baillon, Paeonia suffruticosa Andrews, and Spatholobus suberectus Dunn [15]. Recently, several
reports have indicated that natural product-derived extracts such as red pepper capsaicin
extract [16], garlic extract [17], red ginseng-derived polysaccharides [18], citrus peel-derived
pectin polysaccharides [19], mushroom polysaccharides [20], and cell-wall extracts from
lactic acid bacteria [21,22] activate Peyer’s patch cell-mediated intestinal immunity and the
systemic immune system. Therefore, in this study, we screened Peyer’s patch-mediated
IgA and granulocyte macrophage colony-stimulating factor (GM-CSF) production using
individual extracts from ten natural products used as herbal medicines. Among them, ZO
extract exhibited the highest IgA and GM-CSF production. Therefore, we investigated
its intestinal immune modulation activity using animal experiments and analyzed the
six major index compounds 6-, 8-, and 10-gingerol, and 6-, 8-, and 10-shogaol.

2. Results and Discussion
2.1. HPLC Profiling of Six Index Compounds of ZO Extract

In this study, we performed the simultaneous HPLC-based profiling of six phenolic
compounds (6-, 8-, and 10-gingerol, and 6-, 8-, and 10-shogaol) representing the major com-
ponents of ZO. These compounds were well separated within 45 min without overlapping
with other neighboring peaks, and they were detected at 21.13, 29.07, 30.80, 36.35, 37.83, and
42.03 min (Figure 1). Quantification was performed at 280 nm, which corresponds to the
maximum UV absorption wavelength. For quantitative analysis, calibration curves were
drawn at 1.56—100.00 ng/mL (6-gingerol) and 0.31—20.00 png/mL (8-gingerol, 6-shogaol,
10-gingerol, 8 shogaol, and 10-shogaol), respectively. The coefficients of determination of
these components were >0.9997, thus showing good linearity. The six major components
of ZO were simultaneously quantified with optimized HPLC analysis conditions, and
the results are presented in Table 1. Among them, 6-gingerol was the most abundant, at
6.64mg/g.

2.2. Effects of the Ten Herbal Medicine Extracts on Peyer’s Patch Cell Proliferation in Ex Vivo
Experiments

Peyer’s patches are important lymphoid organs in the intestinal tract that contain
B cells, T cells, macrophages, and dendritic cells [23,24]. The proliferative ability of Peyer’s
patches increases the number of these immune cells and helps activate the intestinal
immune system [3-5]. The present study aimed to characterize the effects of ten extracts on
intestinal immune system activity mediated by Peyer’s patch cell proliferation in C3H/HeN
mice. As shown in Figure 2, among the groups treated with the extracts isolated from the ten
herbal medicines, Peyer’s patch cell proliferation was significantly increased in the groups
treated with ZO and Amomum kravanh Pierre ex Gagnep. extracts at 250 and 500 pg/mL
compared with the control group. However, 1000 pg/mL ZO and Amomum kravanh Pierre
ex Gagnep. extract treatment reduced proliferation, and there was no cytotoxicity. Coptis
chinesis Franch. also promoted cell proliferation at 500 and 1000 pg/mL concentrations, and
Spatholobus suberectus Dunn significantly increased proliferation at 1000 pug/mL. However,
cell proliferation was not affected by Panax ginseng C. A. Meyer, Salvia miltiorrhiza Bunge,
Scutellaria baicalensis Georgi, Glycyrrhiza uralensis Fisch., Schisandra chinensis Baillon, and
Paeonia suffruticosa Andrews extracts. None of the studied extracts induced cellular toxicity
in Peyer’s patches.
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Figure 1. HPLC chromatogram of the standard mixtures (A) and ZO extract (B) monitored at a UV
wavelength of 280 nm. 1: 6-Gingerol. 2: 8-Gingerol. 3: 6-Shogaol. 4: 10-Gingerol. 5: 8-Shogaol.
6: 10-Shogaol.

Table 1. Six major compounds (mg/g) in the ZO extract using HPLC.

Amount (mg/g)
Compound
Mean SD RSD (%)

6-Gingerol 6.64 0.02 0.36
8-Gingerol 0.22 0.00 1.62
6-Shogaol 0.28 0.00 0.42
10-Gingerol 0.16 0.00 0.52
8-Shogaol 0.01 0.00 1.84
10-Shogaol <LOQ * - -

* LOQ: limit of quantitation.

2.3. Effects of Ten Herbal Medicine Extracts on IgA Production by Peyer’s Patch Cells Ex Vivo

IgA induced in Peyer’s patches inhibits the adhesion of various harmful foreign
substances and pathogenic microorganisms to the intestinal tract and prevents antigens
from being absorbed by the mucosal surface [3,5]. In addition, it is known to have antibody
activity against various bacteria or viruses and thus plays an important role in the immune
response of the mucosal surface [6]. Peyer’s patch cell-mediated IgA production is driven
by cytokines, such as IL-6 and IL-5, which play important roles in the functional control
and signal transduction of other immune cells [5]. A recent report indicated that IgA
secretion by Peyer’s patch cells was increased by extracts of various herbal preparations
and that IL-6 was produced by dendritic cells in Peyer’s patches, thereby inducing IgA
secretion [7]. Therefore, IgA production in the intestine can be considered an indicator of
immune response.
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Figure 2. Effects of the ten herbal extracts on the proliferation of Peyer’s patch cells in C3H/HeN mice.

Peyer’s patch cells were seeded into 96-well plates at 4 x 10° cells/well density. The ten extracts were
administered at the indicated concentrations (250, 500, and 1000 pug/mL) for 4 days. Cell viability
was determined using the EZ-Cytox cell viability assay kit. Data are presented as the means & SDs of

triplicate experiments. *** p < 0.0001 compared with the control groups. * p < 0.01 compared with the

control groups.
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Treatment with LPS, a positive control for IgA production in Peyer’s patch cells,
significantly increased IgA production, as shown in Figure 3. Among the ten extracts,
ZO extract increased IgA production in a concentration-dependent manner and led to
approximately 1.8-fold higher IgA secretion than that obtained with the positive control at
125 pg/mL. The highest IgA production was observed following treatment with 500 pug/mL
Z0. IgA production in the groups treated with the ZO and Amomum kravanh Pierre ex
Gagnep. extracts were consistent with that of the positive control group. However, IgA
production induced by Salvia miltiorrhiza Bunge, Scutellaria baicalensis Georgi., Glycyrrhiza
uralensis Fisch., Spatholobus suberectus Dunn, Schisandra chinensis Baillon, Paeonia suffruticosa
Andrews, and Coptis chinesis Franch. extracts were lower than that of the control group.
Collectively, ZO induced maximum stimulation of intestinal immune activity by promoting
IgA production in vitro.

2.4. Effects of the Ten Extracts on GM-CSF Production by Peyer’s Patch Cells in Ex Vivo
Experiment

Cytokines are soluble proteins secreted by immune cells and play an important role in
the immune system. In addition, they modulate signal transduction in immune cells and
impact the entire immune system by forming a complex cytokine network [8,9]. Herbal
extracts can activate the T cells of Peyer’s patches to produce cytokines, such as GM-CSF,
which are necessary for the maturation and differentiation of hematopoietic cells and the
proliferation of bone marrow cells [25,26]. Peyer’s patches are a known source of CSF and
various cytokines [7,27]. Thus, activated T cells can affect the secretion of the hematopoietic
growth factor GM-CSF in Peyer’s patches [28].

GM-CSF production by Peyer’s patches was determined in the culture supernatants
of the ten extracts (Figure 4). Among the ten herbal extracts, only ZO extract increased
GM-CSF production at all tested concentrations, whereas treatment with Amomum kravanh
Pierre ex Gagnep. extract increased GM-CSF production only slightly. Therefore, the results
show that ZO extract affected GM-CSF production as well as IgA production.

Collectively, these results indicate that ZO extract promotes the secretion of GM-CSF in
Peyer’s patches in the intestinal immune system, and these cytokines act as hematopoietic
growth factors. Cytokine secretion plays an important role in modulating the activity of
circulatory immune cells. GM-CSF secretion via activation of Peyer’s patch cells can not
only induce bone marrow cell proliferation but also contribute to the activation of the
systemic immune system.

2.5. Determination of Peyer’s Patch Cell Proliferation and IgA Production Induced by Six Major
Index Compounds Present in ZO Extract

The six major index compounds of ZO (6-, 8-, and 10-gingerol, and 6-, 8-, and
10-shogaol) were investigated to reveal their effect on the production of IgA and GM-
CSEF. We first analyzed the viability of Peyer’s patch cells using an EZ-Cytox assay. As
shown in Table 2 (upper table), cells treated with LPS showed significantly increased pro-
liferation compared with that of the control group. However, the viability of cells treated
with 6-, 8-, and 10-gingerol, and 6-, 8-, and 10-shogaol was not affected.

Next, we analyzed IgA production in Peyer’s patch cells after treatment with the
six major compounds. As shown in Table 2 (lower table), LPS significantly increased IgA
production compared with the control. In contrast, treatment with 6-, 8-, and 10-gingerol,
and 6-, 8-, and 10-shogaol did not induce IgA production. As shown in Figures 2 and 3,
IgA and GM-CSF production mediated by ZO extract was not regulated by the major index
compounds and thus was likely controlled by other substances.
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Figure 3. Effects of the ten herbal extracts on IgA secretion by Peyer’s patch cells in C3H/HeN mice.
Peyer’s patch cells were seeded into 96-well plates at 4 x 10° cells/well density. The ten extracts
were incubated at the indicated concentrations (250, 500, and 1000 ug/mL) for 4 days. Subsequently,
the cell supernatant was harvested for IgA analysis using commercial ELISA kits. Data are presented

as the means + SDs of triplicate experiments. *** p < 0.0001 compared with the control groups.
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Figure 4. Effects of the ten herbal extracts on GM-CSF secretion by Peyer’s patch cells in C3H/HeN
mice. Peyer’s patch cells were seeded into 96-well plates at 4 x 10° cells/well density. Ten extracts

were administered at various concentrations (250, 500, and 1000 ug/mL) for 4 days. Subsequently,
the cell supernatant was harvested for GM-CSF analysis. GM-CSF secretion was determined using
commercial ELISA kits. Data are presented as the means £ SDs. *** p < 0.0001 compared with the

control groups.



Molecules 2023, 28, 6743 80of 13

Table 2. Effects of 6-, 8-, and 10-gingerol, and 6-, 8-, and 10-shogaol on the proliferation of Peyer’s
patch cells and production of IgA in C3H/HeN mice.

Viability (%) Control 10 uM 25 UM 50 uM
Average SD Average SD Average SD Average SD
Control 100.0 1.2 - - - - - -
LPS 220.5 *** 8.4 - - - - - -
6-Gingerol - - 95.3 1.7 93.8 0.4 921 0.7
8-Gingerol - - 96.6 1.2 93.6 1.0 90.9 0.7
10-Gingerol - - 96.8 0.2 93.9 1.3 93.2 2.4
6-Shogaol - - 94.2 1.2 88.4 5.2 94.9 21
8-Shogaol - - 94.0 24 92.7 2.6 91.4 2.0
10-Shogaol - - 96.9 0.4 944 1.8 95.7 24
IgA (pg/mL) Control 10 uM 25 uM 50 uM
IgA SD IgA SD IgA SD IgA SD
Control 3246.3 19.9 - - - - - -
LPS 5260.4 *** 57.8 - - - - - -
6-Gingerol - - 2951.9 1425 2868.0 227.4 2995.1 54.3
8-Gingerol - - 2052.1 17.0 2481.6 156.1 2654.4 74.7
10-Gingerol - - 1579.4 156.1 2606.4 203.6 2767.2 2342
6-Shogaol - - 1452.2 1934 1672.9 84.8 1812.1 125.6
8-Shogaol - - 1622.5 54.3 2548.8 95.0 2724.0 254.5
10-Shogaol - - 1900.9 54.3 2064.1 142.5 2896.8 57.7

*** p < 0.001 compared with the control groups.

2.6. Effects of ZO Extract Administered Orally on Mouse IgA Production

Based on the in vitro results, we next investigated the in vivo intestinal immunomodu-
lation activity of ZO extract. In our previous study [18], activation of intestinal immune
modulating activity in mice was confirmed after oral administration of natural polysac-
charides (5-50 mg/kg). Therefore, in this study, crude extract of ZO was orally and daily
administered to C3H/HeN mice for 10 days at 100 and 300 mg/kg. During the oral admin-
istration of ZO extract, we measured the bodyweight of each mouse every 2-3 days. The
bodyweight of mice in all the groups increased slightly. To verify the intestinal immune
modulating activity of ZO extract, we measured lymphocyte proliferation and IgA produc-
tion by Peyer’s patches after oral administration. As shown in Figure 5A, the proliferation
of immune cells in Peyer’s patches slightly increased in the 100 mg/kg ZO group but did
not significantly change in the 300 mg/kg group. On the other hand, the secretion of IgA
by Peyer’s patches was significantly increased in the ZO-treated group compared with
the control group (Figure 5B). Hereby, this suggests that the switching of B cells to plasma
cells is more important than proliferation for IgA secretion. Collectively, these results may
indicate that macromolecules present in ZO extract, such as polysaccharides, rather than
the six major index compounds, augmented IgA production in Peyer’s patches and may
affect intestinal immune modulating activity in mice.
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Figure 5. Effects of oral administration of ZO extract on mouse IgA production. (A) Five C3H/HeN
mice per group were orally and daily administered with the indicated doses of ZO extract for 10 days.
(A) Mice were sacrificed 11 days after oral treatment, and Peyer’s patches of the small intestine were
then collected. Then, immune cells isolated from Peyer’s patches were incubated for 4 days. Cell
viability was determined using the EZ-Cytox cell viability assay kit. (B) Mice were sacrificed 11 days
after oral treatment, and Peyer’s patches of the small intestine were then collected. Then, immune
cells isolated from Peyer’s patches were incubated for 4 days. Subsequently, the cell supernatant was
harvested for IgA analysis. IgA secretion was determined using commercial ELISA kits. Data are
presented as the means + SDs of three independent experiments. * p < 0.01 vs. the control group.
** p <0.001 vs. the control group.

3. Materials and Methods
3.1. Preparation of Crude Extract from Herbal Medicines

Extracts of ten herbal medicines (15 g each) were prepared using 150 mL of distilled
water at 100 °C for 60 min. The extracts were then filtered through nonwoven fabric, and
120 mL of herbal extract was ultimately obtained for each medicine. The extracts were
freeze-dried, and the yield was calculated by measuring the dried amount (Table 3). These
extracts were then used for in vitro assays, and ZO extract, which showed best immunomod-
ulatory activity in vitro, was orally administered to mice to evaluate its intestinal immune
modulating activity in vivo.

Table 3. The 10 herbal medicine extracts used in this study.

Number Herbal Medicine Origin Freeze-Dried Extract (g) Yield (%)
1 Panax ginseng C. A. Meyer Republic of Korea 8.3 27.66
2 Salvia miltiorrhiza Bunge China 12.2 40.6
3 Amomum kravanh Pierre ex Gagnep. Indonesia 9.9 33.0
4 Scutellaria baicalensis Georgi China 15 5.0
5 Glycyrrhiza uralensis Fisch. China 11.8 39.3
6 Spatholobus suberectus Dunn Vietnam 9.1 30.3
7 Schisandra chinensis Baillon China 11.7 39.0
8 Zingiber officinale Rosc. Peru 10.3 343
9 Paeonia suffruticosa Andrews China 6.6 22.0
10 Coptis chinesis Franch. China 10.2 34.0

3.2. Chemicals and Reagents

The following six reference standards (Figure 6) were used for the phytochemical
analysis of ZO based on high-performance liquid chromatography (HPLC): 6-gingerol
(99.3%), 8-gingerol (98.0%), 10-gingerol (98.1%), 6-shogaol (99.2%), 8-shogaol (98.9%) (all
obtained from Shanghai Sunny Biotech Co., Ltd., Shanghai, China), and 10-shogaol (98.6%)
(obtained from ChemNorm Biotech Co., Ltd., Wuhan, China). Solvents (methanol, ace-
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HO

tonitrile, and distilled water of HPLC grade) for HPLC analysis were purchased from J. T.
Baker (Phillipsburg, NJ, USA). Formic acid (ACS reagent grade, >98.0%) for mobile phase
preparation was obtained from Merck (Darmstadt, Germany).

O OH 0]

6-Gingerol 6-Shogaol
O OH O
_0O =
8-Gingerol HO 8-Shogaol

O OH o)

10-Gingerol 10-Shogaol

Figure 6. Chemical structures of six major index compounds in ZO.

3.3. HPLC Profiling of the Six Major Index Compounds in ZO Extract

The HPLC profiling of the six major phenolic compounds in ZO was conducted
using a Shimadzu Prominence LC-20A system (Kyoto, Japan) and LabSolution software
(Version 5.53; SP3, Kyoto, Japan). The six analytes were separated using a SunFire™
Cjs analytical column (4.6 x 250 mm, 5 um; Waters, Milford, MA, USA) maintained at
40 °C. The mobile phase was composed of 0.1% (v/v) formic acid in distilled water (A) and
0.1% (v/v) formic acid in acetonitrile (B) under the following gradient elution conditions:
0-30 min, 30-70% B; 30—40 min, 70-100% B; 40—45 min, 100% B; 45-50 min, 100-30% B.
The re-equilibration time was 10 min. The flow rate and injection volume were set to
1.0 mL/min and 10 pL, respectively. The standard stock solution of the six analytes was
prepared at a concentration of 1.0 mg/mL with methanol and then diluted when used. The
sample solution for quantitative analysis was ultrasonically extracted for 60 min by adding
10.0 mL of 70% methanol to 500.0 mg of lyophilized ZO. Finally, the prepared solutions
were filtered through a 0.2 um syringe filter (Pall Life Sciences, Ann Arbor, MI, USA) before
injection into the HPLC instrument.

3.4. Animals

C3H/HeN mice (6-week-old, female) were purchased from Orientbio (Seongnam,
Republic of Korea) and housed at 23 =+ 2 °C with 55% =+ 10% humidity under a 12/12 h
light/dark cycle, and they were provided free access to a standard laboratory diet and water.
For the in vivo study, the mice were treated for 10 days with ZO extract at 100 mg/kg and
300 mg/kg using oral gavage feeding needles. Mice in the control group were administered
sterilized distilled water. All animal experiments were performed in accordance with the
Institutional Animal Care and Use Committee (IACUC) at Gachon University (GU1-2022-
TA0050).

3.5. Ex Vivo Proliferation of Peyer’s Patch Lymphocytes

Peyer’s patches were collected from the small intestine wall of the C3H/HeN mice.
Next, the immune cells were separated using a sterilized metal mesh (100 mesh), and
the cell suspension was filtered using a cell strainer (Nylon, Falcon, NJ, USA). Then, 10%
fetal bovine serum, 1% penicillin-streptomycin (Gibco, Grand Island, NY, USA), and 0.1%
2-mercaptoethanol (Gibco-Invitrogen, Carlsbad, CA, USA) were mixed with RPMI 1640
(Corning, CA, USA) and used to isolate lymphocytes. The lymphocytes isolated from
Peyer’s patches were seeded into a 96-well plate at a density of 4.0 x 10° cells/well, treated
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with the extracts at various concentrations, and incubated for 4 days in an incubator set at
37 °C and supplied with 5% CO,. After incubation, EZ-Cytox (Dogenbio, Seoul, Republic
of Korea) was added to each well, and optical density at 450 nm was determined using a
microplate reader (Emax, Molecular Devices, San Jose, CA, USA).

3.6. Determination of IgA and GM-CSF Production in Peyer’s Patch Cells Ex Vivo

Peyer’s patches were collected from the wall of the small intestine of C3H/HeN mice,
and the immune cells were separated using a sterilized metal mesh (100 mesh). The cell
suspension was then filtered using a cell strainer (Nylon, Falcon, NJ, USA) and mixed
with RPMI 1640 containing FBS, penicillin-streptomycin, and 2-mercaptoethanol. The
lymphocytes were seeded into a 96-well plate at a density of 4.0 x 10° cells/well, treated
with the extracts at various concentrations, and incubated for 4 days in an incubator set
at 37 °C and supplied with 5% CO,. After incubation, the cell supernatant was harvested
for IgA (Invitrogen, CA, USA) and GM-CSF (BD Biosciences Co., Ltd., San Diego, CA,
USA) analysis using commercial ELISA kits, respectively. Briefly, IgA or GM-CSF capture
antibody was diluted, and 100 pL of diluted antibody was added to each well of a 96-well
plate; the plates were incubated overnight at 4 °C. The next day, excess antibody was
discarded, and the plate was washed three times with washing buffer. Then, 200 uL
of blocking buffer (2.5% skim milk in PBS) was added to each well, and the plate was
incubated at room temperature for 1 h. The plate was then washed three times with
washing buffer (PBS containing 0.1% Tween 20). Then, 100 uL of culture supernatant
from Peyer’s patches was added to each well and incubated at room temperature for 2 h.
Next, the plate was washed three times with washing buffer, after which diluted HRP-
conjugated secondary antibody was added to each well, and the plate was incubated at
room temperature for 1 h. The plate was washed three times with washing buffer, and then
TMB (3,3',5,5'—tetramethylbenzidine) solution, a substrate capable of reacting with HRP,
was added to each well and reacted in the dark for 10 min. The reaction was stopped by
adding 0.5 N sulfuric acid. Color development was measured at 450 nm using a microplate
reader (Emax, Molecular Devices, USA).

3.7. Determination of IgA Production in Peyer’s Patches In Vivo

After oral administration of ZO extract for 10 days, mice were sacrificed, and Peyer’s
patch cells were collected from the small intestine as described in Sections 3.5 and 3.6. The
cells isolated from Peyer’s patches were seeded on a 96-well plate at a density of 4.0 x 10°
cells/well and incubated for 4 days in an incubator at 37 °C and 5% CO,. After incubation,
cell proliferation and IgA production were analyzed using EZ-Cytox and IgA ELISA kits as
described in Sections 3.5 and 3.6.

3.8. Statistical Analysis

The results are expressed as the means =+ standard deviations of triplicate experiments.
The results were analyzed statistically using the Mann-Whitney U test in GraphPad Prism
8 (GraphPad Software, San Diego, CA, USA), with *** p < 0.0001, ** p < 0.001, and * p < 0.01
being considered statistically significant.

4. Conclusions

The intestinal mucosa is the largest lymphoid tissue among the mucosal immune
organs, and Peyer’s patches in the intestinal tract not only contribute to the activation of
the systemic immune system by secreting various cytokines but also play a central role in
local IgA production. The appropriate induction and regulation of secretory IgA can be
used to treat diseases, such as intestinal infections.

We aimed to investigate the intestinal immune modulating activity of ten natural
products mainly used as herbal medicine prescriptions for the treatment of inflammation
and diarrhea. First, the medicines were extracted with hot water, and the extracts were
freeze-dried to evaluate the intestinal immune system modulatory activity mediated by
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Peyer’s patches. Among the ten extracts evaluated in this study, ZO showed the highest IgA
and GM-CSF production activity mediated by Peyer’s patch cells in vitro. Furthermore, oral
administration of ZO extract enhanced IgA production in Peyer’s patches. Since Peyer’s
patches are the main source of IgA production, which maintains intestinal homeostasis
against intestinal infection, the induction of IgA production by ZO extract may promote
intestinal health and improve diarrhea symptoms.

Notably, the six major index compounds of ZO (6-, 8-, and 10-gingerol, and 6-, 8-,
and 10-shogaol) could not activate intestinal immune modulation responses in vitro. These
results suggest that intestinal immune activity induced by ZO extract is attributable to the
crude polysaccharide fraction, which includes larger high-molecular-weight compounds.
Therefore, in future studies, the active components of ZO extract that affect intestinal
immune activity must be isolated and purified.

Author Contributions: Conceptualization, Y.-K.C.; methodology, S.J.M., SJ.K,, J.Y.P. and C.-S.S,;
software, S.J.M. and S.J.K,; formal analysis, C.-S.S.; investigation, S.J.K. and S.].M.; resources, Y.-K.C.;
writing—original draft preparation, S.J.K., S.J.M. and C.-S.S.; writing—review and editing, C.-S.S.
and Y.-K.C.; funding acquisition, Y.-K.C. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by a National Research Foundation of Korea (NRF) grant
supported by the Korean government (MSIP; grant number NRF-2021R1F1A1062854).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

References

1.

10.
11.

12.

13.

14.

15.

Janeway, C.A.; Traver, P. Immunobiology: The Immune System in Health and Disease, 1st ed.; Current Biology Ltd.; Garland Publishing
Inc.: New York, NY, USA, 1994.

Mowat, A.M. Anatomical basis of tolerance and immunity to intestinal antigens. Nat. Rev. Immunol. 2003, 3, 331-341. [CrossRef]
Brandtzaeg, P. Mucosal immunity: Induction, dissemination, and effector functions. Scand. ]. Immunol. 2009, 70, 505-515.
[CrossRef] [PubMed]

Sato, S.; Kiyono, H. The mucosal immune system of the respiratory tract. Curr. Opin. Virol. 2012, 2, 225-232. [CrossRef] [PubMed]
Jung, C.; Hugot, ].P; Barreau, F. Peyer’s patches: The immune sensors of the intestine. Int. J. Inflam. 2010, 2010, 823710. [CrossRef]
[PubMed]

Mantis, N.J.; Cheung, M.C.; Chintalacharuvu, K.R.; Rey, J.; Corthésy, B.; Neutra, M.R. Selective adherence of IgA to murine
Peyer’s patch M cells: Evidence for a novel IgA receptor. J. Immunol. 2002, 169, 1844-1851. [CrossRef]

Reboldi, A.; Arnon, T.I; Rodda, L.B.; Atakilit, A.; Sheppard, D.; Cyster, ].G. IgA production requires B cell interaction with
subepithelial dendritic cells in Peyer’s patches. Science 2016, 352, aaf4822. [CrossRef]

Mosmann, T.R.; Coffman, R.L. TH1 and TH2 cells: Different patterns of lymphokine secretion lead to different functional
properties. Annu. Rev. Immunol. 1989, 7, 145-173. [CrossRef]

Ceuppens, ].L.; Baroja, M.L.; Lorre, K.; Van Damme, J.; Billiau, A. Human T cell activation with phytohemagglutinin. The function
of IL-6 as an accessory signal. |. Immunol. 1988, 141, 3868-3874. [CrossRef]

Li, Y.; Jin, L.; Chen, T. The effects of secretory IgA in the mucosal immune system. BioMed Res. Int. 2020, 2020, 2032057. [CrossRef]
Yang, Y. Chinese Herbal Medicines: Comparisons and Characteristics, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 2009; ISBN
9780702047817.

Liu, C.; Tseng, A.; Yang, S. Chinese Herbal Medicine Modern Applications of Traditional Formulas; CRC Press: Boca Raton, FL, USA,
2004; ISBN 9780849315688.

Kim, J.H.; Do, E.J.; Lee, G. Investigation of anti-microbial activity of herbal medicines used as natural preservatives based on the
analysis of papers and patents. J. Physiol. Pathol. Korean Med. 2015, 29, 101-113. [CrossRef]

Kang, B.H.; Park, D.H.; Lee, M.].; Jeon, C.Y.; Kang, K.S.; Choi, Y.K. Beneficial effect of paeonol on antibiotic-associated inflamma-
tory response in mice with diarrhea. Biomolecules 2022, 12, 1634. [CrossRef]

Ha, H.; Kim, Y.; Kweon, K,; Kim, J. Review of the domestic research trends in the study of Korean herbal medicine with
anti-inflammation effects. Kor. J. Herbol. 2011, 26, 15-22.


https://doi.org/10.1038/nri1057
https://doi.org/10.1111/j.1365-3083.2009.02319.x
https://www.ncbi.nlm.nih.gov/pubmed/19906191
https://doi.org/10.1016/j.coviro.2012.03.009
https://www.ncbi.nlm.nih.gov/pubmed/22542216
https://doi.org/10.4061/2010/823710
https://www.ncbi.nlm.nih.gov/pubmed/21188221
https://doi.org/10.4049/jimmunol.169.4.1844
https://doi.org/10.1126/science.aaf4822
https://doi.org/10.1146/annurev.iy.07.040189.001045
https://doi.org/10.4049/jimmunol.141.11.3868
https://doi.org/10.1155/2020/2032057
https://doi.org/10.15188/kjopp.2015.02.29.1.101
https://doi.org/10.3390/biom12111634

Molecules 2023, 28, 6743 13 of 13

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Yamaguchi, M.; Yahagi, N.; Kato, H.; Takano, E; Ohta, T. Capsicum extract and its constituents modulated the production of
immunoglobulins in Peyer’s patch cells ex vivo. J. Funct. Foods 2010, 2, 255-262. [CrossRef]

Ota, N.; Takano, E; Muroga, S.; Kawabata, T.; Ishigaki, Y.; Yahagi, N.; Ohta, T. Garlic extract and its selected organosulphur
constituents promote ileal immune responses ex vivo. J. Funct. Foods 2012, 4, 243-252. [CrossRef]

Park, D.H.; Han, B.; Shin, M.S.; Hwang, G.S. Enhanced intestinal immune response in mice after oral administration of Korea red
ginseng-derived polysaccharide. Polymers 2020, 12, 2186. [CrossRef] [PubMed]

Suh, HJ.; Yang, H.S.; Ra, K.S.; Noh, D.O.; Kwon, K.H.; Hwang, ] H.; Yu, KW. Peyer’s patch-mediated intestinal immune system
modulating activity of pectic-type polysaccharide from peel of Citrus unshiu. Food Chem. 2013, 138, 1079-1086. [CrossRef]
[PubMed]

Chaiyama, V.; Keawsompong, S.; LeBlanc, ].G.; de Moreno de LeBlanc, A.D.M.; Chatel, ].M.; Chanput, W. Action modes of the
immune modulating activities of crude mushroom polysaccharide from Phallus atrovolvatus. Bioact. Carbohydr. Diet. Fibre 2020,
23,100216. [CrossRef]

Kim, S.H.; Jeung, W.; Choi, I.D.; Jeong, ] W.; Lee, D.E.; Huh, C.S.; Kim, G.B.; Hong, S.S.; Shim, J.J.; Lee, J.L.; et al. Lactic acid
bacteria improves Peyer’s patch cell-mediated immunoglobulin A and tight-junction expression in a destructed gut microbial
environment. J. Microbiol. Biotechnol. 2016, 26, 1035-1045. [CrossRef]

Shin, M.S.; Yu, K.W,; Shin, K.S.; Lee, H. Enhancement of immunological activity in mice with oral administration of cell wall
components of Bifidobacterium bifidum. Food Sci. Biotechnol. 2004, 13, 85-89.

Reboldi, A.; Cyster, ].G. Peyer’s patches: Organizing B-cell responses at the intestinal frontier. Immunol. Rev. 2016, 271, 230-245.
[CrossRef]

Rey, J.; Garin, N.; Spertini, F.; Corthésy, B. Targeting of secretory IgA to Peyer’s patch dendritic and T cells after transport by
intestinal M cells. J. Immunol. 2004, 172, 3026-3033. [CrossRef] [PubMed]

Gurung, P; Lim, J.; Thapa Magar, T.B.; Shrestha, R.; Kim, Y.W. Modulation of local and systemic immune responses by fermented
garlic extract. Int. J. Funct. Nutr. 2022, 3, 6. [CrossRef]

Hong, T.; Matsumoto, T.; Kiyohara, H.; Yamada, H. Enhanced production of hematopoietic growth factors through T cell
activation in Peyer’s patches by oral administration of Kampo (Japanese herbal) medicine, “Juzen-Taiho-To”. Phytomedicine 1998,
5, 353-360. [CrossRef]

Takano, F.; Yamaguchi, M.; Takada, S.; Shoda, S.; Yahagi, N.; Takahashi, T.; Ohta, T. Capsicum ethanol extracts and capsaicin
enhance interleukin-2 and interferon-gamma production in cultured murine Peyer’s patch cells ex vivo. Life Sci. 2007, 80,
1553-1563. [CrossRef] [PubMed]

Shi, Y.; Liu, C.H.; Roberts, A.L; Das, J.; Xu, G.; Ren, G.; Zhang, Y.; Zhang, L.; Yuan, Z.R.; Tan, H.S,; et al. Granulocyte-macrophage
colony-stimulating factor (GM-CSF) and T-cell responses: What we do and don’t know. Cell Res. 2006, 16, 126-133. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jff.2010.09.002
https://doi.org/10.1016/j.jff.2011.11.003
https://doi.org/10.3390/polym12102186
https://www.ncbi.nlm.nih.gov/pubmed/32987851
https://doi.org/10.1016/j.foodchem.2012.11.091
https://www.ncbi.nlm.nih.gov/pubmed/23411217
https://doi.org/10.1016/j.bcdf.2020.100216
https://doi.org/10.4014/jmb.1512.12002
https://doi.org/10.1111/imr.12400
https://doi.org/10.4049/jimmunol.172.5.3026
https://www.ncbi.nlm.nih.gov/pubmed/14978107
https://doi.org/10.3892/ijfn.2022.29
https://doi.org/10.1016/S0944-7113(98)80017-2
https://doi.org/10.1016/j.lfs.2007.01.031
https://www.ncbi.nlm.nih.gov/pubmed/17306834
https://doi.org/10.1038/sj.cr.7310017

	Introduction 
	Results and Discussion 
	HPLC Profiling of Six Index Compounds of ZO Extract 
	Effects of the Ten Herbal Medicine Extracts on Peyer’s Patch Cell Proliferation in Ex Vivo Experiments 
	Effects of Ten Herbal Medicine Extracts on IgA Production by Peyer’s Patch Cells Ex Vivo 
	Effects of the Ten Extracts on GM-CSF Production by Peyer’s Patch Cells in Ex Vivo Experiment 
	Determination of Peyer’s Patch Cell Proliferation and IgA Production Induced by Six Major Index Compounds Present in ZO Extract 
	Effects of ZO Extract Administered Orally on Mouse IgA Production 

	Materials and Methods 
	Preparation of Crude Extract from Herbal Medicines 
	Chemicals and Reagents 
	HPLC Profiling of the Six Major Index Compounds in ZO Extract 
	Animals 
	Ex Vivo Proliferation of Peyer’s Patch Lymphocytes 
	Determination of IgA and GM-CSF Production in Peyer’s Patch Cells Ex Vivo 
	Determination of IgA Production in Peyer’s Patches In Vivo 
	Statistical Analysis 

	Conclusions 
	References

