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Abstract: Dendritic cells (DCs) can initiate immune response through the presenting antigens to naïve
T lymphocytes. Esculeoside A (EsA), a spirosolane glycoside, is reported as a major component in the
ripe fruit of tomato. Little is known about the effect of tomato saponin on mice bone marrow-derived
DCs. This study revealed that EsA and its aglycon, esculeogenin A (Esg-A), attenuated the phenotypic
and functional maturation of murine DCs stimulated by lipopolysaccharide (LPS). We found that
EsA/Esg-A down-regulated the expression of major histocompatibility complex type II molecules and
costimulatory molecule CD86 after LPS stimulation. It was also determined that EsA-/Esg-A-treated
DCs were poor stimulators of allogeneic T-cell proliferation and exhibited impaired interleukin-12
and TNF-α production. Additionally, EsA/Esg-A was able to inhibit TLR4-related and p-NFκB
signaling pathways. This study shows new insights into the immunopharmacology of EsA/Esg-A,
and represents a novel approach to controlling DCs for therapeutic application.

Keywords: dendritic cell; fresh tomato fruit; Esculeoside A; Esculeogenin A; TLR4; p-NFκB

1. Introduction

Dendritic cells (DCs), important professional antigen-presenting cells (APCs), are a
subpopulation of myeloid-derived leukocytes [1–3]. Immature DCs lie in non-lymphoid
tissues, can capture antigen, and process it. When there are inflammatory and infectious
signals, they migrate into the T-cell zone of lymphoid tissues and mature, acquiring the
ability to present antigens to naïve T lymphocyte. Mature DCs show high expression of
surface costimulatory molecules CD80 and CD86 and major histocompatibility (MHC)-
peptide complexes as maturation markers, and can produce inflammatory cytokines, for
example IL-12, IL-1β and tumor necrosis factor α (TNF-α) [4–6]. In the intracellular
pathway, when DCs are stimulated by lipopolysaccharide (LPS), a membrane glycolipid of
Gram (-) bacteria, Toll-like receptor 4 (TLR4) is predominantly bound [7]. This triggers the
assembly of a submembranous signaling complex containing an adaptor protein (myeloid
differentiation primary response gene 88; MyD88), a protein kinase (IL-1 receptor associated
kinase), and TNF receptor-associated factor 6 (TRAF6) [8–11], which induces IκB kinase
(IKK) activation. Following κB (IκB) inhibitor degradation by IKK, the transcription factor
nuclear factor κB (NFκB) translocates into the nucleus, then it regulates the expression of
proinflammatory cytokine genes [12]. Thus, with the functional transition of DCs from
antigen capturing to presenting, DCs not only induce immunogenicity but also exhibit
tolerogenicity [13]. The balance between these two states seems to be dependent on DC
activation [14]. Allergic diseases, arthritis, and autoimmune disorders could occur [15–17]
if this balance is disrupted.
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Esculeoside A (EsA), a spirosolane glycoside, is isolated from tomato fruit (Lycoper-
sicon esculentum) and is also reported as a main component in ripe tomatoes [18], with a
four-fold higher content than that of lycopene [19]. Our previous studies reported that
EsA ameliorated experimental atopic dermatitis in mice and showed that EsA and its
sapogenol esculeogenin A (Esg-A) suppress T-cell activation by modulation of T helper cell
(Th2), Th1, and regulatory T-lymphocyte (Treg) differentiation in vitro [20,21]. However,
atopic dermatitis lesions were characterized not only by expanded type 2 T cells but also
inflammatory DCs [22].

In this study, we tested whether EsA and its aglycon Esg-A affect the LPS-stimulated
maturation of DCs derived from murine bone marrow. We show, for the first time, that
EsA and Esg-A inhibit the LPS-stimulated phenotypic and functional maturation of DCs,
suppress the activation of TLR4, MyD88, and TRAF6 signaling, and also decrease phospho-
rylated NFκB (p-NFκB) expression in DCs.

2. Materials and Methods
2.1. EsA and Esg-A Extraction

EsA and its aglycon Esg-A were extracted and isolated as previously described [21,23].
Briefly, cherry tomato fruits (Lycopersicon esculentum var. cerasiforme; 2.1 kg (Youyou, Ku-
mamoto, Japan)) were crushed, supplemented with H2O and centrifuged at 2600× g for
10 min. The supernatant liquid was passed through a Diaion® HP-20 column (Mitsubishi
Chemical, Tokyo, Japan) and separated with 40% aq. MeOH, 60% aq. MEOH, and MeOH,
successively. EsA was provided in the 60% eluate (1698 mg). EsA (1330 mg) was hy-
drolyzed with 2 N HCl, and then the reaction solution was extracted with AcOEt. The
upper layer was evaporated to afford a residue, which was purified by a silica gel column
with CHCl3–MeOH–H2O = 9:1:0.1 to obtain Esg-A (3.7 mg) [18,22]. The EsA chemical
structure is shown in Figure 1A. EsA or Esg-A was prepared and diluted with dimethyl
sulfoxide (DMSO) from a stock solution of 300 or 30 µM.

2.2. Animals

The present study was permitted by the Sojo University Ethics Committee (2021-P-
025, 2022-P-006). All experiments were performed according to the Guidelines about the
Care and Use of Laboratory Animals from the Japanese Pharmacological Society. The
6–9-week-old female BALB/c and C57BL/6 mice were purchased from Japan SLC (Hama-
matsu, Japan). The animals were housed for at least 1 week before use under 24.5–25.0 ◦C,
humidity (60 ± 10%), and a light/dark cycle. Mice standard chow (SLC, Hamamatsu,
Japan) was provided ad libitum.

2.3. DC Generation from Murine Bone Marrow

The DCs were generated as per the previous report [24]. Briefly, the mice were
sacrificed by using isoflurane, then bone marrow of the femora and tibiae of the BALB/c
mice were flushed and passed through a 70-µm filter, then depletion of the red blood cells
(RBCs) was carried out using an RBC lysis buffer. The cells were grown from precursors
in RPMI 1640 medium (Wako, Osaka, Japan) supplemented with heat-inactivated fetal
bovine serum (FBS, 10% (v/v)), 100 U/mL of penicillin, streptomycin (Invitrogen, Waltham,
MA, USA), and 2-mercaptoethanol. Recombinant mouse granulocyte–macrophage colony-
stimulating factor (10 ng/mL, GM-CSF) (R&D Systems, Minneapolis, MN, USA) was
added, subsequently referred to as the complete medium. After a 1-week culture, non-
adherent and loosely adherent cells were collected as DCs, adjusted to 2 × 105 cells/mL
and seeded onto 24-well plates. After exposure to EsA or Esg-A for 1 h, the DCs were
stimulated with LPS (1 µg/mL, Wako) overnight under 5% CO2 at 37 ◦C, and then subjected
to various treatments.
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Figure 1. EsA/Esg-A cytotoxicity in murine bone marrow-derived DCs. (A) EsA and Esg-A chemical 
structures. EsA: esculeoside A; Esg-A: esculeogenin A; Gal: galactose; Glc: glucose; Xyl: xylose. Mo-
lecular weight: 1270.38 (EsA); 447.66 (Esg-A). (B) Immature DCs were produced from mouse bone 
marrow cells using a treatment of 2 ng/mL of GM-CSF for 8 days. Immature DCs were pretreated 
with 0.1% DMSO, or the indicated EsA or Esg-A concentrations for 1 h, and then LPS (1 µg/mL) 
stimuli for 24 h. Cell viability was investigated using Annexin V-FITC and 7-AAD by a flow cytom-
eter. (C) The results represent 5 independent experiments. *: p < 0.05, significantly different from the 
LPS alone (control). 
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Figure 1. EsA/Esg-A cytotoxicity in murine bone marrow-derived DCs. (A) EsA and Esg-A chemical
structures. EsA: esculeoside A; Esg-A: esculeogenin A; Gal: galactose; Glc: glucose; Xyl: xylose.
Molecular weight: 1270.38 (EsA); 447.66 (Esg-A). (B) Immature DCs were produced from mouse bone
marrow cells using a treatment of 2 ng/mL of GM-CSF for 8 days. Immature DCs were pretreated
with 0.1% DMSO, or the indicated EsA or Esg-A concentrations for 1 h, and then LPS (1 µg/mL)
stimuli for 24 h. Cell viability was investigated using Annexin V-FITC and 7-AAD by a flow cytometer.
(C) The results represent 5 independent experiments. *: p < 0.05, significantly different from the LPS
alone (control).

2.4. Cytotoxicity Assay

After being treated with EsA, Esg-A, and LPS overnight, DCs were harvested and
washed in phosphate-buffered saline (PBS), and suspended in a staining buffer (PBS and 2%
FBS, eBioscience, Waltham, MA, USA). Then, DCs were stained with Annexin V-fluorescein
isothiocyanate (FITC) and 7-amino actinomycin D (7-AAD) (eBioscience), and measured
with a BD Accuri™ Plus Flow Cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Cell
viability was analyzed by counting Annexin V- and 7-AAD-negative cells.
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2.5. Flow Cytometric Cell Surface Staining

After EsA, Esg-A, and LPS treatment, DCs were harvested and resuspended in a
staining buffer. DCs were preincubated with anti-mouse CD16/32 (eBioscience). Then, the
cell surface staining was performed with the fluorescently labeled antibodies phycoerythrin
(PE)-conjugated anti-mouse CD11c, anti-mouse MHC class II-FITC, or anti-mouse CD86-
FITC, (all eBioscience) for 30 min at 4 ◦C. Appropriate isotype controls were used to set the
gating on the dot plots. Finally, the double-stained cells were washed and measured using
the BD Accuri C6 Plus cytometer.

2.6. ELISA Assay for Cytokine Production

DCs were pretreated with EsA or Esg-A for 1 h before stimulation with LPS (1 µg/mL).
After 24 h, the culture supernatants were gathered and stored at −80 ◦C. The secretion of
IL-12 and TNF-α was measured using the corresponding mouse ELISA kits (eBioscience).

2.7. Endocytosis Assay

After the DCs were preincubated with 1 mg/mL dextran-FITC (42,000 molecular
weight; Sigma, St. Louis, MO, USA) at 37 ◦C for 1 h, the cells were washed, and stained
using PE-conjugated anti-mouse CD11c (eBioscience). The endocytosis of DCs were mea-
sured using flow cytometry. In addition, parallel experiments were conducted at 4 ◦C to
show that dextran uptake by DCs is suppressed at low temperatures.

2.8. Mixed Lymphocyte Reaction (MLR) Assay

CD3+ T lymphocytes from C57BL/6 mouse splenocyte suspensions were isolated
by a magnetic antibody cell sorting (MACS) column (Miltenyi Biotec, Bergisch Gladbach,
Germany), with greater than 95% purity. After pretreatment with EsA, Esg-A, or LPS
overnight, the DCs were pretreated with mitomycin C (80 µg/mL, Sigma) for 1 h and
added in graded doses to 5 × 105 CD3+ T lymphocytes in U-bottom 96-well plates. T
lymphocyte proliferation during the last 24 h of the 5-day culture was analyzed by MTT
assay. The absorbance was read at 570 nm using a microplate reader (Tecan Group Ltd.,
Maennedorf, Switzerland).

2.9. Western Blotting

After pretreatment with EsA, Esg-A, and LPS overnight, DCs were collected and kept
at −80 ◦C. The protein was extracted using RIPA lysis buffer and protease inhibitor, fully
lysed by shaking and sonication and centrifuged. The supernatant protein was collected for
quantification using a bicinchoninic acid protein assay (Takara Bio, Kusatsu, Japan), and ad-
justed to the same concentration. Then, the proteins were denatured, and separated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Atto, Tokyo, Japan) and semi-
dry transferred onto polyvinylidene difluoride membranes (Merck Millipore, Burlington,
MA, USA). The membranes were blocked in a blocking reagent (Toyobo, Osaka, Japan), and
then incubated overnight in Can Get Signal® (Toyobo, Osaka, Japan) Solution containing
the specific primary antibodies anti-TLR4, anti-MyD88, anti-TRAF6, anti-phospho-NFκB
(p-NFκB), anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH), or anti-β-actin (Cell
Signaling Technology, Danvers, MA, USA). After washing, the membranes were reacted
with horseradish peroxidase-conjugated secondary antibody (Sigma). The blots were de-
veloped and detected and then quantified with an iBright System (Thermo Fisher Scientific,
Rockford, IL, USA).

2.10. Statistical Analysis

The data are shown as the mean ± SEM and analyzed using Prism 8 (GraphPad
Software, San Diego, CA, USA). The data were analyzed with Student’s t-test. A vari-
ance similarity test (f-test) was conducted before the t-test (one-tailed and unpaired), and
p-values < 0.05 were considered to be significant.
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3. Results
3.1. EsA/Esg-A Cytotoxicity in LPS-Treated Mature DCs

Firstly, various concentrations of EsA and Esg-A were investigated for cytotoxicity to
LPS-treated mature DCs using a flow cytometer (Figure 1B). When the alive cell percentage
of the control mature DCs (LPS-treated only) was normalized to 1.0, the ratios of alive DCs
were 0.97, 0.97, 0.91, and 0.78 in the present EsA at 10, 30, 100, and 300 µM, and 0.98, 1.02,
0.99 and 0.98 in the present Esg-A at 1, 3, 10 and 30 µM, respectively. Further, to analyze
EsA/Esg-A-induced apoptosis in mature DCs, the average percentage of apoptotic DCs
(Annexin V-FITC positive and 7-AAD negative) was 7.25 for the control, and 8.36, 8.31,
11.24, and 20.6 for treatment with the respective EsA, and 9.52, 5.88, 8.02, and 9.61 with the
respective Esg-A. Thus, EsA at 300 µM was found to exhibit cytotoxicity to mature DCs.

3.2. EsA/Esg-A Impair Phenotypic Maturation of DCs

We next tested the different concentrations of EsA and Esg-A on DC maturation. In
Figure 2A,B, 100 µM of EsA and 10 µM of Esg-A were shown to inhibit CD86 and MHC-II
expression in CD11c+ cells. Their inhibitory effects were dose-dependent (Figure 2C),
and the 50% inhibition of the increased expression (IC50) of Esg-A is lower than that of
EsA. Upon LPS activation, DCs up-regulated co-stimulatory molecule CD86 and large
amounts of MHC-peptide complexes within 24 h; treatment with EsA and Esg-A impaired
the expression ratios of costimulatory molecule CD86 and MHC class II molecules.

3.3. EsA/Esg-A Inhibit LPS-Activated IL-12 and TNF-α Production by DCs

We next tested the DCs’s ability to generate proinflammatory cytokines, since DCs,
just like macrophages and monocytes, are reported to be a source of proinflammatory
molecules. As shown in Figure 3, EsA and Esg-A inhibited IL-12 and TNF-α production in
a concentration-dependent manner. LPS-activated DCs produced higher concentrations
of IL-12 and TNF-α than untreated DCs; EsA and Esg-A impaired the secretions of IL-12
and TNF-α in the presence of LPS stimulation, indicating that exposure to EsA and Esg-A
impaired the DCs’ capacity to produce proinflammatory cytokines.

3.4. EsA/Esg-A Increase Endocytosis of Dextran-FITC in LPS-Activated DCs

Immature DCs have higher endocytic ability, which is lost once DCs become mature.
We investigated the ability of EsA- and Esg-A-treated DCs to endocytose dextran. After
incubating murine DCs with EsA and Esg-A in the presence of LPS stimuli, dextran-
FITC was added to the culture solution. The percentage of double-positive cells (dextran-
FITC/CD11c-PE) was not different from that of 100 µM of EsA- or 10 µM of Esg-A-treated
DCs to untreated DC. The rate of LPS-activated DCs was lower than that of untreated
DCs. However, the EsA- or Esg-A-pretreated DCs exhibited a higher endocytic capacity
for dextran-FITC than LPS-stimulated DCs, suggesting that the uptake of dextran was
reversed by EsA or Esg-A (Figure 4). The parallel experiment was performed at 4 ◦C to
check the nonspecific uptake of dextran by DCs.

3.5. EsA/Esg-A Decrease Allostimulatory Capacity of DCs

Unlike immature DCs, mature DCs promote the proliferation of allogeneic T cells. To
test whether EsA and Esg-A impair the maturation of LPS-activated DCs, DCs from day 8
cultures incubated with EsA, Esg-A, or LPS overnight were investigated for their capacity
to stimulate allogeneic T cells. In Figure 5, LPS-stimulated DCs exhibited increased prolif-
erative responses relative to untreated DCs, while EsA- or Esg-A-treated DCs exhibited
reduced LPS-stimulated proliferative responses. These results indicate that exposure to
EsA or Esg-A impaired the allostimulatory capacity of DCs.

3.6. EsA/Esg-A Suppress the TLR4-MyD88-NFκB Pathway in LPS-Induced DC Maturation

NFκB activation has an important role in DC maturation. To evaluate the effects on
TLR4-MyD88-TRAF6 signaling and NFκB phosphorylation, immature DCs were pretreated
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by EsA or Esg-A before LPS stimuli. In Figure 6, pretreatment with EsA or Esg-A sig-
nificantly inhibited the LPS-stimulated up-regulation of TLR4 expression and showed a
tendency to attenuate MyD88, TRAF6, and p-NFκB expression.

Nutrients 2024, 16, x FOR PEER REVIEW 6 of 13 
 

 

 
 

Figure 2. EsA/Esg-A inhibited phenotypic activation of DCs. Immature DCs were produced from 
mouse bone marrow cells by GM-CSF treatment. After harvesting, immature DCs were pretreated 
by 0.1% DMSO, or EsA or Esg-A for 1 h, and then LPS stimuli overnight. DCs were stained with PE-
conjugated anti-CD11c antibody, and the phenotypic expression level was measured using CD86-
FITC or MHC-II-FITC and then investigated by double-stained flow cytometry. (A) Representative 
histogram plots show the expression of costimulatory molecule CD86 during DC maturation with-
out and with EsA/Esg-A, while the isotype control shows untreated DCs. (B) Representative histo-
gram plots show the expression of MHC-II during DC maturation without and with EsA/Esg-A, 
while the isotype control shows untreated DCs. (C) Expression ratios of CD86 and MHC-II during 
DC maturation without and with EsA or Esg-A. Data show five independent experiments. 

  

Figure 2. EsA/Esg-A inhibited phenotypic activation of DCs. Immature DCs were produced from
mouse bone marrow cells by GM-CSF treatment. After harvesting, immature DCs were pretreated
by 0.1% DMSO, or EsA or Esg-A for 1 h, and then LPS stimuli overnight. DCs were stained with
PE-conjugated anti-CD11c antibody, and the phenotypic expression level was measured using CD86-
FITC or MHC-II-FITC and then investigated by double-stained flow cytometry. (A) Representative
histogram plots show the expression of costimulatory molecule CD86 during DC maturation without
and with EsA/Esg-A, while the isotype control shows untreated DCs. (B) Representative histogram
plots show the expression of MHC-II during DC maturation without and with EsA/Esg-A, while
the isotype control shows untreated DCs. (C) Expression ratios of CD86 and MHC-II during DC
maturation without and with EsA or Esg-A. Data show five independent experiments.
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Figure 3. EsA/Esg-A inhibited cytokine production by LPS-activated DCs. Immature DCs were
generated from mouse bone marrow cells by GM-CSF treatment. After harvesting, immature DCs
were pretreated with DMSO, EsA, or Esg-A and then stimulated with LPS overnight. The culture
supernatants were gathered and assayed for cytokine secretion by ELISA. (A) IL-12 production levels
during DC maturation without and with EsA/Esg-A. (B) Production levels of TNF-α during DC
maturation without and with EsA or Esg-A. Data show five independent experiments. *: p < 0.05,
**: p < 0.01, significantly different from the control (LPS alone). ##: p < 0.01, significantly different
from the no LPS stimuli.
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Figure 4. EsA/Esg-A increased antigen uptake in LPS-stimulated DCs. Immature DCs were pro-
duced from mouse bone marrow cells by GM-CSF treatment. After harvesting, immature DCs were
pretreated with DMSO, EsA (30, 100 µM), or Esg-A (3, 10 µM) for 1 h, and then stimulated with LPS
(1 µg/mL) overnight. DCs were incubated with dextran-FITC (1 mg/mL) for 1 h at 4 ◦C or 37 ◦C.
After washing, DCs were stained using PE-conjugated anti-CD11c, and double-stained DCs were mea-
sured by flow cytometry. (A) Representative dot plots show the ratio of dextran-FITC+/CD11c-PE+
DCs during maturation without and with EsA/Esg-A. The control endocytic activity was measured
after treatment with dextran-FITC at 4 ◦C. (B) Endocytic activity of DCs during maturation without
and with EsA or Esg-A. Data show three independent experiments. *: p < 0.05, **: p < 0.01, signifi-
cantly different from the control (LPS alone) at 37 ◦C. #: p < 0.05, significantly different from the no
LPS stimuli.
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cell extracts were prepared and blotted with anti-TLR4, anti-TRAF6, anti-MyD88, and anti-p-NFκB
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4. Discussion

This study tested the effects of the fresh tomato saponin EsA on innate immunocom-
petent cells. Using a murine bone marrow-derived DC primary culture and then LPS-
stimulated maturation, we showed that EsA and its aglycon Esg-A suppressed DCs’ pheno-
typic and functional maturation by attenuating TLR4-MyD88-TRAF6 and p-NFκB signaling.
Our previous study reported that EsA ameliorated mouse experimental dermatitis [20]. We
investigated the underlying mechanism in acquired immunocompetent cells and found
that EsA and Esg-A inhibited CD4+ T-cell activation by modulating Th2/Th1/Treg differ-
entiation [23]. Thus, this study shows a new insight into the immunopharmacology by the
fresh tomato saponin EsA.

Firstly, after checking the concentration range of EsA/Esg-A without cytotoxicity on
mature DCs, we investigated how tomato saponin altered surface-molecule expression
by DCs exposed to EsA and Esg-A. We found that EsA and Esg-A inhibited MHC-II and
CD86 expressions, and EsA was found to profoundly down-regulate the expression of
CD86 costimulatory molecules. In mice, compared with CD80, CD86 deficiency induces
a broader impact on antibody class switching, particularly in an adjuvant absence [25].
Our previous study showed in vitro suppression by EsA and Esg-A on the Th2 response,
which suggested they prevent Ig class switching to IgE. Further, another study showed
that esculeoside B (EsB), a solanocapsine glycoside in juice or canned tomato, ameliorated
experimental dermatitis in mice by a decrease in Th2 cytokine production and serum IgE
levels [21]. These may support the enhanced CD86 suppression by tomato saponin in
LPS-stimulated DCs. Kennedy et al. also reported that CD86 is a more effective CD28
ligand for stimuli-activated T lymphocytes and Treg [26]. Thus, we suggest that EsA and
Esg-A could impair the ability of DC to bind to CD28 ligands and consequently the failure
of costimulatory signaling to T cells.

Next, we tested the antigen-presenting capacity of DCs with an MLR assay through
the T-cell proliferation measurement in the absence or presence of DCs. We found that,
after EsA or Esg-A treatment, DCs were poor stimulators of naïve allogeneic T-lymphocyte
proliferation, and indeed, it was indicated that DCs’ antigen-presenting function is attenu-
ated by EsA or Esg-A. Moreover, DCs exposed to EsA or Esg-A showed higher endocytic
capacity for dextran, again indicating that LPS-induced functional maturation of DCs
was suppressed. The important function of DCs is to initiate the immune response by
presenting antigens to naïve T cells. Further, DCs are also shown to sustain some chronic in-
flammatory disorders, for example, allergic diseases, such as atopic dermatitis and rhinitis,
hypersensitivity, and collagen diseases. This suggests that antigen-presenting DCs should
be an appropriate target for controlling these chronic inflammatory diseases. This finding
supports the anti-inflammatory activity of EsA and Esg-A on stimulated DCs, which may
contribute to the EsA-mediated alleviation of mouse experimental dermatitis.

Then, we investigated how EsA and Esg-A affect DCs’ ability to produce proinflam-
matory cytokines in response to LPS stimuli. IL-12 is a more specific signal in functionally
activated DCs because IL-12 will lead to the effector T-cell expansion, induce Th1 response,
and activate proinflammatory cytokine production. Additionally, TNF-α is mainly induced
by DCs and regulates their function and development [27]. In this study, DCs produced
large amounts of IL-12 and TNF-α after LPS stimulation, while EsA- or Esg-A-treated DCs
produced markedly less IL-12 and TNF-α. This finding may suggest the anti-inflammatory
mechanism of EsA and Esg-A because proinflammatory cytokines may support the immune
reaction at inflammatory lesions. Additionally, lower IL-12 production in DCs subsequently
could result in the suppression of Th1 differentiation, which is supported by our previous
study on CD4 T cells [21].

To investigate the intracellular mechanisms responsible for suppressed phenotypic and
functional maturation of DCs by EsA or Esg-A, we examined LPS-stimulated TLR4-MyD88-
TRAF6 signaling and p-NFκB. NFκB activation regulates the expression of proinflammatory
cytokine genes and has an important role in DC maturation [28,29]. However, in this study,
we provided evidence that the inhibitory effect of EsA and Esg-A on DC maturation
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involves TLR4 inhibition, and is associated with the attenuation of MyD88, TRAF6, and
p-NFκB signaling.

Moreover, in comparing the inhibitory potential of EsA and Esg-A in LPS-induced DC
activation, the inhibition by Esg-A was found to be greater than that by EsA, suggesting
Esg-A as an active moiety on such murine DC activation. Thus, it is necessary to investigate
the pharmacokinetics of fresh tomato saponin.

5. Conclusions

These data show that saponin EsA and its aglycon Esg-A from fresh tomatoes are
capable of attenuating in vitro LPS-stimulated phenotypic and functional maturation of
murine DCs via down-regulating the TLR4-MyD88-TRAF6 and p-NFκB signaling pathways.
Thus, the underlying mechanism of anti-allergy and anti-inflammatory activity by EsA
includes immunoregulatory functions on both adaptive and native immunity. The next
steps include an investigation of the effect of fresh tomato saponin on regulatory DC
differentiation, and the effects of IL-10 and TGF-β on regulatory DCs and Treg cells.

Author Contributions: Conceptualization, J.-R.Z. and T.N.; methodology, S.K., K.K. and M.S.; valida-
tion, S.K., K.K., and M.S.; formal analysis, J.-R.Z.; investigation, T.I.; resources, S.T.; data curation,
J.F.; writing—original draft preparation, J.-R.Z.; writing—review and editing, J.F.; visualization, K.Y.;
supervision, K.Y.; project administration, J.-R.Z.; funding acquisition, J.-R.Z. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was supported by a Grant-in-Aid for Scientific Research (C) (No. 19K07156)
from the Japan Society for the Promotion of Science and Research.

Institutional Review Board Statement: The study was submitted to and approved by the Ethics
Committee of Sojo University (2021-P-025, 1 April 2021, 2022-P-006, 1 April 2022). All experiments
were conducted under the Guidelines of the Japanese Pharmacological Society for the Care and Use
of Laboratory Animals.

Informed Consent Statement: No applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: Thanks to Pernilla B for her language help.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in designing
the study; in the collection, analysis, or interpretation of the data, in writing the manuscript, or in a
decision to publish the results.

References
1. Iwasaki, A.; Medzhitov, R. Control of adaptive immunity by the innate immune system. Nat. Immunol. 2015, 16, 343–353.

[CrossRef]
2. Hilligan, K.L.; Ronchese, F. Antigen presentation by dendritic cells and their instruction of CD4+ T helper cell responses. Cell Mol.

Immunol. 2020, 17, 587–599. [CrossRef]
3. Yin, X.; Chen, S.; Eisenbarth, S.C. Dendritic Cell Regulation of T Helper Cells. Annu. Rev. Immunol. 2021, 39, 759–790. [CrossRef]
4. Roche, P.A.; Furuta, K. The ins and outs of MHC class II-mediated antigen processing and presentation. Nat. Rev. Immunol. 2015,

15, 203–216. [CrossRef]
5. Hoober, J.K.; Eggink, L.L.; Cote, R. Stories from the Dendritic Cell Guardhouse. Front. Immunol. 2019, 10, 2880. [CrossRef]
6. León, B. Understanding the development of Th2 cell-driven allergic airway disease in early life. Front. Allergy 2023, 3, 1080153.

[CrossRef]
7. Lu, Y.C.; Yeh, W.C.; Ohashi, P.S. LPS/TLR4 signal transduction pathway. Cytokine 2008, 42, 145–151. [CrossRef]
8. Kuzmich, N.N.; Sivak, K.V.; Chubarev, V.N.; Porozov, Y.B.; Savateeva-Lyubimova, T.N.; Peri, F. TLR4 Signaling Pathway

Modulators as Potential Therapeutics in Inflammation and Sepsis. Vaccines 2017, 5, 34. [CrossRef]
9. Faugaret, D.; Lemoine, R.; Baron, C.; Lebranchu, Y.; Velge-Rousselet, F. Mycophenolic acid differentially affects dendritic cell

maturation induced by tumor necrosis factor-alpha and lipopolysaccharide through a different modulation of MAPK signaling.
Mol. Immunol. 2010, 47, 1848–1859. [CrossRef]

10. Walsh, M.C.; Lee, J.; Choi, Y. Tumor necrosis factor receptor- associated factor 6 (TRAF6) regulation of development, function,
and homeostasis of the immune system. Immunol. Rev. 2015, 266, 72–92. [CrossRef]

https://doi.org/10.1038/ni.3123
https://doi.org/10.1038/s41423-020-0465-0
https://doi.org/10.1146/annurev-immunol-101819-025146
https://doi.org/10.1038/nri3818
https://doi.org/10.3389/fimmu.2019.02880
https://doi.org/10.3389/falgy.2022.1080153
https://doi.org/10.1016/j.cyto.2008.01.006
https://doi.org/10.3390/vaccines5040034
https://doi.org/10.1016/j.molimm.2009.10.026
https://doi.org/10.1111/imr.12302


Nutrients 2024, 16, 1699 11 of 11

11. Kanarek, N.; Ben-Neriah, Y. Regulation of NF-κB by ubiquitination and degradation of the IκBs. Immunol. Rev. 2012, 246, 77–94.
[CrossRef]

12. Hayden, M.S.; Ghosh, S. Shared principles in NF-κB signaling. Cell 2008, 132, 344–362. [CrossRef]
13. Bourque, J.; Hawiger, D. Life and death of tolerogenic dendritic cells. Trends Immunol. 2023, 44, 110–118. [CrossRef] [PubMed]
14. Passeri, L.; Marta, F.; Bassi, V.; Gregori, S. Tolerogenic Dendritic Cell-Based Approaches in Autoimmunity. Int. J. Mol. Sci. 2021,

22, 8415. [CrossRef]
15. Mackern-Oberti, J.P.; Llanos, C.; Vega, F.; Salazar-Onfray, F.; Riedel, C.A.; Bueno, S.M.; Kalergis, A.M. Role of dendritic cells in the

initiation, progress and modulation of systemic autoimmune diseases. Autoimmun. Rev. 2015, 14, 127–139. [CrossRef] [PubMed]
16. Fu, J.; Zhang, A.; Ju, X. Tolerogenic dendritic cells as a target for the therapy of immune thrombocytopenia. Clin. Appl. Thromb.

Hemost. 2012, 18, 469–475. [CrossRef] [PubMed]
17. Yoo, S.; Ha, S.J. Generation of Tolerogenic Dendritic Cells and Their Therapeutic Applications. Immune Netw. 2016, 16, 52–60.

[CrossRef]
18. Fujiwara, Y.; Yahara, S.; Ikeda, T.; Ono, M.; Nohara, T. Cytotoxic major saponin from tomato fruits. Chem. Pharm. Bull. 2003, 51,

234–235. [CrossRef] [PubMed]
19. Katsumata, A.; Kimura, M.; Saigo, H.; Aburaya, K.; Nakano, M.; Ikeda, T.; Fujiwara, Y.; Nagai, R. Changes in esculeoside A

content in different regions of the tomato fruit during maturation and heat processing. J. Agric. Food. Chem. 2011, 59, 4104–4110.
[CrossRef]

20. Zhou, J.R.; Kanda, Y.; Tanaka, A.; Manabe, H.; Nohara, T.; Yokomizo, K. Anti- hyaluronidase Activity in Vitro and Amelioration
of Mouse Experimental Dermatitis by Tomato Saponin, Esculeoside A. J. Agric. Food Chem. 2016, 64, 403–408. [CrossRef]

21. Zhou, J.R.; Yamada, R.; Huruiti, E.; Kitahara, N.; Nakamura, H.; Fang, J.; Nohara, T.; Yokomizo, K. Ripe Tomato Saponin
Esculeoside A and Sapogenol Esculeogenin A Suppress CD4+ T Lymphocyte Activation by Modulation of Th2/Th1/Treg
Differentiation. Nutrients 2022, 14, 2021. [CrossRef] [PubMed]

22. He, H.; Suryawanshi, H.; Morozov, P.; Gay-Mimbrera, J.; Del Duca, E.; Kim, H.J.; Kameyama, N.; Estrada, Y.; Der, E.; Krueger,
J.G.; et al. Single-cell transcriptome analysis of human skin identifies novel fibroblast subpopulation and enrichment of immune
subsets in atopic dermatitis. J. Allergy Clin. Immunol. 2020, 145, 1615–1628. [CrossRef] [PubMed]

23. Fujiwara, Y.; Takaki, A.; Uehara, Y.; Ikeda, T.; Okawa, M.; Nohara, T. Tomato steroidal alkaloid glycosides, esculeoside A and B.,
from ripe fruits. Tetrahedron 2004, 60, 4915–4920. [CrossRef]

24. Kim, H.S.; Lee, Y.J.; Lee, H.K.; Kim, J.S.; Park, Y.; Kang, J.S.; Hwang, B.Y.; Hong, J.T.; Kim, Y.; Han, S.B. Bisabolangelone inhibits
dendritic cell functions by blocking MAPK and NF-κB signaling. Food Chem. Toxicol. 2013, 59, 26–33. [CrossRef] [PubMed]

25. Borriello, F.; Sethna, M.P.; Boyd, S.D.; Schweitzer, A.N.; Tivol, E.A.; Jacoby, D.; Strom, T.B.; Simpson, E.M.; Freeman, G.J.; Sharpe,
A.H. B7-1 and B7-2 have overlapping, critical roles in immunoglobulin class switching and germinal center formation. Immunity
1997, 6, 303–313. [CrossRef] [PubMed]

26. Kennedy, A.; Waters, E.; Rowshanravan, B.; Hinze, C.; Williams, C.; Janman, D.; Fox, T.A.; Booth, C.; Pesenacker, A.M.; Halliday,
N.; et al. Differences in CD80 and CD86 transendocytosis reveal CD86 as a key target for CTLA-4 immune regulation. Nat.
Immunol. 2022, 23, 1365–1378. [CrossRef] [PubMed]

27. Psarras, A.; Antanaviciute, A.; Alase, A.; Carr, I.; Wittmann, M.; Emery, P.; Tsokos, G.C.; Vital, E.M. TNF-alpha Regulates Human
Plasmacytoid Dendritic Cells by Suppressing IFN-alpha Production and Enhancing T Cell Activation. J. Immunol. 2021, 206,
785–796. [CrossRef]

28. Sozzani, S.; Del Prete, A.; Bosisio, D. Dendritic cell recruitment and activation in autoimmunity. J. Autoimmun. 2017, 85, 126–140.
[CrossRef]

29. Arimilli, S.; Johnson, J.B.; Alexander-Miller, M.A.; Parks, G.D. TLR-4 and -6 agonists reverse apoptosis and promote maturation
of simian virus 5-infected human dendritic cells through NFκB-dependent pathways. Virology 2007, 365, 144–156. [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/10.1111/j.1600-065X.2012.01098.x
https://doi.org/10.1016/j.cell.2008.01.020
https://doi.org/10.1016/j.it.2022.12.006
https://www.ncbi.nlm.nih.gov/pubmed/36599743
https://doi.org/10.3390/ijms22168415
https://doi.org/10.1016/j.autrev.2014.10.010
https://www.ncbi.nlm.nih.gov/pubmed/25449681
https://doi.org/10.1177/1076029612438612
https://www.ncbi.nlm.nih.gov/pubmed/22387587
https://doi.org/10.4110/in.2016.16.1.52
https://doi.org/10.1248/cpb.51.234
https://www.ncbi.nlm.nih.gov/pubmed/12576668
https://doi.org/10.1021/jf104025p
https://doi.org/10.1021/acs.jafc.5b05320
https://doi.org/10.3390/nu14102021
https://www.ncbi.nlm.nih.gov/pubmed/35631161
https://doi.org/10.1016/j.jaci.2020.01.042
https://www.ncbi.nlm.nih.gov/pubmed/32035984
https://doi.org/10.1016/j.tet.2004.03.088
https://doi.org/10.1016/j.fct.2013.05.013
https://www.ncbi.nlm.nih.gov/pubmed/23727177
https://doi.org/10.1016/s1074-7613(00)80333-7
https://www.ncbi.nlm.nih.gov/pubmed/9075931
https://doi.org/10.1038/s41590-022-01289-w
https://www.ncbi.nlm.nih.gov/pubmed/35999394
https://doi.org/10.4049/jimmunol.1901358
https://doi.org/10.1016/j.jaut.2017.07.012
https://doi.org/10.1016/j.virol.2007.02.035

	Introduction 
	Materials and Methods 
	EsA and Esg-A Extraction 
	Animals 
	DC Generation from Murine Bone Marrow 
	Cytotoxicity Assay 
	Flow Cytometric Cell Surface Staining 
	ELISA Assay for Cytokine Production 
	Endocytosis Assay 
	Mixed Lymphocyte Reaction (MLR) Assay 
	Western Blotting 
	Statistical Analysis 

	Results 
	EsA/Esg-A Cytotoxicity in LPS-Treated Mature DCs 
	EsA/Esg-A Impair Phenotypic Maturation of DCs 
	EsA/Esg-A Inhibit LPS-Activated IL-12 and TNF- Production by DCs 
	EsA/Esg-A Increase Endocytosis of Dextran-FITC in LPS-Activated DCs 
	EsA/Esg-A Decrease Allostimulatory Capacity of DCs 
	EsA/Esg-A Suppress the TLR4-MyD88-NFB Pathway in LPS-Induced DC Maturation 

	Discussion 
	Conclusions 
	References

