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a b s t r a c t

Background: The high�fat, high�fructose diet (HFFD) provokes overnutrition and inflammation directly,
mainly through Toll�like receptors (TLRs). Soybean (Glycine max L.) contains isoflavone that can be
transformed into glyceollin by microbial and physical stimuli. Glyceollin possesses many beneficial ef-
fects on health.
Objective: This study evaluates the beneficial effect of soybean extract elicited by Saccharomyces cer-
evisiae and light (ESE) on dendritic cells (DCs) profile and naïve T cells in HFFD mice.
Materials and methods: Female Balb/C mice were fed with HFFD for 24 weeks then orally administered
with simvastatin 2.8 mg/kg BW or ESE 78, 104, and 130 mg/kg BW at the last four weeks. The expression
of splenic CD11cþTLR3þ, CD11cþTLR4þ, NFkBþ, CD11cþIL-17þ, CD11cþTNF�aþ, CD4þCD62Lþ, and
CD8þCD62Lþ subsets was measured by flow cytometry. The molecular docking has been measured using
Pyrx 0.8, displayed in PyMol and Biovia Discovery Studio.
Result: HFFD significantly increased CD11cþTLR3þ, CD11cþTLR4þ, NFkBþ, CD11cþIL-17þ, CD11cþTNF�aþ

expression and decreased CD4þCD62Lþ and CD8þCD62Lþ (p < 0.05) compared to normal diet (ND)
groups. ESE reduced CD11cþTLR3þ, CD11cþTLR4þ, thereby decreasing NFkBþ, as well as decreased the
CD11cþIL�17þ, CD11cþTNF�aþ, and restores CD4þCD62Lþ and CD8þCD62Lþ subsets in HFFD mice.
Glyceollin II exhibited the best binding affinity with an average energy of �7.3 kcal/mol to TLR3
and �7.9 kcal/mol to TLR4.
Conclusion: The bioactive compound in ESE act synergistically to modulate TLR3/TLR4 activation,
reduced NFkB, IL�17, and TNF�a, and restores naïve T cells expression in HFFD mice. ESE was a favorable
candidate to mitigate chronic inflammation.
© 2021 The Authors. Published by Elsevier B.V. on behalf of Institute of Transdisciplinary Health Sciences
and Technology and World Ayurveda Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Obesity and its co-morbidities are global health issues that
reduce life expectancy and raise healthcare costs [1,2]. Obesity is
primarily due to the high-fat diet that causes glucose and free fatty
acid (FFA) to rise in circulation and generates inflammation [3].
Inflammation is initiated by an innate immune response by
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activating pattern recognition receptors (PRRs), primarily by TLRs
[4,5]. TLRs are transmembrane PRRs which highly conserved to
detect pathogen-associated molecular patterns (PAMPs) derived
from pathogens or damaged-associated molecular patterns
(DAMPs) as danger signals produced by the non�microbial agent
[6]. Fructose, FFA, and modified LDL are potential DAMPs for TLR4,
while TLR3 detects mRNA during tissue necrosis. Those DAMPs are
increased by HFFD [7,8].

Dendritic cells (DCs) are primary antigen-presenting cells
(APCs) that recognize the pathogen and activate early immune
response via TLRs signaling pathway [9]. Once DCs are activated,
naïve T cells are differentiated to Th1, and CD8 T cells, and
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balance is switched between Th17/Treg ratio [10,11]. CD4þCD25þ

regulatory T cells were reported to involve in regulating proin-
flammatory cytokines production [12]. However, Treg function is
suppressed in excess proinflammatory conditions [13]. Our pre-
vious study suggested that ESE enhanced Treg activity in HFFD
mice [14]. Based on that, ESE may also have advantages for
inhibiting DCs maturation through preventing TLR3/TLR4 acti-
vation in HFFD mice.

Soybean (Glycine max L.) is one of the most consumed nutritious
commodities in many Asian countries due to its high content of
isoflavone [15,16]. Daidzein and genistein are the most well-known
isoflavones in soybean, and both were increased by fermentation.
However, glyceollin was not found in the fermented soybean
product [17]. Glyceollin is derived from daidzein, produced through
the stimulation of plant defense response using bacterial or fungal
elicitors [18]. A recent study reported that the combination of
Saccharomyces cerevisiae with light enhances daidzein, genistein,
and glyceollin accumulation [19].

Glyceollin is a major phytoalexin in soybean, which has many
beneficial properties. Glyceollin act as antioxidant [20], anti-
inflammatory [21], and anti-obesity [22]. Glyceollin as anti-
inflammation works through inhibition of IKKa/b phosphoryla-
tion [21]. IKKb is the primary kinase downstream in the Myd88-
dependent signaling pathway [23]; thereby glyceollin has the po-
tency for modulating TLR4 activity. However, it remains unclear
whether TLR3 activation is modulated by glyceollin and another
isoflavone compound. This study aimed to examine the role of
glyceollin-rich soybean in the modulation of activation of TLR3/
TLR4.

In addition, we also investigated proinflammatory cytokines
production as downstream in this pathway. Our study will provide
a better understanding of how phytochemical dietary products
could modulate TLRs activation in DCs and would be an alternative
strategy for reducing the risk of an inflammatory condition in
obesity caused by HFFD.

2. Materials and methods

2.1. Soybean preparation

The seeds of Soybean var. Anjasmoro was collected from the
Indonesian Legumes and Tuber Crop Research Institute (ILETRI) in
Malang, Indonesia. One hundred grams of soybean were soaked for
10 min in 70% alcohol and washed with sterile distilled water three
times. Soybean seeds were sown and stored in a dark room for one
day in sterile distilled water.

2.2. Soybean elicitation and extraction

Soybean is then cultivated and infected with 1 � 107

S. cerevisiae with 16 h light exposure to a bulb lamp for three
days [19]. Soybean was then extracted with 80% ethanol, heated
to 50 �C for one hour while stirred slightly. Soybean was then
kept at room temperature, centrifuged at 14,000 rpm for 10 min,
and then filtered using sterile 0.45 mm pore-size Minisart® filter
(Sartorius Biotech GmbH, Goettingen, Germany). The resulting
filtrate is concentrated with a rotary evaporator and freeze-
dried. The crude extract obtained is then kept at �20 �C before
use.

2.3. Experimental animals

Balb/C mice at six weeks old were bred in the Laboratory of
Structure, Physiology, and Animal Development, Brawijaya Uni-
versity. Females offspring mice at three weeks old were then
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selected for further study. Mice were placed individually after
post�weaning in a plastic cage at a free pathogen chamber with
controlled temperature (23-25 �C), humidity (50-60%), and 12 h
dark/light cycle. Mice were adapted for one week before the
experiment begins with food and drink ad libitum. In the pre-
treatment phase, mice were randomly grouped into two major
groups, the normal diet (ND) and high�fat, high�fructose diet
(HFFD). Mice in ND groups were fed with normal chow diet
consist of 67.27% carbohydrate, 12.73% protein, and 5.33% fat.
Mice in HFFD groups were fed with a high�fat diet based on beef
tallows consisting of 53.46% carbohydrate, 8.57% protein, 21.06%
fat, and 10% fructose in the drinking water. HFFD groups have
consumed the diet for 20 weeks to induced obesity.

2.4. Soybean extract administration

At the beginning of 20th week, mice in the ND group and obese
mice in the HFFD group were randomly sub-grouped into seven
groups (n ¼ 4), as follows:

Group I: normal diet without additional treatment (ND).
Group II: ND treated with ESE 104 mg/kg BW (ND þ ESE�104).
Group III: High�fat, high�fructose diet without additional

treatment (HFFD).
Group IV: HFFD treated with simvastatin 2.8 mg/kg BW

(HFFD þ Simv).
Group V: HFFD treated with ESE 78 mg/kg BW

(HFFD þ ESE�78).
Group VI: HFFD treated with ESE 104 mg/kg BW

(HFFD þ ESE�104).
Group VII: HFFD treated with ESE 130 mg/kg BW

(HFFD þ ESE�130).
Either simvastatin or ESE was administered each day intra-

gastrically for an additional four weeks. The detailed experiment is
shown in Fig. 1.

2.5. Immunofluorescence staining and flowcytometry

Mice were kept on overnight fasting with free access to water
before being sacrificed by cervical dislocation. The spleen samples
were taken, washed twice with sterile PBS, and smashed into a
single-cell suspension. A single-cell suspension of the spleen has
been prepared as per routine laboratory procedures [24]. Subse-
quent splenic lymphocytes were centrifuged at 2500 rpm for
5 min at 10 �C. The supernatant was removed, and the pellet was
stained with FITC anti�mouse CD4 (GK1.5, Biolegend, San Diego,
CA), PE anti�mouse CD8a (53e6.7, Biolegend, San Diego, CA), PE/
Cy5 anti�mouse CD62L (MEL-14) as a naïve T cells marker, and FITC
anti�mouse CD11c (N418, Biolegend, San Diego, CA) as a DCs cell-
surface marker for 30 min at 4�C. According to the manufacturing
instruction, splenic lymphocytes stained with CD11c antibody are
then fixed and permeabilized with a cytofix/cytoperm buffer
(BD�Biosciences, Pharmingen) and washed with a perm/wash
buffer. Cells were then stained for intracellular staining with PE
anti�mouse TLR3 (11F8, Biolegend, San Diego, CA), PE/Cy7
anti�mouse TLR4 (SA15�21, Biolegend, San Diego, CA), PE
anti�mouse IL17A (TC11-18H10.1, Biolegend, San Diego, CA), and
PerCP/Cy5.5 anti�mouse TNF�a (MP6�XT22, Biolegend, San
Diego, CA). Splenic lymphocytes stained with PE/Cy5 NFkB (bs-
17502R-Cy5, Bioss Inc., Massachusetts, USA) for intracellular
staining were not stained for extracellular cell�surface markers.
Cells stained with antibodies to an intracellular specific marker
were then incubated at 4 �C for 30 min. The stained cells with a
total of 10,000 cell events were obtained for each sample using
FACS Calibur™ (BD�Biosciences, San Jose, CA). The cells were then
analyzed using FlowJo v10 for Windows (FlowJo LLC, Ashland, OR).



Fig. 1. Experimental design. ESE: elicited soybean extract; Simv ¼ simvastatin. The animal experiment was performed over 24 weeks, where the ESE or simv was treated at the last
four weeks. At the end of the 24th week, the animal was sacrificed, and the ESE effects were investigated.
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The percentage of TLR3, TLR4, TNF-a, and IL-17 expression by DCs
were calculated according to the formula:

UR quadrant
UR quadrant þ LR quadrant

� 100

UR ¼ upper right.
LR ¼ lower right.

The percentage of CD62L positive expressed by CD4 and CD8 T
cells was the first gate for lymphocytes, then determined the CD4 or
CD8 positive cells using a histogram. The gating processes are
described in Supplementary Figs. S1eS4.
2.6. Molecular docking between selected ESE active compound with
TLR3 and TLR4 complexes

Human TLR3 (1ZIW) and TLR4/MD2 complex (3FXI) were
collected from the Protein Data Bank (PDB). Ligand docking to the
TLR3 complex was set to x¼ 72.0554, y¼�17.5710, z¼ 9.3968with
dimension (Angstrom) 18.0569, 15.7276, and 16.7383, respectively.
Ligand docking to TLR4/MD2 complex was set to x ¼ 12.9798,
y ¼ �10.3865, and z ¼ �1.1131 with dimension (Angstrom)
26.7464, 26.2213, and 26.2905, respectively [25]. Chemical struc-
ture of simvastatin (54454), glyceollin I (162807), glyceollin II
(181883), glyceollin III (11954193), genistein (5280961), and daid-
zein (5281708) was collected from PubChem ID. CUPCT4A
(53242268) was used as drug control for TLR3, while TAK�242
(11703255) was used as drug control for TLR4. Autodock vina in
Pyrx 0.8 (The Scripps Research Institute, California) was used as an
assessment to evaluate the binding affinity between TLR3 and TLR4
ligands. Open Babel in Pyrx 0.8 has been used for minimizing the
ligand then visualized in PyMol (Schrӧdinger Inc., LLC). Biovia
Discovery Studio v20 (Dassault System, Biovia corp.) has been used
for analyzed protein and ligand interaction.
2.7. Statistical analysis

The result is reported as the mean ± standard deviation (SD).
Data were presented as percentage of CD11cþTLR3þ, CD11cþTLR4þ,
NFkBþ, CD11cþIL�17þ, CD11cþTNF�aþ, CD4þCD62Lþ, and
CD8þCD62Lþ were analyzed by GraphPad Prism 8 (GraphPad Soft-
ware Inc., La Jolla, CA). In order to compare significant differences
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among groups, the statistical analysis was performed by one-way
analysis of variance (ANOVA) with Tukey’s HSD post hoc test.
P < 0.05 was signified a statistically significant result.

3. Result

3.1. Elicited soybean extract inhibit dendritic cells maturation
through suppress TLR3/TLR4 activation in HFFD mice

HFFD over 24 weeks alter the CD11cþTLR3þ (Fig. 2A) and
CD11cþTLR4þ (Fig. 2B) subsets in HFFD mice compared to ND mice.
The expression of CD11cþTLR3þ and CD11cþTLR4þ were increased
in HFFD mice, while the treatment of ESE decreased significantly
(p < 0.05) the expression of CD11cþTLR3þ (Fig. 2C) and
CD11cþTLR4þ (Fig. 2D) in HFFD mice. Interestingly, the ESE dose
104 mg/kg BW which given in ND mice did not alter CD11cþTLR3þ

and CD11cþTLR4þ expression (p < 0.05) compared to ND mice only
(Fig. 2C�D).

3.2. Elicited soybean extract declines NFkB activation in HFFD mice

NFkB is the main transcription factor for proinflammatory cy-
tokines. NFkBþ expression was increased in mice after HFFD was
given over 24 weeks (Fig. 3A). Our result showed that ESE given in
HFFD mice declined the expression of NFkBþ (Fig. 3A). The ESE
dose 104 mg/kg BW, which was given in ND mice, did not alter
NFkBþ expression (p < 0.05) when compared to ND groups
(Fig. 3B). interestingly, HFFD mice treated with either ESE or
simvastatin did not significantly differ from declining NFkBþ

expression.

3.3. Elicited soybean extract inhibit IL�17 and TNF�a

proinflammatory cytokines in dendritic cells in HFFD mice

A proinflammatory cytokine is the main product in an inflam-
matory signaling pathway. Our result showed HFFD caused the
increased of CD11cþIL�17þ (Fig. 4A) and CD11cþTNF�aþ (Fig. 4B)
expression (p < 0.05) compared to ND, while treatment with ESE
cause significantly decreases the expression of CD11cþIL�17þ

(Fig. 4C) and CD11cþTNF�aþ (Fig. 4D) in HFFD mice. The ESE dose
104 mg/kg BW, which was given in ND mice, did not alter
CD11cþIL�17þ and CD11cþTNF�aþ expression (p < 0.05) compared
to ND mice only (Fig. 4C�D).



Fig. 2. DCs expression on ND or HFFD mice treated/untreated with ESE. (A) Dot plot analysis of CD11cþTLR3þ subsets by flow cytometry. (B) Dot plot analysis of CD11cþTLR4þ

subsets by flow cytometry. The value upright indicates the percentages of CD11cþTLR3þ/TLR4þ subsets. (C) ESE declines CD11cþTLR3þ expression on splenocytes. (D) ESE declines
CD11cþTLR4þ expression on splenocytes. The values in the chart are mean ± SD. Statistical analysis is based on one-way ANOVA followed by post hoc test using Tukey’s HSD test.
*p < 0.05 displayed a significant difference in ND and treatment groups compared to the HFFD group. ns, not significant (p > 0.05) indicate not significantly differ between the ND
group and the ND þ ESE�104 group.
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3.4. Elicited soybean extract restores naïve T cells in HFFD mice

Naïve T cells, in general, express CD62L (L-selectin) in the cell-
surface and will lost CD62L expression when differentiating into
Fig. 3. NFkB expression on ND or HFFD mice treated/untreated with ESE. (A) Histogram ana
splenocytes. The values in the chart are mean ± SD. Statistical analysis is based on one-way A
difference in treatment groups when compared to the HFFD group. ns, not significant (p > 0.0
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memory T cells. HFFD over 24 weeks declined the percentage of
naïve T cells, CD4þCD62Lþ (Fig. 5A) and CD8þCD62Lþ (Fig. 5B)
around 2-fold compared to ND mice. Our result demonstrated that
HFFD significantly declined (p < 0.05) the expression of
lysis of NFkBþ expression by flow cytometry. (B) ESE suppressed NFkBþ expression on
NOVA followed by post hoc test using Tukey’s HSD test. *p < 0.05 displayed a significant
5) indicate not significantly differ between the ND group and the ND þ ESE�104 group.



Fig. 4. DCs expression on ND or HFFD mice treated/untreated with ESE. (A) Dot plot analysis of CD11cþIL�17þ subsets by flow cytometry. (B) Dot plot analysis of CD11cþTNF�aþ

subsets by flow cytometry. The value upright indicates the percentages of CD11cþIL�17þ/TNF�aþ. (C) ESE declines CD11cþIL�17þ expression on splenocytes. (D) ESE declines
CD11cþTNF�aþ expression on splenocytes. The values in the chart are mean ± SD. Statistical analysis is based on one-way ANOVA followed by post hoc test using Tukey’s HSD test.
*p < 0.05 displayed a significant difference in treatment groups when compared to the HFFD group. ns, not significant (p > 0.05) indicate not significantly differ between the ND
group and the ND þ ESE�104 group.
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CD4þCD62Lþ (Fig. 5C) and CD8þCD62Lþ (Fig. 5D) compared to ND
mice. ESE treatment restored significantly (p < 0.05) the expression
of CD4þCD62Lþ and CD8þCD62Lþ. There is no difference between
CD4þCD62Lþ and CD8þCD62Lþ expression in ND mice and ND
supplemented with ESE 104 mg/kg BW (Fig. 5C and D).
3.5. The direct binding and energy affinity of ESE compound with
TLR3 and TLR4 complex

In the current study, our docking result demonstrated that
glyceollin II has the best binding affinity for binding with TLR3 and
TLR4/MD�2 complexes, respectively (Table 1). Interestingly, gly-
ceollin II served the highest ability to bind with TLR3 and TLR4/
MD�2 complexes compared to drug control (Table 1). The docking
analysis supports our in vivo result, which illustrated that
glyceollin-rich in ESE positively affected TLR3 and TLR4/MD�2
complex.

The molecular docking analysis revealed that all ligand has
bound in the same site in the TLR3 complex (Fig. 6A) and TLR4/
MD�2 complex (Fig. 6B). interestingly, the selective ESE com-
pounds and simvastatin have the same binding site with selective
TLR3 inhibitor, CUCPT4A (Fig. 6C). Further, we pointed to glyceollin
II as the best model in the TLR3 complex with the lowest binding
energy and formed a hydrogen bond with Cys 651 and Trp 660
(Fig. 6D). We assumed Cys651 as a main binding site in all of the
TLR3 complexes, except in the daidzein�TLR3 complex.
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Interestingly, Cys 651 formed hydrogen bond interaction in gly-
ceollin II and glyceollin III, while in other ligands formed van der
Waals interaction in TLR3 complexes. In the TLR4/MD�2 complex,
the selective ESE compounds and simvastatin also have the same
binding site as the selective TLR4 inhibitor, TAK�242 (Fig. 6E).
Further, we pointed to glyceollin II as the best model in the TLR4/
MD�2 complex with the lowest binding energy and formed a
hydrogen bond with Asn 383 and Gly 363 (Fig. 6F). We assumed
that Gly 363 was the critical binding site that appeared in all
complexes, except in the daidzein�TLR4/MD�2 complex. Inter-
estingly, Gly 363 formed van der Waals interaction only with
TAK�242�TLR4/MD�2 complex.
4. Discussion

TLRs dimerization is a critical step to initiate the downstream of
the inflammation signaling pathway. High glucose and FFA from
the high-fat diet could amplify the inflammatory signals via TLRs.
Engagement of TLRs with DAMPs will trigger intracellular signaling
cascades through activation of NFkB, as the main transcription
factor to generate proinflammatory cytokines [26,27]. Based on
that, dysregulation of TLRs activity could develop the risk of chronic
inflammatory and immune disease. Recent studies indicate that
phytochemicals based on natural products possessed an
anti�inflammatory effect [28,29], make it possible to target TLRs
and their downstream component [30].



Fig. 5. Naïve T cells expression on ND or HFFD mice treated/untreated with ESE. (A) Dot plot analysis of CD4þCD62Lþ subsets by flow cytometry. (B) Dot plot analysis of
CD8þCD62Lþ subsets by flow cytometry. The value upright indicates the percentages of CD4þ/CD8þCD62Lþ. (C) ESE restores CD4þCD62Lþ expression on splenocytes. (D) ESE
restores CD8þCD62Lþ expression on splenocytes. The values in the chart are mean ± SD. Statistical analysis is based on one-way ANOVA followed by post hoc test using Tukey’s HSD
test. *p < 0.05 displayed a significant difference in treatment groups when compared to the HFFD groups. ns, not significant (p > 0.05) indicate not significantly differ between the
ND group and the ND þ ESE�104 group.

Table 1
The calculated binding affinity between TLR3/TLR4 complex and ESE selected compounds.

Receptor Ligand Binding affinity (kcal/
mol)

Hydrogen Bond Interaction Van der Waals
Interaction

TLR3
(1ZIW)

Glyceollin II �7.3 Cys 651, Trp 660 Glu 652, Ile 661, Thr 664, Val 625
Glyceollin I �6.7 Thr 650 Asp 648, Cys 651, Glu 652, Phe 634, Ser 653, Thr 664
Glyceollin
III

�6.7 Cys 651, Trp 660 Asp 648, Glu 652, Ile 661, Thr 664, Val 625

Daidzein �6.1 e Leu 640, Met 642, Phe 647, Ser 653, Thr 650, Thr 664, Val 625, Val 658
CUCPT4A �6.1 Ser 653 Cys 651, Glu 652, Ile 661, Leu 640, Phe 634, Thr 650, Trp 660
Genistein �6.0 e Cys 651, Leu 640, Met 642, Phe 647, Ser 653, Thr 664, Val 625, Val 658,
Simvastatin �5.5 Ser 653 Asp 648, Cys 651, Glu 652, Leu 640, Met 642, Phe 634, Thr 650, Thr 664, Val 625, Val

658
TLR4 (3FXI) Glyceollin II �7.9 Asn 383, Gly 363 Gly 364, Gly 384, His 431, Lys 435

Glyceollin I �7.8 Asn 383, Gly 363, Gly 364 Arg 382, Gly 384, Lys 435, Phe 342, Phe 408,
Glyceollin
III

�7.7 Gly 363, Gly 364 Asn 361, Asn 365, Gly 384

Simvastatin �7.1 Asn 383, Gly 363 Asn 361, Asn 365, Gln 436, Gly 364, Lys 362, Lys 388, Ser 360, Thr 413, Val 411
Genistein �7.0 Gly 363, Gly 364, Lys 435, Thr

413
Asn 365, Asn 383, Asn 409, Gly 384, His 431, Phe 408, Val 411

Daidzein �6.9 Lys 435 Asn 365, Asn 409, Gly 384, Gly 410, Lys 388, Phe 387, Phe 408, Ser 386,
TAK-242 �6.5 Lys 435, Thr 413 Asn 365, Gln 436, Gly 363, Gly 410, Lys 362, Lys 388, Phe 387, Ser 386
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Our present study suggested that multi�compound contain in
elicited soybean suppress DCs activation through inhibiting the
interaction between ligand and TLR3/TLR4 (Fig. 2AeD). Genistein
interferes with the interaction between TLR4 with lipopolysac-
charide (LPS) by preventing the binding of LPS to TLR4 [31].
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Daidzein, another isoflavone compound in soybean, can suppress
TLR4 expression through the TLR4�Myd88�NFkB signaling
pathway [32]. Atho’illah et al. demonstrated that ESE decline TLR3
and TLR4 in B cells of HFFDmice [24]. Another phytoalexin contains
in grape, resveratrol, inhibits TBK1, and RIP1 in TRIF complex [33].



Fig. 6. Three-dimensional structure of ESE active compound, simvastatin, and drug inhibitor as control with (A) TLR3 complex, (B) TLR4/MD�2 complex, (C) Molecular docking
result with the TLR3 complex portrays that all ligands bind in the same site with control, (D) Visualization of amino acid interaction between the TLR3 complex with glyceollin II, (E)
Molecular docking result with TLR4/MD�2 complex portrays all ligands bind in the same site with control, (F) Visualization of amino acid interaction between TLR4/MD�2 complex
with glyceollin II. Note: daidzein ¼ yellow�stick orange, genistein ¼ violet�purple stick, glyceollin I ¼ gray 80 stick, glyceollin II ¼ marine blue stick, glyceollin III ¼ olive stick,
simvastatin ¼ dark salmon stick, CUCPT4A/TAK�242 ¼ green stick.
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TRIF is the main adaptor for NFkB and IRF3 via the TRIF�dependent
signaling pathway [23]. We assumed that glyceollin, phytoalexin
containing in ESE has a similar mechanism with resveratrol,
although it still needs to be further investigated.

To gain mechanism insight for the possibility of glyceollin could
modulate TLR3 and TLR4, we used molecular docking as an
approach (Fig. 6AeF). As a result, glyceollin II has the lowest
binding affinity than other compounds to TLR3 and TLR4�MD2
complex (Table 1). Interestingly, glyceollin II has the lowest binding
energy to the TLR3 complex compared to CUCPT4A. In TLR3, gly-
ceollin II binds to Cys 651, which is involved in disulfide bond for-
mation and essential for the TLR3 function [34]. In the TLR4�MD2
complex, glyceollin II binds with Asn 383 and Gly 363. Gly 363 was
reported as a conserved residue in human TLR4 at LRR13 and
suggested the potential role in TLR4�TLR4 contacts [35]. However,
there is still a need for further investigation about the potential role
of Gly 363 to interfere with the TLR4/MD2 complex. Interestingly,
glyceollin II and genistein formed van der Waals interaction with
His 431 (Table 1). His 431 was reported to have a crucial role in
triggering MD2 and TLR4 dimerization for cellular activation [36].
Based on the docking result, we hypothesize that glyceollin in ESE
may disrupt dimerization between DAMPs and TLR3/TLR4, which
makes the possibility interfere in the upstream of TLR3/TLR4
signaling pathway and delay inflammation.

Our present study suggested that ESE declines the expression of
NFkB in HFFD mice (Fig. 3A and B). The result was consistent with
the previous result, CD11cþTLR3þ, and CD11cþTLR4þ lower
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expression after treated with ESE. NFkB is the main inflammatory
signaling pathway linked to metabolism and immunity at cellular
levels, which increased in obesity [37]. NFkB is a main proin-
flammatory signaling pathway for IL�17, TNF�a synthesis, and
NFkB triggered by TLR3/TLR4 activation [38]. The activation of NFkB
further stimulated an excessive proinflammatory cytokine released
from cells. Genistein was reported to acts through inhibition of
NFkB translocation, while glyceollin inhibits IKKa/b phosphoryla-
tion, an upstream kinase for IkB in NFkB signaling pathway after LPS
stimulation [21]. Genistein and glyceollin act through inhibition of
NFkB phosphorylation. Genistein inhibits NFkB�IkB phosphoryla-
tion complex and NFkB translocation into the nucleus for encoding
proinflammatory cytokine genes [31], while glyceollin inhibits IkB
kinase, degradation of IkB, prevent NFkB/DNA formation complex
[21], and suppressed phosphorylation of p65 NFkB [39]. Another
compound in ESE, daidzein, disrupts the NFkB signaling pathway
leads to delay DCs maturation, caused DCs not to release the excess
of a proinflammatory mediator to trigger a specific immune
response [40].

In line with our result, IL�17 and TNF�a expression in DCs re-
duces after treatment both with ESE and simvastatin (Fig. 4AeD).
TNF�a is the primary proinflammatory cytokine produced by DCs
during inflammation via activation of MAPK and NFkB signaling
pathway and provoked other proinflammatory cytokines such as
IL�1b and IL�6 to release in circulation [41]. The previous studies
demonstrated that CD11cþ subsets increase around two-fold or
higher in HFD mice than ND mice [42e44]. Interestingly, the study
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conducted by Nguyen et al. demonstrated that diet-induced obesity
elicits CD11cþ in adipose tissue around 5-fold in 12-weeks HFD
mice, or 23.8% in HFD mice compared to 4.4% in ND mice [45]. The
upregulation of CD11cþ is also followed by increasing TNF�amRNA
expression around 2-fold or higher [46,47]. In line with our finding,
HFFD over 24-weeks upregulated the CD11cþTNF�aþ expression
around 2-fold compared to ND, while ESE supplementation could
reverse TNF�a expression by CD11c positive cells (Fig. 4A).

IL�17 is mainly produced by Th17, but other immune cells
such as DCs are also known to produce IL�17 [48]. The increased
of IL�17 also followed by IL�6 elevation, which act as a down-
stream of IL�17 signaling pathway, resulting in the differentia-
tion of the Th17 cell during obesity [49,50]. Furthermore, the
upregulation of IL�17 expression may display an increase in
Th17 cells [51]. The combination of TNF�a with IL�17 enhanced
other proinflammatory cytokine syntheses [52]. The excess pro-
duction of proinflammatory cytokine has been associated with
the development of the chronic inflammatory disease. Interest-
ingly, treatment with ESE displays the same better effect with
simvastatin. The decrease of TNF�a and IL�17 expression as
proinflammatory cytokine is expected to reduced inflammation
caused by HFFD.

Our next finding revealed that HFFD down-regulates
CD4þCD62Lþ and CD8þCD62Lþ as a marker for naïve T cells
(Fig. 5AeD). This result supports our finding that HFFD triggers the
activation of DCs, resulting in the higher expression of proin-
flammatory cytokines. DCs commonly expressed CD11c and MHC
class II, and the expression was increased once DCs is activated to
activate naïve T cells [9]. Interestingly, memory CD4þ T cells mainly
migrated to inflammatory sites, driving obesity�associated insulin
resistance together with CD8þ in adipose tissue [53,54]. In linewith
our result, HFD resulting in the lower expression of CD4þCD62Lþ,
thus interrupt the lymphocyte and erythrocyte homeostasis
[53,55]. Studies demonstrated by Nur’aini et al. demonstrated that
ESE administration suppressed the proinflammatory mediators
expressed by CD4 and CD8 Tcells [56]. These findings are consistent
with our present result, inwhich the inhibition of CD11cþ activity is
followed by the restoration of naïve T cells after ESE administration
(Fig. 5AeD). The inhibition mechanism by ESE caused diminished
inflammation downstream signaling cascade in DCs. The bioactive
compound of ESE acts synergistically to modulate DCs activation
via TLR3/TLR4 signaling pathway, thus balancing the innate and
adaptive immune system in HFFD.

5. Conclusion

ESE ameliorates inflammation through modulating TLR3/TLR4
in DCs, reduce NFkB in splenocytes, IL�17 and TNF�a expression in
DCs, and restores naïve T cells. ESE supplementation did not alter
the DCs profile and naïve T cells in ND mice. ESE could be a
promising agent in the future for alleviating obesity and its
complication due to inflammation caused by HFFD.
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