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Abstract: Patients with diabetes are known to be more susceptible to infections following the es-
tablishment of Staphylococcus aureus in their nasal passages and on their skin. The present study
evaluated the effects of staphylococcal enterotoxin A (SEA) on the immune responses of spleen cells
derived from diabetic mice, and examined the effects of polyphenols, catechins, and nobiletin on
inflammation-related gene expression associated with the immune response. (−)-Epigallocatechin
gallate (EGCG), possessing hydroxyl groups, interacted with SEA, whereas nobiletin, possessing
methyl groups, did not interact with SEA. The exposure of spleen cells derived from diabetic mice
to SEA enhanced the expression of interferon gamma, suppressor of cytokine signaling 1, signal
transducer and activator of transcription 3, interferon-induced transmembrane protein 3, Janus kinase
2, and interferon regulatory factor 3, suggesting that SEA sensitivity is variable in the development
of diabetes. Both EGCG and nobiletin changed the expression of genes related to SEA-induced
inflammation in spleen cells, suggesting that they inhibit inflammation through different mechanisms.
These results may lead to a better understanding of the SEA-induced inflammatory response during
diabetogenesis, and the establishment of methods to control these effects with polyphenols.

Keywords: Staphylococcus aureus; staphylococcal enterotoxin A; diabetes; inflammation; diabetes;
polyphenols

1. Introduction

Staphylococcus aureus is an important human pathogen that causes toxin-type food
poisoning and a variety of infectious symptoms, including life-threatening conditions.
S. aureus is known to be pathogenic to humans and animals, causing pyogenic skin disease
and toxic shock syndrome [1]. S. aureus produces more than 20 types of staphylococcal
enterotoxins (SEs); among these, SEA has been reported to have emetic and superantigen
activity [2]. When SEA invades the body, cytokines are produced by phagocytic cells such
as macrophages and neutrophils, followed by the induction of acute inflammation [3].
SEA cross-links major histocompatibility complex (MHC) class II molecules expressed by
antigen-presenting cells with T-cell receptors, resulting in T-cell proliferation and toxic
shock syndrome [4–6]. It has also been suggested that SEA binds to the cytokine receptor
gp130 and activates signal transducer and activator of transcription 3 (STAT3) [7], which
induces chronic inflammation and potentially causes insulin resistance [8]. Superantigen
toxins produced by S. aureus have also been reported to induce insulin resistance, impaired
glucose tolerance, and systemic inflammation in rabbits [7]. Furthermore, patients with
diabetes are known to be more susceptible to infections following the establishment of
S. aureus in their nasal passages and on their skin [9,10]. It has been reported that S. aureus
activates a virulence-expressing system in response to environmental changes occurring in
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hosts with diabetes, differing from the response to infection in normal hosts [11]. However,
the effect of S. aureus virulence factors on the immune response of patients with diabetes
has not been clarified in detail.

In adipocytes and hepatocytes, IL-6 binds to gp130 and induces the expression of
suppressor of cytokine signaling 1 (SOCS1) via the Janus kinase (JAK)/STAT pathway.
SOCS1 inhibits insulin action by blocking tyrosine phosphorylation of insulin receptor
substrate 1 [12]. Therefore, SEA may contribute to the induction of insulin resistance and
diabetes by inducing STAT3 phosphorylation. In addition, many inflammation-related
diseases, such as Crohn’s disease, pleurisy, and psoriasis, have been attributed to excessive
activation of the JAK/STAT pathway [13–15]. Furthermore, the JAK/STAT pathway plays
an important role in the regulation of critical functions such as cell proliferation, differenti-
ation, survival, and apoptosis; immune responses; and homeostasis. Therefore, control of
the overexpression or activation of JAK/STAT signaling is an emerging strategy for treating
the aforementioned diseases. In a previous study, SEA was found to induce Th1 cytokines
such as interferon gamma (IFN-γ) [16], suggesting that SEA plays an important role in the
induction of inflammation in patients with diabetes. IFN-induced transmembrane protein
3 (IFITM3) is stimulated by type II (γ) interferons (IFNs), and upregulation of the IFITM3
gene is induced via the transcription factor IRF3 [17]. However, the mechanism of action
of SEA on the JAK/STAT pathway, an intracellular signaling pathway for IFN, and the
associated expression system of IFN are unknown. Elucidating the mechanisms by which
S. aureus induces chronic inflammation in patients with diabetes could contribute to the
establishment of methods to control diabetes-related diseases.

Previous studies illustrated that the hydroxyl group at position 3” of the galloyl
group of (−)-epigallocatechin gallate (EGCG), a polyphenol found in green tea, interacts
with Y91 of SEA [18]. It was also demonstrated that SEA enhances the level of STAT3
phosphorylation at Tyr705, and that the hydroxyl group at position 3” of the galloyl group
of EGCG is involved in the inhibition of this phosphorylation [19]. It has been reported that
catechins inhibit the toxic activity of SEA by interacting with hydroxyl groups. In addition,
nobiletin (hexamethoxyflavone), a flavone with highly methylated hydroxyl groups, also
exhibits anti-inflammatory effects [20]. Nobiletin is contained in citrus peels, and it has
been reported to exert diabetes-improving effects such as reducing obesity and reversing
insulin resistance [21]. It was recently suggested that people with a higher polyphenol
intake are less likely to develop diabetes [22], suggesting that polyphenols can inhibit
the development of SEA-induced insulin resistance and chronic inflammation. However,
there are no reports comparing and analyzing the interactions of SEA-targeted proteins
with catechins and hexamethoxyflavones. Clarification of the interactions among the
target molecules, SEA, and polyphenols is expected to provide important information for
elucidating their mechanisms of action, conducting structure–activity relationship studies,
and improving selectivity to identify strategies for controlling SEA-induced inflammation.

In this study, we analyzed the interaction of SEA with five catechins: ((+)-catechin, (−)-
epicatechin [EC], (−)-epicatechin gallate [ECG], (−)-epigallocatechin [EGC], and EGCG)
and nobiletin (Figure 1). Furthermore, the effects of SEA on the immune response of spleen
cells from diabetic model mice, and the inhibitory effects of catechins and nobiletin on
SEA-induced inflammation were analyzed.
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Figure 1. Polyphenols used in this study. (A) Structure of catechin. (B) Structure of nobiletin. G: 
galloyl group. 

2. Materials and Methods 
2.1. Chemicals 

SEA (95% pure; Toxin Technology Inc., Sarasota, FL, USA) was diluted using phos-
phate-buffered saline (PBS [pH 7.4], Thermo Fisher Scientific, Waltham, MA, USA). Strep-
tozotocin (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) solution (10 
mg/mL) was prepared with 50 mmol/L citrate buffer (pH 4.5). Catechins [(+)-catechin, EC, 
ECG, EGC, and EGCG; all from Nagara Science Co., Ltd., Gifu, Japan] were diluted in 
dimethyl sulfoxide (DMSO; FUJIFILM Wako Pure Chemical Corporation). Nobiletin was 
synthesized in accordance with previous studies [23] and diluted in DMSO. 
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99 °C at a rate of 1.6 °C/min using the StepOnePlus Real-Time PCR System (Applied Biosys-
tems, Foster City, CA, USA). To determine Tm values, data were analyzed using Protein 
Thermal Shift Software v1.0 (Applied Biosystems). The software calculates Tm value from 
each fluorescence profile using the Boltzmann method (fluorescence intensity vs. tempera-
ture plot) and the derivative curve method [d(fluorescence)/dT vs. temperature plot (Tm D)]. 
In the differential curve method, Tm is calculated from the peak apex of the differential plot, 
and in the Boltzmann method, each value is calculated from the inflection point of the fluo-
rescence plot. In this study, we analyzed the thermal denaturation temperature of SEA using 
the change in Tm (Tm D) of the differential curve method as an indicator. 

2.3. Effect of pH on the Interactions between SEA and Polyphenols 
McIlvaine buffer (Thermo Fisher Scientific) was adjusted to pH 4.0, 6.0, or 8.0 to exam-
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for 24 h. Following centrifugation (4000× g, 5 min), the supernatant was collected. Milli-Q 
water was used as the control. Proteins were separated on acrylamide gels and transferred 
to a PVDF membrane, which was blocked with 5% skim milk powder (FUJIFILM Wako 
Pure Chemical Corporation). The PVDF membrane was soaked in rabbit anti-SEA (Sigma-
Aldrich, St. Louis, MO, USA), diluted 1:1000 in PBS and incubated overnight at 4 °C. The 
PVDF membrane was washed with wash solution (20× Wash Solution Concentrate; KPL, 
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2. Materials and Methods
2.1. Chemicals

SEA (95% pure; Toxin Technology Inc., Sarasota, FL, USA) was diluted using phosphate-
buffered saline (PBS [pH 7.4], Thermo Fisher Scientific, Waltham, MA, USA). Streptozotocin
(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) solution (10 mg/mL) was
prepared with 50 mmol/L citrate buffer (pH 4.5). Catechins [(+)-catechin, EC, ECG, EGC,
and EGCG; all from Nagara Science Co., Ltd., Gifu, Japan] were diluted in dimethyl sulfox-
ide (DMSO; FUJIFILM Wako Pure Chemical Corporation). Nobiletin was synthesized in
accordance with previous studies [23] and diluted in DMSO.

2.2. Assessment of the Interactions between SEA and Polyphenols Using the Thermal Shift Assay

Catechins and nobiletin were selected as ligands and diluted in DMSO. SEA (final
concentration, 5 µg/mL) and each ligand (final concentration, 0.25 mM) were mixed and
incubated at 37 ◦C for 2 h. Then, 18 µL of the mixture were mixed with 2 µL of SYPRO
orange (dye, 60×) from the Protein Thermal Shift Dye Kit (Thermo Fisher Scientific, Baltics
UAB, Vilnius, Lithuania). Samples were denatured by increasing the temperature from
25 ◦C to 99 ◦C at a rate of 1.6 ◦C/min using the StepOnePlus Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). To determine Tm values, data were analyzed
using Protein Thermal Shift Software v1.0 (Applied Biosystems). The software calculates Tm
value from each fluorescence profile using the Boltzmann method (fluorescence intensity vs.
temperature plot) and the derivative curve method [d(fluorescence)/dT vs. temperature
plot (Tm D)]. In the differential curve method, Tm is calculated from the peak apex of
the differential plot, and in the Boltzmann method, each value is calculated from the
inflection point of the fluorescence plot. In this study, we analyzed the thermal denaturation
temperature of SEA using the change in Tm (Tm D) of the differential curve method as
an indicator.

2.3. Effect of pH on the Interactions between SEA and Polyphenols

McIlvaine buffer (Thermo Fisher Scientific) was adjusted to pH 4.0, 6.0, or 8.0 to
examine the effect of pH. EGCG or nobiletin (final concentration, 3.0 mM) was added to
SEA (final concentration, 5.0 µg/mL) diluted in McIlvaine buffer or PBS, and incubated at
37 ◦C for 24 h. Following centrifugation (4000× g, 5 min), the supernatant was collected.
Milli-Q water was used as the control. Proteins were separated on acrylamide gels and
transferred to a PVDF membrane, which was blocked with 5% skim milk powder (FUJIFILM
Wako Pure Chemical Corporation). The PVDF membrane was soaked in rabbit anti-SEA
(Sigma-Aldrich, St. Louis, MO, USA), diluted 1:1000 in PBS and incubated overnight at 4 ◦C.
The PVDF membrane was washed with wash solution (20×Wash Solution Concentrate;



Microorganisms 2023, 11, 1039 4 of 13

KPL, Gaithersburg, MD, USA) three times for 5 min each with shaking at room temperature.
The PVDF membrane was soaked in anti-mouse IgG (H + L) (KPL) diluted 1:10,000 in
PBS at room temperature for 90 min with shaking. The membrane was washed with
wash solution three times for 5 min each at room temperature with shaking. The PVDF
membrane was then immersed in substrate solution (BCIP/NBT; KPL) and incubated at
room temperature for 20 min to permit color development. The stained SEA bands were
analyzed and quantified using ImageJ (National Institutes of Health, Bethesda, MA, USA).

2.4. Analysis of SEA-Induced Inflammation-Related Genes in Spleen Cells from Diabetic Mice
2.4.1. Animals

Institute of Cancer Research (ICR) mice (5 weeks old, female) and C57BL/6J mice
(5 weeks old, female) were purchased from Japan SLC Corporation (Hamamatsu, Japan)
and reared in an animal center at 23 ± 1 ◦C with 55% ± 5% humidity under a 12-h/12-h
light/dark cycle. The animals were granted ad libitum access to CE-2 (4.8% crude fat
content; CLEA Japan, Inc., Tokyo, Japan) and tap water. The mice were acclimated for
1 week prior to use. The study was approved by the Institutional Animal Care and
Use Committees of the University of Shizuoka (permit number: 20527, date of approval:
1 April 2020; permit number: 215320, date of approval: 30 March 2021).

2.4.2. Preparation of the Diabetic Mouse Model

Streptozotocin solution was administered intraperitoneally to ICR mice at a dose of
200 mg/kg b.w. After 2 weeks, fasting blood glucose levels were measured, and animals
with blood glucose levels exceeding 400 mg/dL were considered to have developed diabetes.

2.4.3. Preparation of Mouse Spleen Cells

Mouse spleen cells were prepared from normal and diabetic mice as described in
previous studies [16]. Spleen cells were cultured in RPMI 1640 medium containing 1%
fetal bovine serum, 50 units/mL penicillin, 50 µg/mL streptomycin, 1 M sodium pyruvate,
20 mM L-glutamine, and 50 mM 2-mercaptoethanol (all from Thermo Fisher Scientific).

2.4.4. SEA Exposure in Mouse Spleen Cells

Spleen cell solution containing 2.5 × 106 cells/mL was added to cell culture medium
(total volume, 4 mL) in six-well plates. For SEA exposure, 100 µL of SEA were added [final
concentration, 50 and 100 ng/mL; (+) SEA]. Meanwhile, 100 µL of distilled water were
used as a control [(−) SEA]. Cells were incubated for 16 h at 37 ◦C in a 5% CO2 atmosphere.

2.4.5. Inhibitory Effects of Polyphenols on SEA-Induced Inflammation-Related Genes

Spleen cell solution containing 2.5 × 106 cells/mL was added to cell culture medium
(total volume, 4 mL) in six-well plates. Spleen cell solution was incubated with SEA (final
concentration, 50 and 100 ng/mL), ECGG, or nobiletin (final concentration 50 µM) for 16 h
at 37 ◦C in a 5% CO2 atmosphere.

2.4.6. Total RNA Extraction and Real-Time RT-PCR

Total RNA was extracted using an RNeasy mini Kit (QIAGEN, Hilden, Germany).
Total RNA was converted into cDNA using a PrimeScript RT Reagent Kit (Takara, Kusatsu,
Japan). To examine the relative mRNA expression of genes after SEA exposure, each
prepared cDNA was analyzed by real-time RT-PCR performed on a Real-time PCR in-
strument (Thermal Cycler Dice® Real-Time System II; Takara), using the SYBER ExScript
RT-PCR kit (Takara) according to the manufacturer’s instructions. The hypoxanthine–
guanine phosphoribosyltransferase (Hprt) gene was used as an internal standard to nor-
malize mRNA levels between samples. The primer sequences used are shown in Table 1.
Heatmaps were prepared using Heatmapper (http://www.heatmapper.ca/ (accessed on
24 February 2023)) [24]. The changes in gene expression were shown as the average of the
results using splenocytes prepared from the spleens of at least three different mice.

http://www.heatmapper.ca/
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Table 1. Primers for real-time RT-PCR were used in this study.

Primer Forward Primer (5′–3′ ) Reverse Primer (5′–3′ )

Hprt GTTGGATACAGGCCAGACTTTGTTG GAGGGTAGGCTGGCCTATAGGCT
IFN-γ CATTGAAAGCCTAGAAAGTCTG CTCATGAATGCATCCTTTTTCG
SOCS1 GATTCTGCGTGCCGCTCT TGCGTGCTACCATCCTACTC
STAT3 CTACCTCTACCCCGACATTCC GATGAACTTGGTCTTCAGGTACG
JAK2 GGAATGGCCTGCCTTACAATG TGGCTCTATCTGCTTCACAGAAT

IFITM3 GAGTGGCTGTAGCACCAACA GCGGAGCAAAGGCAGCAC
IRF3 CGGAAAGAAGTGTTGCGGTT TTTTCCTGGGAGTGAGGCAG

Hprt was used as an internal standard.

2.5. Statistical Analysis

Data were analyzed by one-way analysis of variance followed by Dunnett’s test using
Microsoft Excel 2019 (Microsoft, Redmond, WA, USA). The significance level was set at
p < 0.05, and all experiments were repeated at least three times.

3. Results
3.1. Interaction Analysis of SEA and Polyphenols

The interactions of SEA with six polyphenols, (+)-catechin, EC, ECG, EGC, EGCG,
and nobiletin, were analyzed by the protein thermal shift assay. Compared to that of SEA
alone (65.36 ◦C), Tm of SEA was unchanged in the presence of (+)-catechin, EC, ECG,
and nobiletin. Conversely, Tm of SEA was significantly different in the presence of EGC
(63.89 ◦C) and EGCG (64.36 ◦C). Thus, among the polyphenols tested, only EGC and EGCG
interacted with SEA (Figure 2).
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Figure 2. Interactions between SEA and polyphenols. (A) Melting profile of SEA in the presence of
polyphenols. The images show the profile of the derivative of fluorescence emission as a function of
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temperature [d(Fluorescence)/dT]. SEA was used as the protein, and each polyphenol served as
the ligand. The compounds were reacted at 37 ◦C for 2 h before the interaction was analyzed using
the protein thermal shift assay. (B) Melting temperature of SEA in the presence of polyphenols.
* p < 0.05 compared to the control. The data are presented as the mean ± standard deviation of four
independent experiments.

3.2. Effect of pH on the Interaction between SEA and Polyphenols

After reacting SEA with EGCG or nobiletin in pH 4.0, 6.0, or 8.0 buffer for 2 h, the
interaction was examined by Western blotting. The results illustrated that the interaction
of SEA with EGCG was weaker at pH 6 and 8 than that in PBS (Figure 3). By contrast,
nobiletin, which did not interact with SEA in PBS, did not change the SEA band at any pH
(Figure 3).
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Figure 3. The effect of pH on the interaction between SEA and polyphenols. All samples were
prepared at a final concentration of 3.0 mM. Each test sample was mixed with SEA (5.0 µg/mL) in
100 µL of Milli-Q water, PBS (pH 7.2), or McIlvaine buffer (pH 4.0, 6.0, or 8.0) and incubated at 37 ◦C
for 24 h. Following centrifugation (4000× g, 5 min), the supernatant was applied to SDS-PAGE and
visualized by Western blotting. Milli-Q water was used as a positive control. * p < 0.05 vs. the control.
The values represent the mean ± standard deviation of three independent experiments.

3.3. SEA-Induced Inflammation in Normal Mouse Spleen Cells

Spleen cells from two types of normal mice (C57BL/6J and ICR mice) were exposed
to SEA, and the expression of JAK/STAT pathway-related genes induced by SEA was
examined. IFN-γ (Figure 4A) and SOCS1 (Figure 4B) expression was increased by SEA
exposure in both cell lines. STAT3 expression was not changed by SEA exposure in either
cell line (Figure 4C). IFITM3 expression was decreased by SEA exposure only in ICR
mouse spleen cells, albeit without significance (Figure 4D). IRF3 and JAK2 expression was
reduced by SEA exposure in both cell lines (Figure 4E,F). From these results, there was
little difference in the ability of SEA to induce inflammation in spleen cells derived from
two mouse strains. Therefore, diabetic mice were prepared using only ICR mice, and the
changes in inflammation-related genes by SEA in spleen cells under diabetic conditions
were evaluated.
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Figure 4. Comparison of SEA-induced JAK/STAT pathway-related gene expression in spleen cells 
from normal C57BL/6J and ICR mice. (A) IFN-γ, (B) SOCS1, (C) STAT3, (D) IFITM3, (E) IRF3, (F) 
JAK2. Spleen cells from normal mice (C57BL/6J and ICR mice) were exposed to SEA (50 ng/mL), 
and the expression of JAK/STAT pathway-related genes was examined by real-time RT-PCR. Gene 
expression was normalized to Hprt gene expression. The fold change was determined relative to 
the control without SEA. * p < 0.05 compared to the control. The values represent the mean ± stand-
ard deviation of three independent experiments. 

3.4. SEA-Induced Inflammation in Spleen Cells from Mice with Diabetes 
Spleen cells from diabetic mice were exposed to SEA, and the expression of 

JAK/STAT pathway-related genes was examined. Compared to the findings in normal 
mice, the expression of all genes was significantly increased in diabetic mouse-derived 
spleen cells by exposure to SEA. The expression of IFN-γ (Figure 5A) and SOCS1 (Figure 
5B) was significantly increased in diabetic mouse-derived spleen cells following SEA ex-
posure in comparison to that in control cells. STAT3, IFITM3, and JAK2 expression in di-
abetic mouse-derived spleen cells was not changed by SEA exposure (Figure 5C,D,F). SEA 

Figure 4. Comparison of SEA-induced JAK/STAT pathway-related gene expression in spleen cells
from normal C57BL/6J and ICR mice. (A) IFN-γ, (B) SOCS1, (C) STAT3, (D) IFITM3, (E) IRF3,
(F) JAK2. Spleen cells from normal mice (C57BL/6J and ICR mice) were exposed to SEA (50 ng/mL),
and the expression of JAK/STAT pathway-related genes was examined by real-time RT-PCR. Gene
expression was normalized to Hprt gene expression. The fold change was determined relative to the
control without SEA. * p < 0.05 compared to the control. The values represent the mean ± standard
deviation of three independent experiments.

3.4. SEA-Induced Inflammation in Spleen Cells from Mice with Diabetes

Spleen cells from diabetic mice were exposed to SEA, and the expression of JAK/STAT
pathway-related genes was examined. Compared to the findings in normal mice, the
expression of all genes was significantly increased in diabetic mouse-derived spleen cells
by exposure to SEA. The expression of IFN-γ (Figure 5A) and SOCS1 (Figure 5B) was
significantly increased in diabetic mouse-derived spleen cells following SEA exposure in
comparison to that in control cells. STAT3, IFITM3, and JAK2 expression in diabetic mouse-
derived spleen cells was not changed by SEA exposure (Figure 5C,D,F). SEA treatment
was linked to a significant decrease in IRF3 expression (Figure 5E). The expression patterns
of SOCS1 and JAK2 following SEA exposure in spleen cells differed between normal and
diabetic mice.
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(F) JAK2. Spleen cells from normal mice (control) and DM were exposed to SEA (50 ng/mL), and the 
expression of JAK/STAT pathway-related genes was examined by real-time RT-PCR. Gene expres-
sion was normalized to that of the Hprt gene. The fold change was determined relative to the control 
without SEA. * p < 0.05 compared to (−) SEA, † p < 0.05 compared to the control. The values represent 
the mean ± standard deviation of three independent experiments. 
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Cells of Diabetic Mice 

EGCG and nobiletin significantly inhibited SEA-induced IFN-γ gene expression in 
both normal mouse- and diabetic mouse-derived spleen cells (Figures 6A and 7). EGCG 
inhibited SEA-induced SOCS1 expression only in spleen cells derived from DM (Figures 
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Figure 5. Comparison of SEA-induced JAK/STAT pathway-related gene expression in spleen cells
from normal mice and diabetic mice (DM). (A) IFN-γ, (B) SOCS1, (C) STAT3, (D) IFITM3, (E) IRF3,
(F) JAK2. Spleen cells from normal mice (control) and DM were exposed to SEA (50 ng/mL), and the
expression of JAK/STAT pathway-related genes was examined by real-time RT-PCR. Gene expression
was normalized to that of the Hprt gene. The fold change was determined relative to the control
without SEA. * p < 0.05 compared to (−) SEA, † p < 0.05 compared to the control. The values represent
the mean ± standard deviation of three independent experiments.

3.5. Inhibitory Effects of Polyphenols on SEA-Induced Inflammation-Related Genes in the Spleen
Cells of Diabetic Mice

EGCG and nobiletin significantly inhibited SEA-induced IFN-γ gene expression
in both normal mouse- and diabetic mouse-derived spleen cells (Figures 6A and 7).
EGCG inhibited SEA-induced SOCS1 expression only in spleen cells derived from DM
(Figures 6B and 7). By contrast, nobiletin further increased SEA-induced SOCS1 expres-
sion in both normal mouse- and diabetic mouse-derived spleen cells. EGCG decreased
STAT3 expression only in the presence of SEA in both spleen cell types (Figures 6C and 7).
Conversely, nobiletin significantly increased STAT3 expression in both spleen cell types irre-
spective of SEA. EGCG inhibited SEA-induced IFITM3 expression only in spleen cells from
DM (Figures 6D and 7). However, nobiletin increased SEA-induced IFITM3 expression in
both spleen cell types. EGCG upregulated IRF3 expression only in diabetic mouse-derived
spleen cells irrespective of SEA (Figures 6E and 7). Nobiletin reduced SEA-induced IRF3
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expression only in spleen cells derived from DM. EGCG did not change SEA-induced
JAK2 gene expression in either spleen cell type (Figures 6F and 7). Nobiletin inhibited the
SEA-induced decrease in JAK2 expression normal mouse-derived spleen cells.
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Figure 6. The effect of polyphenols on the SEA-induced expression of JAK/STAT pathway-related 
genes in spleen cells from normal mice and diabetic mice (DM). (A) IFN-γ, (B) SOCS1, (C) STAT3, 
(D) IFITM3, (E) IRF3, (F) JAK2. Spleen cells from normal mice (control) and DM were exposed to 
different combinations of SEA (50 ng/mL), EGCG (0.05 mM), and nobiletin (0.05 mM), and the ex-
pression of JAK/STAT pathway-related genes was examined by real-time RT-PCR. Gene expression 
was normalized to that of the Hprt gene. The fold change was determined relative to the control 
without SEA. * p < 0.05 compared to normal—SEA, † p < 0.05 compared to DM—SEA, # p < 0.05 

Figure 6. The effect of polyphenols on the SEA-induced expression of JAK/STAT pathway-related
genes in spleen cells from normal mice and diabetic mice (DM). (A) IFN-γ, (B) SOCS1, (C) STAT3,
(D) IFITM3, (E) IRF3, (F) JAK2. Spleen cells from normal mice (control) and DM were exposed
to different combinations of SEA (50 ng/mL), EGCG (0.05 mM), and nobiletin (0.05 mM), and
the expression of JAK/STAT pathway-related genes was examined by real-time RT-PCR. Gene
expression was normalized to that of the Hprt gene. The fold change was determined relative to
the control without SEA. * p < 0.05 compared to normal—SEA, † p < 0.05 compared to DM—SEA,
# p < 0.05 compared to normal. The values represent the mean ± standard deviation of three
independent experiments.
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4. Discussion

EGCG has been demonstrated to bind to proteins in saliva [25] and many different
proteins in cells [26]. Various polyphenols other than EGCG have been reported to bind to
and aggregate with proteins such as casein in foods [27]. Plant-derived components binding
to SEA were identified in prior studies, and several polyphenols have been found to inhibit
SEA production or its toxin activity [28,29]. Evaluating the interaction of polyphenols
with the target molecule of SEA [30] is expected to provide important information for
elucidating its mechanism of action, structure–activity relationships, and selectivity, as
well as for devising strategies to control SEA-induced inflammation. In this study, the
interactions of SEA proteins with catechins and nobiletin were analyzed. The results
revealed that EGC and EGCG, but not nobiletin, interacted with SEA. In a previous study,
SEA was found to interact with the hydroxyl group at position 3” of the galloyl group of
EGCG [12]. It was suggested that nobiletin might not be able to interact with SEA because
all of its hydroxyl groups are methylated to methoxy groups. Catechins are also known to
be stable in acidic conditions, but to oxidatively decompose in neutral to slightly alkaline
conditions [31]. Cis-type catechins were reported to be most stable at pH 4.0–5.2, with
accelerated degradation occurring at pH ≥ 5.2 [32]. The interaction between SEA and
EGCG was weaker at pH 8.0, suggesting that the degradation of EGCG influenced its
interaction with SEA.

Therefore, the difference in the expression of SEA-inducible genes in diabetic mouse-
derived spleen cells between EGCG, which interacts with SEA, and nobiletin, which does
not interact with SEA, was examined. In a previous study, the toxin activity of SEA was
evaluated using spleen cells obtained from C57BL/6 mice, an inbred strain. Therefore,
initially, SEA-induced inflammatory responses were examined using spleen cells derived
from C57BL/6 and ICR mice. The results showed no strain differences in SEA sensitivity.
In addition, it has been reported that there are strain differences in the induction of diabetes
by STZ in mice. Among ddY, BALB/c, and C57BL/6 mice, elevated serum glucose levels
at 12 weeks after STZ administration have been observed only in ddY and ICR mice [33].
Therefore, in this study, to evaluate the induction of inflammation in splenocytes, type 1
diabetes model mice were created not from C57BL/6J mice but from ICR mice, which have
few individual differences and stably induce a hyperglycemic state.

Compared to the findings in normal mice, FN-γ, SOCS1, STAT3, IFITM3, IRF3, and
JAK2 expression was significantly higher in spleen cells from mice with diabetes, suggest-
ing homeostatic inflammation was induced. It has been reported that IFN-γ upregulation
and JAK/STAT1 pathway activation contribute to adipocyte dysfunction and insulin resis-
tance [34]. In addition, IRF3 is an important transcriptional effector of the inflammatory
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response associated with insulin resistance and nutrient overload [35], and the expres-
sion of these genes was similarly observed in the present study. Thus, the expression of
genes related to the JAK/STAT pathway in mouse spleen cells is upregulated during the
development of diabetes mellitus.

SEA-treated spleen cells from mice with diabetes exhibited little change in the expres-
sion of STAT3, IFITM3, and JAK2. However, the expression of IFN-γ and SOCS1 increased,
and that of IRF3 decreased. In normal mouse-derived spleen cells, SEA exposure did not
change the expression of SOCS1, whereas its expression was increased in diabetic mouse-
derived spleen cells. The development of type 2 diabetes is caused by the overexpression
of SOCS proteins [36] and activation of the nuclear factor kappa B, mitogen-activated
protein kinase, and JAK/STAT pathways, which promote local cytokine and chemokine
production and release, resulting in progressive inflammation [34,37]. IFN-γ has been
reported to induce insulin resistance by activating STAT1 in adipocytes, decreasing the
phosphorylation of the serine/threonine kinase, and downregulating insulin receptor sub-
strate 1 and glucose transporter type 4 [30]. STAT3 expression was not changed by SEA
exposure in diabetic mouse-derived spleen cells. STAT3 is activated primarily by IL-6 and
other gp130-related cytokines [38]. A previous study found that SEA promotes STAT3
phosphorylation [19], and our results suggest that SEA promotes STAT3 phosphorylation
without suppressing its mRNA expression. SEA increased the expression of genes involved
in the pathogenesis of diabetes, such as IFN-γ and SOCS1, suggesting that SEA plays an
important role in inducing inflammation in diabetic mouse-derived spleen cells.

The effects of EGCG and nobiletin on JAK/STAT pathway-related genes induced
by SEA were studied using diabetic mouse-derived spleen cells. EGCG and nobiletin
significantly decreased SEA-induced IFN-γ expression in diabetic mouse-derived spleen
cells. Nobiletin more strongly inhibited SEA-induced IFN-γ expression in diabetic mouse-
derived spleen cells than in normal mouse-derived spleen cells. Nobiletin has been reported
to improve hyperglycemia and insulin resistance [21], supporting these results. Exposure
of diabetic mouse-derived spleen cells to SEA resulted in little change in SOCS1 and STAT3
expression, whereas upon the addition of EGCG, their expression was comparable to that
in spleen cells from normal mice. Conversely, nobiletin further increased SEA-induced
SOCS1 and STAT3 expression in spleen cells from normal and DM. SOCS1 inhibits JAK
phosphorylation and its function, and its promoter region contains a putative STAT3
binding site [39,40]. In animal models of type 1 diabetes, SOCS1 has been suggested to be
involved in the regulation of inflammatory cytokines such as IFN-γ and tumor necrosis
factor alpha, which are responsible for the destruction of pancreatic β cells, and SOCS1 may
protect β cells from cytokine-mediated destruction [41,42]. Thus, nobiletin may contribute
to the regulation of T-cell inflammation mediated by SOCS1.

The effects of EGCG and nobiletin on SEA-induced IFITM3 and IRF3 expression
in spleen cells from diabetic mice were different. EGCG inhibited SEA-induced IFITM3
expression in spleen cells from diabetic mice, whereas nobiletin suppressed SEA-induced
IRF3 expression. IRF3 induces the transcription of type 1 IFNs after their phosphorylation,
dimerization, and translocation to the nucleus. Jiang et al. reported that the autophagosome-
dependent degradation of IRF3 via IFITM3 induces an inverse correlation between IRF3
and IFITM3 levels [17]. It was suggested that EGCG can suppress IFITM3 expression,
followed by the inhibition of IRF3 expression. EGCG and nobiletin did not change JAK2
gene expression in spleen cells from diabetic mice. These results suggest that EGCG and
nobiletin have different inhibitory effects on inflammation induced by diabetogenesis. The
present study revealed a partial mechanism of SEA-induced activation of the JAK/STAT
pathway under diabetic conditions, and its suppression by EGCG and nobiletin. In the
future, the mechanisms of the inhibitory effects of EGCG and nobiletin on the induction
of inflammation-related genes by SEA should be further elucidated. Further research
is expected to establish new strategies for preventing various diseases caused by SEA
using polyphenols.
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