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Abstract: Diabetes mellitus, a group of metabolic disorders characterized by persistent hyperglycemia,
affects millions of people worldwide and is on the rise. Dietary proteins, from a wide range of
food sources, are rich in bioactive peptides with anti-diabetic properties. Notably, the protective
mechanism of the single peptide SWGEDWGEIW (TSP) from soybean peptides (SBPs) on insulin
resistance of adipocytes in an inflammatory state was investigated by detecting the lipolysis and
glucose absorption and utilization of adipocytes. The results showed that different concentrations
of TSP (5, 10, 20 µg/mL) intervention can reduce 3T3-L1 adipocytes’ insulin resistance induced by
inflammatory factors in a dose-dependent manner and increase glucose utilization by 34.2 ± 4.6%,
74.5 ± 5.2%, and 86.7 ± 6.1%, respectively. Thus, TSP can significantly alleviate the lipolysis of
adipocytes caused by inflammatory factors. Further mechanism analysis found that inflammatory
factors significantly reduced the phosphorylation (p-Akt) of Akt, two critical proteins of glucose
metabolism in adipocytes, and the expression of GLUT4 protein downstream, resulting in impaired
glucose utilization, while TSP intervention significantly increased the expression of these two proteins.
After pretreatment of adipocytes with PI3K inhibitor (LY294002), TSP failed to reduce the inhibition
of p-Akt and GLUT4 expression in adipocytes. Meanwhile, the corresponding significant decrease
in glucose absorption and the increase in the fat decomposition of adipocytes indicated that TSP
reduced 3T3-L1 adipocytes’ insulin resistance by specifically activating the p-Akt/GLUT4 signal
pathway. Therefore, TSP has the potential to prevent obesity-induced adipose inflammation and
insulin resistance.

Keywords: soybean peptide; SWGEDWGEIW; adipocyte; insulin resistance; lipid decomposition;
p-Akt/GLUT4

1. Introduction

Since 1980, there has been an increase in the prevalence of overweight and obesity
worldwide, and today, over one-third of the world’s population is categorized as over-
weight or obese [1]. Obesity is a prevalent metabolic disease characterized by excess
accumulation of adipose tissue due to increased food intake and changes in lifestyle [2].
Obesity is the most common metabolic disorder in the world and a major risk factor for
insulin resistance and diabetes [3]. Chronic systemic inflammation in obese patients arises
from a localized immune response in visceral adipose tissue [4].

Low-grade chronic fat accumulation in adipose tissue (AT) inflammation (also known
as meta-inflammation) is strongly associated with excess body fat mass and is character-
ized by infiltration and activation of pro-inflammatory macrophages and other immune
cells that produce and secrete pro-inflammatory Cytokine [5]. The mild inflammation
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associated with obesity accelerates the infiltration of macrophages into adipose tissue,
thereby accelerating the lipid decomposition of adipose tissue, leading to insulin resistance
in the body [6]. Chronic systemic inflammation in obese patients arises from a local-
ized immune response in visceral adipose tissue. Obesity-induced adipose inflammation
is characterized by the hypertrophy of adipocytes and the accumulation and activation
of adipose macrophages. The interaction between adipocytes and macrophages in the
adipose tissue of obese people promotes the activation of macrophages into inflamma-
tory macrophages (M1), thereby increasing the secretion of pro-inflammatory cytokines,
such as interleukin-6 (IL-6), tumor necrosis factor α (TNF-α), and monocyte chemoattrac-
tant protein-1 (MCP-1), etc. [7]. Pro-inflammatory cytokines secreted by inflammatory
macrophages lead to the degradation of insulin receptor substrate-1 (IRS-1), thereby impair-
ing the insulin sensitivity of adipocytes [8]. Insulin receptor substrate-1/phosphoinositide
3-kinase/Akt (IRS-1/PI3K/Akt) is an essential molecular signaling pathway regulated by
insulin; the degradation of IRS-1 may affect the IRS-1/PI3K/Akt pathway and expression
of downstream-pathway glucose transporter 4 (GLUT4) [9]. As a key protein that regulates
glucose uptake, the downregulation of GLUT4 eventually leads to the blockage of glucose
uptake in adipocytes [10]. In addition, fatty tissue decomposes lipids in an inflammatory
environment. It releases more free fatty acids, resulting in generally higher plasma-free
fatty acid levels in obese people [11,12]. The increase in plasma-free fatty acid levels will
further trigger the body’s insulin resistance (IR) [13].

Exacerbation of insulin resistance causes an increase in blood sugar level, which leads
to diabetes, a common endocrine and metabolic disease [11]. The prevalence of diabetes
is rapidly rising as a result of lifestyle changes and population aging [14]. It has become
another chronic non-communicable disease that seriously endangers human health after
cardiovascular and cerebrovascular diseases and tumors [15]. Its severe effects on the
physical and mental health of patients, as well as its acute and chronic complications,
especially those that involve multiple organs. These complications also result in high mor-
tality and create disability [16]. In addition to lifestyle changes (such as dietary restriction,
weight loss, and moderate exercise), diabetes interventions are widely used because of
their ease of acceptance. At present, chemically synthesized drugs have the best effect, such
as α-glucosidase inhibitors, biguanides, thiazolidinediones, insulin analogs, meglitinide,
and phenylalanine derivatives, etc. However, the side effects of these drugs are relatively
severe and commonly include liver and kidney damage, coma, diarrhea, hypoglycemia,
lactic acidosis, etc. [17]. Additionally, resistance to these drugs can develop over time [18].
Therefore, finding novel, safe, and efficient treatments to prevent and treat diabetes is of
utmost importance.

The World Health Organization has recommended to the globe a “modern compre-
hensive therapy (quintet)” for diabetes, with diet control ranking first [19]. Therefore,
functional factors that regulate blood sugar have become research hotspots in the field of
diabetes prevention and treatment. Dietary factors that affect blood glucose metabolism
mainly include fatty acids, proteins and peptides, carbohydrates, antioxidant nutrients,
minerals, and phytochemicals [20]. Studies have confirmed that islet cell dysfunction and
decreased insulin sensitivity (insulin resistance) are the main causes of diabetes. Despite the
availability of a wide range of medications for the treatment of diabetes, as well as the fact
that diet and exercise regimens can help the disease stabilize and regress, these treatment
strategies still fall short of completely and effectively inhibiting diabetes, hypertension, its
pathogenesis, and the emergence of complications like blood vessels [21]. Therefore, it is of
great significance to explore and develop new, safer, and more effective functional active
substances from natural food resources. Proteins or peptides are the most ideal source
because insulin itself is a polypeptide substance [22]. According to the law of similarity, it
is better to find one or more peptides that synergize to inhibit and treat diabetes [23].

At present, the role of peptides in blood sugar regulation is mainly focused on en-
dogenous active peptides, and plant foods like bitter melon, ganoderma, ginseng, and
soybeans, as well as marine species, are the primary subjects of study on how natural
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diets regulate blood sugar [24]. Nowadays, soybeans are the top choice since they are
extensively grown, easy to procure, rich in protein content, and have an optimal amino
acid balance [25]. Soybean in particular has many potential health benefits in reducing
chronic diseases such as obesity, cardiovascular disease, insulin resistance/type II diabetes,
certain types of cancer, and immune disorders [26]. These physiological functions have
been attributed to soy proteins, either intact soybean protein or, more commonly, functional
or bioactive peptides derived from soybean processing. Due to these findings, a health
claim that soy protein lowers the risk of coronary heart disease was approved in the United
States, and a claim that soy protein lowers cholesterol levels was accepted in Canada [27].
Using different approaches, many soybean peptides (SBPs) have been identified to have
various physiological functions, such as hypolipidemic [28], antihypertensive [29], and
anticancer properties [30], as well as anti-inflammatory [31], antioxidant [32], and immune
regulation [33]. Some soybean peptides, such as lunasin [34], have more than one of these
properties and play a substantial role in the prevention of several chronic diseases. At the
same time, studies have reported that SBPs can reduce insulin resistance in mice induced
by a high-fat diet [35].

In previous studies, our team found that SBPs can inhibit lipopolysaccharide (LPS)-
induced expression of inflammatory factors in RAW264.7 macrophages by inhibiting NF-κB
and JNK/MAPK signaling pathways [36]. As well as SBPs protecting HepG2 cells from
oxidative stress damage [37]. Another way SBPs inhibiting on apoptosis is via the activation
of PI3K-AKT and inhibition of the apoptosis pathway [38]. SBPs regulate tryptophan hy-
droxylase (THP) and serotonin-N-acetyltransferase (AANAT) proteins to increase sleep [39].
SWGEDWGEIW (the single peptide, TSP) in SBPs reduces oxidative damage-mediated
apoptosis in PC-12 cells by activating the SIRT3/FOXO3a signaling pathway [40]. TSP has
a good inhibitory effect on hydrogen peroxide-induced inflammation, but it is unclear how
TSP affects insulin resistance in adipocytes in this state of inflammation.

However, the health effects of TSP on adipocytes are still unclear, and the mechanism
by which TSP could be able to reduce the insulin resistance of adipocytes caused by obesity
has not been revealed yet. This study intends to establish an in vitro model of simulating
inflammation-induced insulin resistance in adipocytes to evaluate the effect of TSP on
lipolysis and glucose utilization in adipocytes, with the aim of providing a theoretical basis
for TSP to inhibit obesity and insulin resistance caused by obesity.

2. Results and Discussion
2.1. Effect of TSP on Insulin Resistance of 3T3-L1 Adipocytes

Figure 1 displays the experimental results on the effect of TSP on the glucose and
lipid metabolism of adipocytes induced by inflammation. It can be seen from Figure 1A
that TSP produced toxicity to adipocytes when the concentration was greater than or
equal to 50 µg/mL but had no toxic effect on adipocytes when the concentration was
5–20 µg/mL. Therefore, the adipocyte insulin resistance model was further established
to study the protective effect of 5–20 µg/mL TSP on adipocyte glucose absorption and
utilization. It can be seen from Figure 1B that the 2-NBDG uptake level of 3T3-L1 adipocytes
under inflammation induction was significantly reduced by 58.4% (p < 0.05) as compared
to the blank group. At the same time, the sugar absorption level of 3T3-L1 adipocytes
can be raised by TSP (5–20 µg/mL) in a dose-dependent manner. In addition, 3T3-L1
adipocytes treated with 5, 10, and 20 µg/mL TSP significantly increased the 2-NBDG
uptake under inflammation induction, which was 34.2 ± 4.6%, 74.5 ± 5.2%, and 86.7 ± 6.1%
higher than that of the inflammation induction group, respectively, indicating that TSP
is protective against inflammation-induced disruption of glucose and lipid metabolism
in adipocytes. Excessive lipid breakdown in adipocytes is generally regarded as the
main cause of insulin resistance in the body [41]. Studies have shown that inflammation-
induced lipolysis can induce a large amount of free fatty acid production, which further
disrupts cellular insulin signaling and eventually leads to insulin resistance [42,43]. From
Figure 1C,D, it can be seen that the lipid content of adipocytes induced by inflammation was
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reduced by 34.6 ± 3.9% compared to that of the blank group, while the release of glycerol
was significantly increased by 83.5 ± 5.8%, indicating that inflammation induces lipid
breakdown in adipocytes. However, TSP at 20 µg/mL significantly reversed the disorder
of lipid content and glycerol release in adipocytes caused by inflammation (p < 0.05) and
then inhibited lipid decomposition in adipocytes.
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Figure 1. Effects of TSP on the viability of 3T3-L1 cells (A), the effect of TSP on glucose uptake levels
in 3T3-L1 adipocytes was evaluated using 2-NBDG absorption values (B), the effect of TSP on the
lipid level of 3T3-L1 adipocytes under inflammatory conditions was evaluated by absorption values
(C), the effect of TSP on glycerol release from 3T3-L1 adipocytes under inflammatory conditions was
evaluated by absorption values (D). Data are presented as mean ± SD (n = 3); Results marked with
the same letters were not significantly different (p < 0.05).

The Oil Red O staining results of adipocytes observed under a microscope are shown
in Figure 2. It can be seen that after treatment with an inflammation-inducing medium,
the shape of lipid droplets in 3T3-L1 adipocytes was significantly reduced, and the shape
of lipid droplets in adipocytes returned to normal when the TSP concentration reached
20 µg/mL. The observed results of Oil Red O in 3T3-L1 adipocytes were consistent with the
results of cell lipid content and glycerol release in Figure 1, indicating that TSP significantly
reduced the lipolysis of 3T3-L1 adipocytes caused by inflammation. The research results
show that TSP alleviates insulin resistance by improving the lipolysis of adipocytes caused
by inflammation and then maintains the normal physiological function of adipocytes.
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Figure 2. Oil red O staining of the effect of TSP on inflammatory-induced lipid accumulation in
adipocytes: (A) is a blank control group; (B) is a positive control group under inflammatory conditions;
(C) is TSP concentration 5 µg/mL low dose group; (D) is TSP concentration 10 µg/mL Medium dose
group; (E) is TSP concentration 20 µg/mL high dose group.

2.2. Effect of TSP on the Expression Level of Sugar Absorption-Related Proteins in
3T3-L1 Adipocytes

To further analyze the protective mechanism of TSP in improving insulin resistance in
adipocytes caused by inflammation, Western Blot was used to quantitatively analyze the
proteins in the pathways related to insulin regulation of sugar absorption. The experimental
results are shown in Figure 3. It can be seen from Figure 3 that when the inflammatory
medium induced insulin resistance in adipocytes, the expression levels of GLUT4 and
p-Akt proteins in the cells were significantly reduced by 41.2 ± 4.3% and 22.1 ± 3.2%
compared with those of the NC group (p < 0.05). GLUT4 and p-Akt are the main proteins
in the insulin signaling pathway to regulate sugar absorption [44–46], in which p-Akt
regulates the transfer of GLUT4 to the cell membrane and reduces glucose absorption and
utilization [47]. Simultaneously, PI3K/Akt is a variety of active substances that reduce
insulin resistance and important signaling pathways for increased sugar absorption [48]. It
has been reported that a natural bioactive peptide isolated from soybean can significantly
reduce insulin resistance in obese mice through the p-Akt pathway [49]. Similarly, this study
found that the expression levels of GLUT4 and p-Akt proteins were significantly increased
by 176.2 ± 12.6% and 182.3 ± 15.7% compared with those of the inflammation induction
group (p < 0.05). The results of this study show that TSP may increase sugar absorption
and reduce insulin resistance by activating the p-Akt/GLUT4 signaling pathway.
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Figure 3. TSP can alleviate the inflammatory-induced insulin resistance of adipocytes. (A) The expres-
sion of p-Akt, Akt, and GLUT4 proteins was tested by western blotting. (B) GLUT4/GAPDH relative
protein expression. (C) p-Akt/Akt relative protein expression. Data are presented as mean ± SD
(n = 3); Results marked with the same letters were not significantly different (p < 0.05).

2.3. Analysis of TSP Improving Glucose and Lipid Metabolism in Adipocytes by Activating the
p-Akt/GLUT4 Signaling Pathway

This work used LY as a PI3K inhibitor to examine if the protective effect of TSP on
insulin resistance in adipocytes particularly stimulates the Akt signaling pathway, and it
was verified by inhibiting PI3K activity to reduce the protein expression level of p-Akt. This
can be used to verify whether TSP reduces insulin resistance and increases lipid breakdown
through the PI3K-Akt signaling pathway. The experimental results are shown in Figure 4.
From Figure 4A–C, it can be seen that after the pretreatment of adipocytes with PI3K
inhibitor LY, the expressions of p-Akt and GLUT4 in the cells were significantly inhibited.
However, TSP failed to increase the expression of p-Akt and GLUT4 in cells. Moreover,
studies have shown that after p-Akt expression is inhibited, the efficacy of lipolysis in
lowering insulin resistance is also diminished [44].

This study analyzed the lipid accumulation in adipocytes after LY intervention and
explored whether the p-Akt/GLUT4 pathway activated by TSP was involved in the pro-
tective effect on lipid accumulation disorders in adipocytes. The effect of inhibitors on
glucose uptake in adipocytes showed that TSP increased the uptake of 2-NBDG in 3T3-L1
adipocytes and was also significantly inhibited by LY (Figure 4D, p < 0.05). The results in
Figure 5 show that lipid accumulation in adipocytes in the TSP 20 µg/mL group under LY
interference was lower than that in the undisturbed group.

The results indicated that TSP was ineffective in reducing lipid accumulation in
adipocytes due to restricted expression of the p-Akt/GLUT4 pathway. It was found that
TSP can not only reduce sugar absorption by inhibiting lipolysis in adipocytes but also
inhibit lipolysis by activating p-Akt/GLUT4-mediated sugar uptake.
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Figure 4. TSP regulates the effect of inflammation-induced insulin resistance in adipocytes under
LY conditions. (A) The expression of p-Akt, Akt, and GLUT4 proteins was tested by western
blotting. (B) GLUT4/GAPDH relative protein expression. (C) p-Akt/Akt relative protein expression.
(D) 2-NBDG absorptivity. Data are presented as mean ± SD (n = 3); Results marked with the same
letters were not significantly different (p < 0.05).
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Figure 5. Oil red O staining diagram of the effect of TSP on lipid accumulation in adipocytes under
inflammatory stress and inhibitor LY: (A) blank control group, (B) positive control group under
inflammatory conditions, (C) Effect of TSP (20 µg/mL) on positive control group, (D) Positive control
group with inhibitor LY; (E) Effect of TSP on positive control group supplemented with inhibitor LY.
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A variety of phytochemicals in soybeans have been shown to increase sugar ab-
sorption and reduce insulin resistance by activating the PI3K/Akt/GLUT4 signaling
pathway [50–52]. A peptide obtained from fermented soybean food has the potential for
glucose utilization through the PI3K/Akt/GLUT4 pathway [53], and it has been demon-
strated that TSP can exert biological activity by specifically activating PI3K/Akt. A study
reported that a three amino acid soybean peptide phi-leu-val (FLV) can reduce the inflam-
matory response and insulin resistance in mature adipocytes. FLV inhibited the release of
inflammatory cytokines (TNFα, MCP-1, and IL-6) from TNFα-stimulated adipocytes and
co-cultured adipocytes/macrophages. This inhibition was mediated by the inactivation of
the inflammatory signaling molecules c-Jun N-terminal kinase (JNK) and IjBa kinase (IKK)
and the downregulation of IjBa in adipocytes [54].

The aforementioned studies relied on cells that have been verified to show that TSP
lowers insulin resistance; however, more research is needed to determine whether TSP
can enter the blood through the gastrointestinal tract when taken orally. Unlike the FLV
reported in the research, there are only three amino acids, and such oligopeptides are
generally less decomposed by pepsin. According to the composition of amino acids,
2–12 amino acids make up oligopeptides. Oligopeptides are not hydrolyzed once they
reach the gastrointestinal tract and are easily absorbed. TSP is an oligopeptide with a
molecular weight of about 1264. Tryptophan serves as the cleavage site for proteases in
the gastrointestinal tract (especially pepsin), and TSP is rich in tryptophan. Hence, it is
required to further investigate if TSP can pass through the gastrointestinal tract and enter
the blood as well as whether it can meet the needs of cells when the concentration in the
blood is 20 mg/mL.

3. Conclusions

This study found that TSP at a concentration of 20 µg/mL can effectively reduce in-
sulin resistance in adipocytes caused by inflammation, and the absorption rate of 2-NBDG
increases with the increase of TSP concentration, which proves that TSP has a certain effect
on improving obesity-related insulin resistance and adipocyte lipolysis. The analysis results
showed that TSP could significantly reduce the lipolysis of adipocytes caused by inflamma-
tion. The protein expression results showed that TSP increased the protein expression levels
of p-Akt and GLUT4, but LY interfered with the reduction of TSP on adipocyte insulin
resistance. TSP reduced inflammation-induced lipid accumulation disorders and insulin
resistance in adipocytes by activating the p-Akt/GLUT4 signaling pathway. The findings
of this study are expected to serve as a theoretical foundation for future investigations into
the health benefits of peptides.

4. Materials and Methods
4.1. Materials

As shown in Figure 6, the single peptide of 99% purity was synthesized and bought
from GL Biochem Ltd. (Shanghai, China), TSP; 3-isobutyl-1-methylxanthine (IBMX), dex-
amethasone, Insulin, LPS, and PI3K inhibitor (LY294002, abbreviated as LY) Purchased from
Sigma Aldrich, St. Louis, MO, USA; Dulbecco’s Modified Eagle Medium (DMEM) high-
glucose medium, calf serum (NBCS), fetal bovine serum (FBS), penicillin-streptomycin,
and 0.25% trypsin were purchased from Gibco, USA; Glycerin Content Detection Kit was
purchased from Nanjing Jiancheng Bioengineering Institute; Fluorescent Probe for Glucose
Uptake and Transport (2-NBDG) Absorption Kit was purchased from American BioVision
Company; anti-p-Akt (4060S), anti-Akt(9272S), anti-GLUT4 (2213), and anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH, AB-P-R001) were purchased from Cell Signaling
Technology.
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Figure 6. Mass spectra of TSP.

4.2. Preparation of Inflammation Induction Medium

RAW264.7 mouse macrophage cells were obtained from Peking Union Medical College
and cultured using Dulbecco’s Modified Eagle Medium (DMEM) (containing 10% fetal
bovine serum, 1% cyan-streptomycin diabody) at 37 ◦C. To prepare the cells for experiments,
they were placed in a 5% (v/v) CO2 incubator and digested with 0.25% (w/v) trypsin
solution. RAW264.7 cells were plated in a 96-well plate at a density of 6 × 104 cells/mL,
cultured in a group after 24 h. The control group and the LPS inflammation induction group
were set up. The control group was replaced with fresh normal medium and continued
to culture for 24 h. The inflammation model group was replaced with normal medium
containing 1 µg/mL LPS, and cell inflammatory response was induced for 24 h [35].
The macrophage supernatant medium was collected and used as a blank medium and
inflammation-inducing medium, respectively.

4.3. Induction, Differentiation, and Treatment of 3T3-L1 Preadipocytes

Peking Union Medical College provided the 3T3-L1 cells, which were cultured in
DMEM and 10% volume fraction of NBCS medium at 37 ◦C and a 5% volume fraction
of CO2. The 3T3-L1 cells were inoculated into culture plates at a confluence of 60%, cul-
tured with growth medium (DMEM+10%NBCS) until the cells were completely confluent,
and then cultured for an additional 2 days to allow the cells to become fully confluent.
Production of contact inhibition was as follows: induction solution I was added (high
glucose DMEM + 10% FBS, 10 µg/mL insulin, 1 µmol/L dexamethasone, 0.5 mmol/L
IIBMX medium) and cultured for 2 days, then replaced with induction solution II (high
glucose DMEM + 10% FBS, 10 µg/mL insulin medium), which cultured for an additional
2 days. Finally, it was shifted to a high-glucose medium (DMEM + 10%FBS) for 2 days to
obtain differentiated mature adipocytes. Differentiated mature adipocytes were treated
with 5, 10, and 20 µg/mL TSP for 24 h; the inflammation-inducing medium was replaced
after 24 h; and then various indicators were detected [55].

4.4. Cell Viability Detection

The 3T3-L1 adipocytes were cultured using Dulbecco’s Modified Eagle Medium
(DMEM) complete medium (containing 10% fetal bovine serum (FBS), 1% cyan-streptomycin
diabody) at 37 ◦C. The cells were cultured in a 5% (v/v) CO2 incubator and digested
with 0.25% (w/v) trypsin solution, which was plated in 96-well plates at a density of
6 × 104 cells/mL. First, 10 mL of fresh DMEM containing different concentrations of TSP
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(0, 5, 10, 20, 50, 100, and 200 µg/mL) was cultured for 24 h. Cell viability assays were
performed according to the kit instructions using the CCK-8 method [56]. The absorption
of each well in the plate was recorded at 450 nm using an Infinite 200 Pro NanoQuant plate
reader to evaluate the survival rates of the 3T3-L1 cells.

4.5. PI3K Inhibitor Interference Treatment

When the 3T3-L1 adipocytes were differentiated and matured, TSP was added to treat
for 24 h and then shifted to a fresh medium containing 1 µmol/L LY for 24 h. After the
supernatant was absorbed, the PBS was washed twice, and the inflammation-inducing
medium was changed for 24 h. Lipid decomposition and glucose absorption indicators
were detected [57].

4.6. Detection of Glucose Uptake and Lipid Decomposition in Adipocytes

The cellular glucose uptake level was evaluated by detecting the fluorescence intensity
of 2-NBDG. After 3T3-L1 mature adipocytes were subjected to different treatments, the
cell supernatant culture fluid was collected, and the degree of lipid decomposition was
tested by detecting the glycerol content. According to the operating instructions of the
2-NBDG absorption kit, the glucose uptake enhancer was added to the DMEM medium at
a volume ratio of 1:100, and the cells continued to replace the DMEM (containing glucose
uptake enhancer) medium containing 100 µg/mL 2-NBDG, cultured for 30 min, remove
the supernatant and wash it twice with PBS. Cells were then cultured in a 4% mass fraction
of paraformaldehyde solution for 5 h, then stained with DAPI solution for 5 min. The
glucose uptake capacity of adipocytes was expressed by the ratio of the fluorescence
intensity of adipocytes at the excitation/emission wavelengths of 465/540 nm (2-NBDG)
and 358/461 nm (DAPI) and normalized to the inflammation-inducing group [58].

4.7. Oil Red O Staining

After treating 3T3-L1 mature adipocytes with the methods described above, remove
the supernatant and wash it with PBS three times. Fix the cells with 4% paraformaldehyde
solution by volume for 1 h, remove the formaldehyde solution, and rinse them twice with
PBS. Mordant was treated with 60% isopropanol for 15 s and stained with Oil Red O reagent
for 30 min. After the staining was terminated, the dye solution and the excess Oil Red O
reagent were removed by washing with 60% isopropanol for 15 s. After washing thrice
with PBS, samples were observed under the microscope, and pictures with a 5 µm size were
taken. A total of 1000 µL of isopropanol was added to each well, and the well was shaken
for 5 min to wash out Oil Red O. A total of 200 µL of the isopropanol solution was used to
wash out the Oil Red O from each well, transferred to a 96-well plate, and the absorbance
measured at 490 nm [59].

4.8. Western Blot Experiment

The 3T3-L1 adipocytes were lysed with ice-cold RIPA Lysis (Thermo Fisher Scientific,
Shanghai, China) and incubated on ice for 30 min to extract proteins. The supernatant
was collected by centrifugation at 14,000× g for 15 min at 4 ◦C for further testing. The
protein concentration of each sample was measured by the BCA Protein Assay Kit (Thermo
Fisher Scientific, Shanghai, China). Then the supernatant was boiled in 5× loading buffer
for 10 min and electrophoresed on a 10% (w/v) sodium dodecyl sulfate-polyacrylamide
gel (SDS-PAGE). The protein bands were transferred to an NC membrane (Millipore,
Burlington, MA, USA) and blocked with 5% (w/v) skim milk for 1 h at room temperature.
After three washes in Tris-buffered saline containing Tween 20 (TBST), the membranes were
incubated with designated primary antibodies (p-Akt, Akt, GLUT4) at 4 ◦C overnight then
washed again with TBST 5 times, and the secondary antibody conjugated with peroxidase
was incubated at room temperature with 1:5000 dilution. After washing the membrane,
protein was detected using ECL (Millipore, USA) with GAPDH as a loading reference [37].
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4.9. Data Analysis

The experiments were repeated three times, and data were processed by GraphPad
Prism 8.0 and SPSS 16.0. The experimental results were expressed as mean ± standard
deviation, and the comparison between groups was conducted by one-way ANOVA and
Duncan. Different letters indicated that different samples had significant differences on the
same index (p < 0.05).

Author Contributions: Conceptualization, G.Y. and B.S.; methodology, X.S. and Y.Z.; software, D.Z.;
validation, Y.H.; formal analysis, X.S.; investigation, G.Y.; resources, B.S.; data curation, Y.L. and
X.B.; writing—original draft preparation, G.Y.; writing—review and editing, B.S.; visualization, S.Y.;
supervision, G.Y.; project administration, Y.H.; funding acquisition, G.Y. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Anhui Provincial Scientific Research Preparatory Project’
title name is “Research on the Mechanism and Industrialization of Rice Protein and Pea Protein to
Produce Plant Meat” (2022AH040157); the Open Project Program of the National Soybean Processing
Industry Technology Innovation Center Programme Grant (DDJGCY001); the Chuzhou University
scientific research fund Programme Grant (2020qd34); the Key R&D project of Anhui Provincial
Department of Science and Technology “Development and industrialization of key technology of
rice protein plant meat” (202204c06020081); and the project entrusted by Anhui Shunxin Shengyuan
Biological Food Co., Ltd. “Rice protein plant meat processing technology and product quality control”
(HX2022050).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Acknowledgments: G.Y. thanks the Anhui Provincial Scientific Research Preparatory Project “Re-
search on the Mechanism and Industrialization of Rice Protein and Pea Protein to Produce Plant
Meat” (2022AH040157); the Open Project Program of the National Soybean Processing Industry
Technology Innovation Center Programme Grant (DDJGCY001); the Chuzhou University scientific
research fund Programme Grant (2020qd34); the Key R&D project of Anhui Provincial Department of
Science and Technology “Development and industrialization of key technology of rice protein plant
meat” (202204c06020081); and the project entrusted by Anhui Shunxin Shengyuan Biological Food
Co., Ltd. “Rice protein plant meat processing technology and product quality control” (HX2022050),
We gratefully acknowledge Yanjun Yang’s team at the Jiangnan University for their guidance and
Yining Dong’s team at the Chuzhou University for their help with this study, All authors have read
and agreed to the published version of the manuscript.

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

Sample Availability: Samples of the compounds SWGEDWGEIW are available from the authors.

References
1. Chooi, Y.C.; Ding, C.; Magkos, F. The epidemiology of obesity. Metab.-Clin. Exp. 2019, 92, 6–10. [CrossRef] [PubMed]
2. Kopelman, P.G. Obesity as a medical problem. Nature 2000, 404, 635–643. [CrossRef] [PubMed]
3. Boles, A.; Kandimalla, R.; Reddy, P.H. Dynamics of diabetes and obesity: Epidemiological perspective. Biochim. Biophys. Acta-Mol.

Basis Dis. 2017, 1863, 1026–1036. [CrossRef]
4. Schmidt, F.M.; Weschenfelder, J.; Sander, C.; Minkwitz, J.; Thormann, J.; Chittka, T.; Mergl, R.; Kirkby, K.C.; Fasshauer, M.;

Stumvoll, M.; et al. Inflammatory Cytokines in General and Central Obesity and Modulating Effects of Physical Activity. PLoS
ONE 2015, 10, e0121971. [CrossRef] [PubMed]

5. Burhans, M.S.; Hagman, D.K.; Kuzma, J.N.; Schmidt, K.A.; Kratz, M. Contribution of Adipose Tissue Inflammation to the
Development of Type 2 Diabetes Mellitus. Compr. Physiol. 2019, 9, 1–58.

6. Castoldi, A.; de Souza, C.N.; Saraiva Camara, N.O.; Moraes-Vieira, P.M. The Macrophage Switch in Obesity Development. Front.
Immunol. 2016, 6, 637. [CrossRef]

7. Zhuang, G.; Meng, C.; Guo, X.; Cheruku, P.S.; Shi, L.; Xu, H.; Li, H.; Wang, G.; Evans, A.R.; Safe, S.; et al. A Novel Regulator of
Macrophage Activation miR-223 in Obesity-Associated Adipose Tissue Inflammation. Circulation 2012, 125, 2892–2903. [CrossRef]

http://doi.org/10.1016/j.metabol.2018.09.005
http://www.ncbi.nlm.nih.gov/pubmed/30253139
http://doi.org/10.1038/35007508
http://www.ncbi.nlm.nih.gov/pubmed/10766250
http://doi.org/10.1016/j.bbadis.2017.01.016
http://doi.org/10.1371/journal.pone.0121971
http://www.ncbi.nlm.nih.gov/pubmed/25781614
http://doi.org/10.3389/fimmu.2015.00637
http://doi.org/10.1161/CIRCULATIONAHA.111.087817


Molecules 2023, 28, 3001 12 of 13

8. Zatterale, F.; Longo, M.; Naderi, J.; Raciti, G.A.; Desiderio, A.; Miele, C.; Beguinot, F. Chronic Adipose Tissue Inflammation
Linking Obesity to Insulin Resistance and Type 2 Diabetes. Front. Physiol. 2020, 10, 1607. [CrossRef]

9. Engin, A. The Pathogenesis of Obesity-Associated Adipose Tissue Inflammation. Obes. Lipotoxicity 2017, 960, 221–245.
10. Gupta, A.P.; Garg, R.; Singh, P.; Goand, U.K.; Syed, A.A.; Valicherla, G.R.; Riyazuddin, M.; Mugale, M.N.; Gayen, J.R. Pancreastatin

inhibitor PSTi8 protects the obesity associated skeletal muscle insulin resistance in diet induced streptozotocin-treated diabetic
mice. Eur. J. Pharmacol. 2020, 88, 173–204. [CrossRef]

11. Rohm, T.V.; Meier, D.T.; Olefsky, J.M.; Donath, M.Y. Inflammation in obesity, diabetes, and related disorders. Immunity 2022, 55,
31–55. [CrossRef] [PubMed]

12. Mouton, A.J.; Li, X.; Hall, M.E.; Hall, J.E. Obesity, Hypertension, and Cardiac Dysfunction Novel Roles of Immunometabolism in
Macrophage Activation and Inflammation. Circ. Res. 2020, 126, 789–806. [CrossRef] [PubMed]

13. Saad, M.J.A.; Santos, A.; Prada, P.O. Linking Gut Microbiota and Inflammation to Obesity and Insulin Resistance. Physiology 2016,
31, 283–293. [CrossRef]

14. Singh, A.; Kukreti, R.; Saso, L.; Kukreti, S. Mechanistic Insight into Oxidative Stress-Triggered Signaling Pathways and Type 2
Diabetes. Molecules 2022, 27, 950. [CrossRef] [PubMed]

15. Campbell, J.M.; Bellman, S.M.; Stephenson, M.D.; Lisy, K. Metformin reduces all-cause mortality and diseases of ageing
independent of its effect on diabetes control: A systematic review and meta-analysis. Ageing Res. Rev. 2017, 40, 31–44. [CrossRef]

16. Owen, C.G.; Martin, R.M.; Whincup, P.H.; Smith, G.D.; Cook, D.G. Does breastfeeding influence risk of type 2 diabetes in later
life? A quantitative analysis of published evidence. Am. J. Clin. Nutr. 2006, 84, 1043–1054. [CrossRef]

17. Aroor, A.R.; Mandavia, C.H.; Sowers, J.R. Insulin Resistance and Heart Failure: Molecular Mechanisms. Heart Fail. Clin. 2012, 8,
609–616. [CrossRef]

18. Bhattacharya, S.; Kundu, R.; Dasgupta, S.; Bhattacharya, S. Mechanism of Lipid Induced Insulin Resistance: An Overview.
Endocrinol. Metab. 2012, 27, 12–19. [CrossRef]

19. Hemmingsen, B.; Metzendorf, M.-I.; Richter, B. (Ultra-)long-acting insulin analogues for people with type 1 diabetes mellitus.
Cochrane Database Syst. Rev. 2021, 3, 796–812. [CrossRef]

20. Tiwaskar, M.; Deb, P.; Khadgawat, R.; Sreenivasamurthy, L.; Deka, N.; Karthik, B.; Karuppan, A.; Bhattacharjee, D.; Mohan, V.
Pre-Basal Insulin Analog Era: Paving the Way for Modern Day Basal Insulins. J. Assoc. Physicians India 2020, 68, 9–12.

21. Guan, H.-P.; Chen, G. Factors Affecting Insulin-Regulated Hepatic Gene Expression. In Glucose Homeostatis and the Pathogenesis of
Diabetes Mellitus; Tao, Y.X., Ed.; Academic Press: Cambridge, MA, USA, 2014; Volume 121, pp. 165–215.

22. Heinemann, L.; Braune, K.; Carter, A.; Zayani, A.; Kramer, L.A. Insulin Storage: A Critical Reappraisal. J. Diabetes Sci. Technol.
2021, 15, 147–159. [CrossRef] [PubMed]

23. Tiganis, T. PTP1B and TCPTP—Nonredundant phosphatases in insulin signaling and glucose homeostasis. FEBS J. 2013, 280,
445–458. [CrossRef] [PubMed]

24. Janssen, J.A.M.J.L. Hyperinsulinemia and Its Pivotal Role in Aging, Obesity, Type 2 Diabetes, Cardiovascular Disease and Cancer.
Int. J. Mol. Sci. 2021, 22, 7797. [CrossRef] [PubMed]

25. Costa, I.S.; Medeiros, A.F.; Piuvezam, G.; Medeiros, G.C.B.S.; Maciel, B.L.L.; Morais, A.H.A. Insulin-Like Proteins in Plant Sources:
A Systematic Review. Diabetes Metab. Syndr. Obes. 2020, 13, 3421–3431. [CrossRef] [PubMed]

26. Sanjukta, S.; Rai, A.K. Production of bioactive peptides during soybean fermentation and their potential health benefits. Trends
Food Sci. Technol. 2016, 50, 1–10. [CrossRef]

27. Huang, H.Q.; Krishnan, H.B.; Pham, Q.; Yu, L.L.; Wang, T.T.Y. Soy and Gut Microbiota: Interaction and Implication for Human
Health. J. Agric. Food Chem. 2016, 64, 8695–8709. [CrossRef]

28. Lammi, C.; Zanoni, C.; Arnoldi, A.; Vistoli, G. Two Peptides from Soy beta-Conglycinin Induce a Hypocholesterolemic Effect in
HepG2 Cells by a Statin-Like Mechanism: Comparative in Vitro and in Silico Modeling Studies. J. Agric. Food Chem. 2015, 63,
7945–7951. [CrossRef]

29. Singh, B.P.; Vij, S.; Hati, S. Functional significance of bioactive peptides derived from soybean. Peptides 2014, 54, 171–179. [CrossRef]
30. Losso, J.N. The biochemical and functional food properties of the Bowman-Birk inhibitor. Crit. Rev. Food Sci. Nutr. 2008, 48,

94–118. [CrossRef]
31. Draganidis, D.; Karagounis, L.G.; Athanailidis, I.; Chatzinikolaou, A.; Jamurtas, A.Z.; Fatouros, I.G. Inflammaging and Skeletal

Muscle: Can Protein Intake Make a Difference? J. Nutr. 2016, 146, 1940–1952. [CrossRef]
32. Lule, V.K.; Garg, S.; Pophaly, S.D.; Hitesh; Tomar, S.K. Potential Health Benefits of Lunasin: A Multifaceted Soy-Derived Bioactive

Peptide. J. Food Sci. 2015, 80, 485–494. [CrossRef]
33. Yoshikawa, M. Bioactive peptides derived from natural proteins with respect to diversity of their receptors and physiological

effects. Peptides 2015, 72, 208–225. [CrossRef] [PubMed]
34. Chatterjee, C.; Gleddie, S.; Xiao, C.-W. Soybean Bioactive Peptides and Their Functional Properties. Nutrients 2018, 10, 1211.

[CrossRef]
35. Tsou, M.J.; Kao, F.J.; Lu, H.C.; Kao, H.C.; Chiang, W.D. Purification and identification of lipolysis-stimulating peptides derived

from enzymatic hydrolysis of soy protein. Food Chem. 2013, 138, 1454–1460. [CrossRef] [PubMed]
36. Yi, G.; Li, H.; Liu, M.; Ying, Z.; Zhang, J.; Liu, X. Soybean protein-derived peptides inhibit inflammation in LPS-induced RAW264.7

macrophages via the suppression of TLR4-mediated MAPK-JNK and NF-kappa B activation. J. Food Biochem. 2020, 44, 1321–1340.
[CrossRef] [PubMed]

http://doi.org/10.3389/fphys.2019.01607
http://doi.org/10.1016/j.ejphar.2020.173204
http://doi.org/10.1016/j.immuni.2021.12.013
http://www.ncbi.nlm.nih.gov/pubmed/35021057
http://doi.org/10.1161/CIRCRESAHA.119.312321
http://www.ncbi.nlm.nih.gov/pubmed/32163341
http://doi.org/10.1152/physiol.00041.2015
http://doi.org/10.3390/molecules27030950
http://www.ncbi.nlm.nih.gov/pubmed/35164215
http://doi.org/10.1016/j.arr.2017.08.003
http://doi.org/10.1093/ajcn/84.5.1043
http://doi.org/10.1016/j.hfc.2012.06.005
http://doi.org/10.3803/EnM.2012.27.1.12
http://doi.org/10.1002/14651858.CD013498
http://doi.org/10.1177/1932296819900258
http://www.ncbi.nlm.nih.gov/pubmed/31994414
http://doi.org/10.1111/j.1742-4658.2012.08563.x
http://www.ncbi.nlm.nih.gov/pubmed/22404968
http://doi.org/10.3390/ijms22157797
http://www.ncbi.nlm.nih.gov/pubmed/34360563
http://doi.org/10.2147/DMSO.S256883
http://www.ncbi.nlm.nih.gov/pubmed/33061503
http://doi.org/10.1016/j.tifs.2016.01.010
http://doi.org/10.1021/acs.jafc.6b03725
http://doi.org/10.1021/acs.jafc.5b03497
http://doi.org/10.1016/j.peptides.2014.01.022
http://doi.org/10.1080/10408390601177589
http://doi.org/10.3945/jn.116.230912
http://doi.org/10.1111/1750-3841.12786
http://doi.org/10.1016/j.peptides.2015.07.013
http://www.ncbi.nlm.nih.gov/pubmed/26297549
http://doi.org/10.3390/nu10091211
http://doi.org/10.1016/j.foodchem.2012.10.149
http://www.ncbi.nlm.nih.gov/pubmed/23411267
http://doi.org/10.1111/jfbc.13289
http://www.ncbi.nlm.nih.gov/pubmed/32537742


Molecules 2023, 28, 3001 13 of 13

37. Guofu, Y.; Ud Din, J.; Fen, Z.; Xinqi, L. Effect of soybean peptides against hydrogen peroxide induced oxidative stress in HepG2
cells via Nrf2 signaling. Food Funct. 2020, 11, 2725–2737.

38. Yi, G.; Li, H.; Li, Y.; Zhao, F.; Ying, Z.; Liu, M.; Zhang, J.; Liu, X.J.F.S. Nutrition, The protective effect of soybean protein-derived
peptides on apoptosis via the activation of PI3K-AKT and inhibition on apoptosis pathway. Food Sci. Nutr. 2020, 8, 4591–4600.
[CrossRef]

39. Yi, G.; Safdar, B.; Zhang, Y.; Li, Y.; Liu, X. A study of the mechanism of small-molecule soybean-protein-derived peptide
supplement to promote sleep in a mouse model. RSC Adv. 2020, 10, 11264–11273. [CrossRef]

40. Yi, G.; Zhou, M.; Du, Q.; Yang, S.; Zhu, Y.; Dong, Y.; Liu, Y.; Li, H.; Li, Y.; Liu, X.J.M. The SWGEDWGEIW from Soybean Peptides
Reduce Oxidative Damage-Mediated Apoptosis in PC-12 Cells by Activating SIRT3/FOXO3a Signaling Pathway. Molecules 2022,
27, 7610. [CrossRef]

41. Chirivi, M.; Rendon, C.J.; Myers, M.N.; Prom, C.M.; Roy, S.; Sen, A.; Lock, A.L.; Contreras, G.A. Lipopolysaccharide induces
lipolysis and insulin resistance in adipose tissue from dairy cows. J. Dairy Sci. 2022, 105, 842–855. [CrossRef]

42. Raje, V.; Ahern, K.W.; Martinez, B.A.; Howell, N.L.; Oenarto, V.; Granade, M.E.; Kim, J.W.; Tundup, S.; Bottermann, K.; Gödecke,
A. Adipocyte lipolysis drives acute stress-induced insulin resistance. Sci. Rep. 2020, 10, 18166. [CrossRef]

43. Yang, A.; Mottillo, E.P. Adipocyte lipolysis: From molecular mechanisms of regulation to disease and therapeutics. Biochem. J.
2020, 477, 985–1008. [CrossRef]

44. Zhang, N.; Liu, X.; Zhuang, L.; Liu, X.; Zhao, H.; Shan, Y.; Liu, Z.; Li, F.; Wang, Y.; Fang, J. Berberine decreases insulin resistance in
a PCOS rats by improving GLUT4: Dual regulation of the PI3K/AKT and MAPK pathways. Regul. Toxicol. Pharmacol. 2020, 110,
104–124. [CrossRef] [PubMed]

45. Bryant, N.J.; Gould, G.W. Insulin stimulated GLUT4 translocation–Size is not everything! Curr. Opin. Cell Biol. 2020, 65, 28–34.
[CrossRef] [PubMed]

46. Herman, R.; Kravos, N.A.; Jensterle, M.; Janež, A.; Dolžan, V. Metformin and insulin resistance: A review of the underlying
mechanisms behind changes in GLUT4-mediated glucose transport. Int. J. Mol. Sci. 2022, 23, 1264. [CrossRef] [PubMed]

47. Huang, J.-P.; Huang, S.-S.; Deng, J.-Y.; Hung, L.-M. Impairment of insulin-stimulated Akt/GLUT4 signaling is associated with
cardiac contractile dysfunction and aggravates I/R injury in STZ-diabetic rats. J. Biomed. Sci. 2009, 16, 77. [CrossRef]

48. Gandhi, G.R.; Stalin, A.; Balakrishna, K.; Ignacimuthu, S.; Paulraj, M.G.; Vishal, R. Insulin sensitization via partial agonism of
PPARγ and glucose uptake through translocation and activation of GLUT4 in PI3K/p-Akt signaling pathway by embelin in type
2 diabetic rats. Biochim. Biophys. Acta (BBA)-Gen. Subj. 2013, 1830, 2243–2255. [CrossRef]

49. Lu, J.; Zeng, Y.; Hou, W.; Zhang, S.; Li, L.; Luo, X.; Xi, W.; Chen, Z.; Xiang, M. The soybean peptide aglycin regulates glucose
homeostasis in type 2 diabetic mice via IR/IRS1 pathway. J. Nutr. Biochem. 2012, 23, 1449–1457. [CrossRef]

50. Chen, Z.; Li, W.; Guo, Q.; Xu, L.; Santhanam, R.K.; Gao, X.; Chen, Y.; Wang, C.; Panichayupakaranant, P.; Chen, H. Anthocyanins
from dietary black soybean potentiate glucose uptake in L6 rat skeletal muscle cells via up-regulating phosphorylated Akt and
GLUT4. J. Funct. Foods 2019, 52, 663–669. [CrossRef]

51. Arjunan, S.; Thangaiyan, R.; Balaraman, D. Biochanin A, a soy isoflavone, diminishes insulin resistance by modulating insulin-
signalling pathway in high-fat diet-induced diabetic mice: Biochanin A diminishes insulin resistance in diabetic mice. Arch.
Physiol. Biochem. 2020, 2, 1–7. [CrossRef]

52. Ghadimi, D.; Hemmati, M.; Karimi, N.; Khadive, T. Soy Isoflavone Genistein Is a Potential Agent for Metabolic Syndrome
Treatment: A Narrative Review. J. Adv. Med. Biomed. Res. 2020, 28, 64–75. [CrossRef]

53. Das, D.; Afzal, N.U.; Wann, S.B.; Kalita, J.; Manna, P. A ~24 kDa protein isolated from protein isolates of Hawaijar, popular
fermented soy food of North-East India exhibited promising antidiabetic potential via stimulating PI3K/AKT/GLUT4 signaling
pathway of muscle glucose metabolism. Int. J. Biol. Macromol. 2023, 224, 1025–1039. [CrossRef] [PubMed]

54. Kwak, S.J.; Kim, C.S.; Choi, M.S.; Park, T.; Sung, M.K.; Yun, J.W.; Yoo, H.; Mine, Y.; Yu, R. The Soy Peptide Phe-Leu-Val Reduces
TNFα-Induced Inflammatory Response and Insulin Resistance in Adipocytes. J. Med. Food 2016, 19, 678–685. [CrossRef] [PubMed]
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