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A B S T R A C T   

Long-term administration of Ipomoea batatas L. (white-skinned sweet potato, WSSP) has been 
reported to help manage type 2 diabetes mellitus (T2DM) in humans and animals; however, the 
mechanisms of blood glucose regulation by WSSP remain unclear. Therefore, we aimed to 
investigate the acute effects of WSSP on blood glucose homeostasis under normal conditions and 
the underlying mechanisms. Three fractions of WSSP (≤10, 10–50, and >50 kDa) were obtained 
via ultracentrifugation. Rats were subjected to an oral glucose tolerance test (OGTT) after a single 
administration of WSSP. The insulin tolerance test (ITT) and pyruvate tolerance test (PTT) were 
performed to evaluate insulin sensitivity and gluconeogenesis, respectively. Single WSSP 
administration markedly reduced blood glucose levels as revealed by the OGTT. Serum insulin 
levels were not increased by WSSP treatment. Blood glucose levels during ITT were significantly 
reduced due to WSSP treatment. WSSP treatment activated the phosphorylation of Akt, thereby 
activating insulin signaling in the skeletal muscles and liver. The ≤10 kDa fraction considerably 
reduced blood glucose levels per the OGTT and ITT. In contrast, gluconeogenesis in PTT and the 
expression of key enzymes in hepatocytes were suppressed by the >50 kDa fraction. This study 
demonstrated that WSSP acutely reduced postprandial blood glucose levels by improving insulin 
sensitivity in skeletal muscles in normal rats, which was attributed to constituents with a mo
lecular weight of ≤10 kDa. Moreover, WSSP treatment suppressed gluconeogenesis in the liver, 
for which constituents of >50 kDa were responsible. Thus, WSSP can acutely regulate blood 
glucose homeostasis via multiple mechanisms. Since postprandial hyperglycemia leads to the 
onset of T2DM, WSSP, as a functional food, may possess potential active compounds that prevent 
T2DM.   

1. Introduction 

The incidence of type 2 diabetes mellitus (T2DM) is rapidly increasing, and is one of the most serious global problems. In 2021, 537 
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million adults (age, 20–79 years) suffered diabetes worldwide. This number has been predicted to increase to 643 million by 2030 and 
783 million by 2045 [1]. Moreover, over 75% of adults with diabetes live in low- and middle-income countries [1]. The etiology of 
T2DM involves lifestyle factors, such as dietary and exercise habits, as well as aging and genetic predispositions. These factors 
comprehensively affect insulin secretion from pancreatic β-cells and insulin sensitivity in peripheral tissues [2–4]. Elevated post
prandial blood glucose levels usually indicate an early metabolic change in T2DM development [5,6]. Postprandial hyperglycemia is 
an independent risk factor for T2DM complications, such as microangiopathy and macroangiopathy [7,8]. Since the suppression of 
postprandial hyperglycemia can reduce the incidence of T2DM, the control of postprandial blood glucose levels via dietary therapy 
may be effective in the prevention of T2DM [9,10]. Regarding dietary therapy, beneficial effects of meal sequence have been reported 
for the control of postprandial glucose level elevation and body weight [11]. The identification of food and natural materials that can 
improve postprandial hyperglycemia and T2DM represents an area of growing interest [12,13]. 

Various plants and natural resources have been investigated for their effects on T2DM, few of which have been used in medicine 
since ancient times. Ipomoea batatas L. (white-skinned sweet potato, WSSP), also known as Caiapo, belongs to the Convolvulaceae 
family. WSSP, originating in Brazil, has been used as a folk medicine for treating diabetes and other diseases in the Shikoku region of 
Japan [14]. Previous studies have shown that WSSP reduces fasting blood glucose and cholesterol levels and improves glucose 
tolerance in patients with T2DM after treatment for 6 weeks [15,16]. WSSP has also been reported to improve glucose tolerance after 
treatment for approximately 30 days in diabetic and obese animals such as KKAy and db/db mice [17]. In Zucker fatty rats, 7 weeks of 
WSSP treatment lowered blood glucose, insulin, triglyceride, and free fatty acid levels and improved glucose tolerance [14]. Thus, 
long-term administration of WSSP may be effective in T2DM management; however, the mechanism of blood glucose regulation by 
WSSP remains unclear. 

In the present study, we evaluated glucose tolerance after a single WSSP administration in normal rats to investigate the acute effect 
of WSSP on blood glucose regulation. We further examined the mechanisms underlying blood glucose regulation. Additionally, the 
bioactive constituents in WSSP were investigated by fractionating the WSSP solution. Here, we show that WSSP acutely suppresses 
postprandial blood glucose elevation by improving insulin sensitivity in skeletal muscles in a non-diabetic normal state, a property 
attributed to constituents with a molecular weight of ≤10 kDa. 

2. Materials and methods 

2.1. Preparation and fractionation of WSSP 

WSSP powder, obtained by squeezing WSSP tubers, centrifuging the juice at 6000×g for 30 min, and lyophilizing the supernatant, 
was provided by Fujisangyo (Kagawa, Japan). The powder (0.5 g) was suspended in 10 mL of distilled water at a concentration of 5% 
for ultracentrifugation. The WSSP solution (10 mL) in Vivaspin 20–50 K (Cytiva, Tokyo, Japan) was centrifuged (5500×g, 4 ◦C, 15 min) 
several times to prevent membrane clogging. The ≤50 kDa fraction was then placed in Vivaspin 20–10 K (Cytiva) and centrifuged as 
described above. Subsequently, the WSSP solution was separated into three fractions (>50 kDa: 0.10 mL, 10–50 kDa: 0.22 mL, and 
≤10 kDa: 9.68 mL) based on molecular weight. Each fraction of the WSSP solution was totaled up to 10 mL using distilled water. 

2.2. Animals 

The experimental procedures used for animals were approved by the Ritsumeikan University Biwako-Kusatsu Campus Animal Care 
Committee (BKC2019-034 and BKC2021-018). Male Wistar ST rats (Japan SLC, Hamamatsu, Japan) were housed in a temperature- 
controlled environment under a 12 h light–dark cycle with free access to water and standard laboratory chow (CRF-1; Oriental 
Yeast, Tokyo, Japan). The experiments were performed using rats aged 6–7 weeks (180–230 g body weight). 

2.3. Oral glucose tolerance test (OGTT) 

OGTT was performed as described previously [18]. Briefly, the rats were fasted for 16 h and then orally administered with glucose 
(2 g/kg body weight) at 9:00 a.m. The WSSP solution or its fractions (10 mL/kg body weight) were orally administered 15 min before 
glucose injection. Blood samples were collected from the tail vein, and glucose levels were measured using the glucose oxidase method 
(Glucocard G Black; Arkray, Kyoto, Japan). The incremental area under the curve (iAUC) was calculated using the trapezoidal rule. 
Serum insulin levels were determined using ELISA (Morinaga Institute of Biological Science, Yokohama, Japan). Experiments using the 
same protocol were repeated two or three times to ensure reproducibility. 

2.4. Insulin tolerance test (ITT) 

ITT was performed as described previously [19], with minor modifications. Briefly, the rats were fasted for 6 h and then intra
peritoneally administered with human insulin (Lilly, Indianapolis, IN, USA) (0.75 U/kg body weight) at 3:00 p.m. The WSSP solution 
or its fractions (10 mL/kg body weight) were orally administered 15 min before insulin injection. Blood glucose levels were measured 
as described above. 
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2.5. Pyruvate tolerance test (PTT) 

PTT was performed as described previously [20]. Briefly, the rats were fasted for 16 h and then intraperitoneally administered with 
sodium pyruvate (1 g/kg body weight) at 9:00 a.m. The WSSP solution or its fractions (10 mL/kg body weight) were orally admin
istered 15 min before pyruvate injection. Blood glucose levels were measured as described above. 

2.6. Hepatocyte isolation and hepatic glucose production 

Hepatocytes were isolated from rats via collagenase digestion as described previously [21], with minor modifications. Briefly, rats 
were perfused through the inferior vena cava with washing solution (142 mM NaCl, 2.7 mM KCl, 0.28 mM Na2HPO4⋅12H2O, 10 mM 
HEPES, and 0.1 mM EGTA [pH 7.4]) for 5 min (11.6 mL/min) and then with isolation solution (142 mM NaCl, 2.7 mM KCl, 0.28 mM 
Na2HPO4⋅12H2O, 10 mM HEPES, 0.1 mM CaCl2, 5 mM glucose, and 200 μg/mL collagenase type II (Worthington Biochemical, 
Lakewood, NJ) [pH 7.4]) for 9 min (11.6 mL/min). The isolated hepatocytes were incubated for 1 h at 37 ◦C in DMEM (without glucose 
and pyruvate) (GIBCO, Rockville, MD). For gluconeogenesis analysis, the hepatocytes were treated for 2 h at 37 ◦C in 48-well plates 
(5.1 × 105 cells/well) with Krebs-Ringer bicarbonate buffer (119.4 mM NaCl, 3.7 mM KCl, 2.7 mM CaCl2, 1.3 mM KH2PO4, 1.3 mM 
MgSO4, and 24.8 mM NaHCO3) containing 0.25 mM 3-isobutyl-1-methylxanthine and gluconeogenic substrates (1 mM pyruvate and 
10 mM lactate) with WSSP or its fractions. Glucose concentration in aliquots of the supernatant was measured using the Gopod method 
(Megazyme, Huissen, Netherlands). Protein concentrations in cell lysates were determined using the BCA method (FUJIFILM Wako 
Pure Chemical, Osaka, Japan). 

2.7. Immunoblotting of tissue and hepatocytes 

The rats were fasted for 16 h and then intraperitoneally administered insulin (3 U/kg body weight) at 9:00 a.m. The WSSP solution 
(10 mL/kg body weight) was orally administered 15 min before insulin injection. Skeletal muscles and liver tissues were isolated from 
rats euthanized 15 min after insulin administration. The tissues were homogenized in lysis buffer (RIPA buffer containing 1 mM EDTA 
[pH 8.0]), and the lysates were centrifuged at 3,000 rpm for 1 min at 4 ◦C. Hepatocytes treated under the same conditions as those used 
for hepatic glucose production were homogenized in a lysis buffer. The supernatants (20 μg of protein content) were heated at 95 ◦C for 
5 min and subjected to electrophoresis on SDS-polyacrylamide (8%) gels and then transferred onto polyvinylidene difluoride mem
branes (Immobilon-P; Merck-Millipore, Darmstadt, Germany). The primary antibodies used were anti-phospho-Akt (Thr308), anti-Akt, 
anti-pan-actin, anti-phosphoenolpyruvate carboxykinase (PEPCK) 1, and anti-β-actin (Cell Signaling Technology, Danvers, MA), along 
with anti-glucose-6-phosphatase (G6Pase) catalytic subunit 3 (Abcam, Tokyo, Japan). The secondary antibody used was HRP- 
conjugated anti-rabbit antibody (Cell Signaling Technology). The fluorescent bands were visualized and quantified using Amer
sham Imager 600 (Cytiva). 

2.8. Statistical analysis 

Statistical analyses were performed using GraphPad Prism for Windows (version 7; GraphPad Software, San Diego, CA). Data are 
expressed as the mean ± standard deviation. Significant differences were evaluated using Student’s t-test or ANOVA, followed by 
Tukey’s multiple comparison test. P < 0.05 was considered statistically significant. 

Fig. 1. WSSP treatment improves glucose tolerance in normal rats. (A) Blood glucose levels during OGTT after oral administration of WSSP. (B) The 
iAUC of blood glucose levels in (A). Data are expressed as the mean ± standard deviation (n = 5). *P < 0.05, †P < 0.005, and ‡P < 0.001 vs control. 
(C) Serum insulin levels during the OGTT after oral administration of WSSP. Data are expressed as the mean ± standard deviation (n = 6). 
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3. Results 

3.1. Improvement of glucose tolerance upon WSSP treatment 

To determine the acute effect of WSSP on blood glucose regulation, an OGTT was performed in normal rats after a single 
administration of the WSSP solution. In the WSSP treatment group, blood glucose levels during the OGTT were significantly lower than 
those in the control group at 15 min (155.4 ± 21.2 mg/dL vs 194.0 ± 9.5 mg/dL, P < 0.05), 30 min (204.6 ± 6.4 mg/dL vs 237.6 ±
10.8 mg/dL, P < 0.001), 45 min (181.8 ± 4.4 mg/dL vs 206.4 ± 9.6 mg/dL, P < 0.005), and 60 min (157.2 ± 9.2 mg/dL vs 180.8 ±
12.5 mg/dL, P < 0.05) (Fig. 1A). The iAUC was also markedly lower in the WSSP treatment group than in the control group (Fig. 1B). 
There was no change in the serum insulin levels between the WSSP treatment group and the control group during the OGTT (Fig. 1C). 
Therefore, WSSP may acutely suppress the blood glucose response after glucose loading independent of insulin secretion. 

3.2. Improvement of insulin sensitivity upon WSSP treatment 

Next, we examined the effect of WSSP on insulin sensitivity in peripheral tissues, such as the liver, skeletal muscle, and adipose 
tissue, via the ITT. Blood glucose levels during the ITT in the WSSP treatment group were significantly lower than those of the control 
group at 30 min (53.5 ± 7.8 mg/dL vs 72.8 ± 16.0 mg/dL, P < 0.05) and 60 min (32.0 ± 3.1 mg/dL vs 49.8 ± 16.4 mg/dL, P < 0.05) 
(Fig. 2). This finding suggests that WSSP acutely improves insulin sensitivity, resulting in the reduction of postprandial blood glucose 
levels. 

3.3. Activation of insulin signaling in skeletal muscle and liver upon WSSP treatment 

We investigated the effect of WSSP on insulin signaling based on the phosphorylation of Akt in insulin-acting tissues. In the skeletal 
muscles, insulin considerably increased Akt phosphorylation in the WSSP treatment group, and the increase was significantly higher 
than in the control group (Fig. 3A). A significant increase in Akt phosphorylation by insulin in the WSSP treatment group was also 
observed in the liver and was higher than in the control group (Fig. 3B). Therefore, WSSP may activate insulin signaling in peripheral 
tissues, including the skeletal muscles and liver. 

3.4. Effects of WSSP fractions on glucose tolerance and insulin sensitivity 

To determine the active constituents in WSSP that improved glucose tolerance, the WSSP solution was separated into three frac
tions (≤10, 10–50, and >50 kDa) via ultracentrifugation. Then, OGTT was performed after a single administration of each fraction. 
Blood glucose levels in the ≤10 kDa fraction group were significantly lower than those of the control group at 15 min (157.5 ± 8.3 mg/ 
dL vs 194.0 ± 28.3 mg/dL, P < 0.05), 30 min (182.3 ± 12.8 mg/dL vs 220.2 ± 31.9 mg/dL, P < 0.05), 45 min (172.8 ± 12.9 mg/dL vs 
223.5 ± 33.0 mg/dL, P < 0.05), and 60 min (164.5 ± 12.9 mg/dL vs 208.2 ± 30.7 mg/dL, P < 0.05) (Fig. 4A). The iAUC was 
significantly lower in the ≤10 kDa fraction group than in the control group (P < 0.001) (Fig. 4B). In the ITT, Blood glucose levels in the 
≤10 kDa fraction group among three fraction groups were considerably lower than those of the control group (Fig. 4C). These results 
indicate that the active constituents involved in improving glucose tolerance have a molecular weight of ≤10 kDa. 

3.5. Effects of WSSP fractions on gluconeogenesis in vivo 

Since WSSP treatment activated insulin signaling in the liver (Fig. 3B), the effect of WSSP on gluconeogenesis was investigated 

Fig. 2. WSSP treatment improves insulin sensitivity in normal rats. Blood glucose levels during ITT after oral administration of WSSP are shown. 
Data are expressed as the mean ± standard deviation (n = 6). *P < 0.05 vs control. 
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using a PTT. In the >50 kDa fraction group, blood glucose level was significantly lower than that of the control group at 30 min (106.0 
± 5.7 mg/dL vs 137.2 ± 14.2 mg/dL, P < 0.05) (Fig. 5A). The iAUC of the >50 kDa fraction group was significantly lower than that of 
the control group (P < 0.05) (Fig. 5B). Thus, WSSP may also suppress gluconeogenesis, wherein constituents with a molecular weight 
of >50 kDa are involved. 

3.6. Effects of WSSP fractions on gluconeogenesis in vitro 

We further investigated the effects of the WSSP fractions on gluconeogenesis in vitro using isolated hepatocytes. Hepatic glucose 
production in the WSSP treatment and >50 kDa fraction groups was decreased when compared with that of the control group (Fig. 6A). 
The expression of a key gluconeogenic enzyme, PEPCK, in the WSSP treatment and >50 kDa fraction groups was significantly 
decreased when compared with the control group (Fig. 6B). The expression of G6Pase in the WSSP treatment and >50 kDa fraction 
groups was also decreased (Fig. 6C). However, glucose production and the expression of G6Pase in the 10–50 kDa fraction group were 
significantly increased when compared with those of the control group. These findings suggest that the 10–50 kDa fraction may 
enhance gluconeogenesis and suppress the anti-gluconeogenic effects of WSSP (Fig. 5), although the >50 kDa fraction had an obvious 

Fig. 3. Effects of WSSP on insulin signaling in skeletal muscle and liver. The expression of phosphorylation of Akt in the skeletal muscles (A) and 
liver (B). The tissues were isolated after oral administration of WSSP and intraperitoneal injection of insulin. Subsequently, the lysates were sub
jected to Western blot analysis. Representative blot panels of each independent experiments are shown. Intensities of the bands were quantified, and 
the bar graphs show p-Akt levels corrected by Akt levels. Data are expressed as the mean ± standard deviation (n = 4). *P < 0.05 vs insulin. †P <
0.001 vs WSSP. ‡P < 0.05 vs WSSP. 

Fig. 4. WSSP (≤10 kDa) improves the glucose tolerance and insulin sensitivity in normal rats. (A) Blood glucose levels during OGTT after oral 
administration of each fraction of WSSP. (B) The iAUC of blood glucose levels in (A). Data are expressed as the mean ± standard deviation (n = 6). 
*P < 0.05 and †P < 0.001vs control. (C) Blood glucose levels during ITT after oral administration of each fraction of WSSP. Data are expressed as the 
mean ± standard deviation (n = 5–6). 
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anti-gluconeogenic effect. 

4. Discussion 

Several plants have been reported to serve as functional foods for the treatment of T2DM [12,13]. Among them, WSSP has been 
used in folk medicine for managing diabetes in a part of Japan [14] and has been shown to improve glucose tolerance after treatment 
for a few months in humans and animals with T2DM [14–17]. However, the mechanism of blood glucose regulation by WSSP has not 
been elucidated, although improvements in insulin resistance in patients with T2DM [16] and hyperinsulinemia in T2DM animals with 
obesity [14] have been observed. The present study revealed that a single administration of WSSP acutely suppressed postprandial 

Fig. 5. WSSP (>50 kDa) suppresses gluconeogenesis in normal rats. (A) Blood glucose levels during PTT after oral administration of WSSP or each 
of its fractions. (B) The iAUC of blood glucose levels in (A). Data are expressed as the mean ± standard deviation (n = 6). *P < 0.05 vs control. 

Fig. 6. Effects of the WSSP fractions on gluconeogenesis in rat hepatocytes. (A) Glucose production after exposure to WSSP or each of its fractions in 
isolated hepatocytes. Hepatocytes were incubated for 2 h in the presence of gluconeogenic substrates (pyruvate and lactate) with WSSP or each 
fraction. Data are expressed as the mean ± standard deviation (n = 6). (B) Expression of PEPCK and G6Pase after exposure to WSSP or each of its 
fractions in isolated hepatocytes. The lysates of hepatocytes incubated as described above were subjected to Western blot analysis. Representative 
blot panels of each independent experiment are shown. Intensities of the bands were quantified, and the bar graphs show PEPCK and G6Pase levels 
corrected by β-actin levels. Data are expressed as the mean ± standard deviation (n = 4). *P < 0.05 vs control. †P < 0.001 vs control. ‡P < 0.001 vs 
WSSP (10–50 kDa). 
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blood glucose elevation in healthy animals, which was attributed to improvement in insulin sensitivity, and not insulin secretion, via 
the phosphorylation of Akt in insulin-acting tissues. Insulin secreted from pancreatic β-cells binds to the insulin receptor on target 
tissues, such as skeletal muscles, which leads to the phosphorylation of insulin receptor substrate-1 and the subsequent phosphory
lation of several signaling molecules, such as Akt. Consequently, glucose transporter 4 (GLUT4) is translocated to the plasma mem
brane, and glucose is taken up by cells [22,23]. In the liver, insulin suppresses gluconeogenesis and upregulates glycogen synthesis, 
resulting in increased glucose uptake [23,24]. A recent study showed that an extract of WSSP activates Akt phosphorylation, GLUT4 
translocation, and glucose uptake in insulin resistance-induced C2C12 myotubes [25]. Therefore, WSSP can acutely improve insulin 
sensitivity in targeting tissues, including skeletal muscles, in vivo and suppress postprandial blood glucose elevation in a non-diabetic 
normal state. 

Previous studies have shown that WSSP treatment ameliorates hyperglycemia in streptozotocin- or alloxan-induced diabetic animal 
models with β-cell deficiency [14,26–28]. In these studies, an increase in serum insulin levels and restoration of pancreatic islets have 
also been observed. Sweet potato consumption has been shown to possess antioxidant effects in many previous studies [29]. Therefore, 
it is likely that long-term treatment with WSSP soon after drug administration protects β-cells from drug damage, thereby maintaining 
blood glucose regulation by insulin. Thus, WSSP treatment may have various long-term effects, in addition to an acute effect on insulin 
sensitivity, as shown in the present study. 

WSSP possesses several bioactive compounds including proteins with different molecular weights [30,31]. Therefore, the WSSP 
solution was fractionated according to its molecular weight as a first step to determine its active constituents. The present study 
showed that the fraction with a molecular weight of ≤10 kDa suppressed postprandial blood glucose levels and improved insulin 
sensitivity. We also found that the >50 kDa fraction suppressed gluconeogenesis. The anti-gluconeogenic effect is not likely to 
contribute directly to the reduction in blood glucose levels after glucose loading because gluconeogenesis occurs at low levels of blood 
glucose. Sweet potato contains several proteins that have high water solubility and stabilize emulsions over a wide pH range [30,31]. 
WSSP has been reported to contain sporamin (25 kDa), the major storage protein in the tuberous roots of sweet potato, which functions 
as a trypsin inhibitor [30]. We isolated sporamin from WSSP and examined its effect on blood glucose levels via an OGTT; however, 
sporamin treatment did not affect the blood glucose response (data not shown). A previous study has shown that the active constituents 
of WSSP that improve glucose tolerance are presumably acidic glycoproteins, estimated to be 22 kDa [32]. Moreover, an arabino
galactan protein estimated to be 126.8 kDa was isolated from WSSP and its continuous administration lowers fasting blood glucose 
levels in KKAy mice [33] and improves glucose tolerance in db/db mice [34]. Since the predominant constituent of sweet potato is 
carbohydrates, followed by proteins and ash [29], certain glycoproteins may play a role in suppressing gluconeogenesis. The com
pounds with hypoglycemic activity of ≤10 kDa included in sweet potato have not yet been reported. Future studies should identify 
active compounds in the ≤10 kDa and >50 kDa fractions. Orally administered proteins are believed to be degraded into amino acids in 
the body. However, it has been reported that certain food-derived prolyl and pyroglutamyl peptides containing 2–3 amino acid res
idues exist in the blood and retain their biological activities [35]. Therefore, peptides derived from active compounds in WSSP may be 
responsible for the reduction in postprandial blood glucose levels. 

We previously showed that 7 days of administration of the hydrophobic fraction of bitter melon fruit extract to ob/ob mice reduces 
hepatic lipid accumulation and blood glucose levels, and cucurbitacin B has been identified as one of its active components [36]. 
Furthermore, we reported that bitter melon fruit hydrophobic extract enhances insulin secretion from β-cells, which is not attributed to 
cucurbitacin B [18]. Thus, multiple constituents with different effects can comprehensively exhibit an antidiabetic effect. Sweet potato 
contains various nutrients and has multiple health benefits, such as antioxidant, hepatoprotective, anti-inflammatory, antitumor, and 
antidiabetic effects [29]. Based on these findings, it can be concluded that WSSP exhibits hypoglycemic activity comprehensively via 
multiple constituents, despite its high carbohydrate content. 

5. Conclusions 

The present study revealed that WSSP acutely reduced postprandial blood glucose levels by improving insulin sensitivity in skeletal 
muscles in normal rats, which was attributed to constituents with a molecular weight of ≤10 kDa. Moreover, WSSP treatment sup
pressed gluconeogenesis in the liver, for which constituents of >50 kDa were responsible. Thus, WSSP can acutely regulate blood 
glucose homeostasis via multiple mechanisms. Suppressing postprandial hyperglycemia leads to prevention of T2DM onset and its 
complications [7,9,10]. Although further investigation regarding the identification of active compounds and elucidation of the 
detailed molecular mechanisms of these effects is warranted for clinical applications, this study demonstrated the potential use of 
WSSP as a functional food material to prevent T2DM. 
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