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Pholiota nameko (P. nameko) was identified as an edible mushroom known for its abundance of bioactive compounds. Previous studies suggested that extracts from this mushroom possess antioxidant properties attributed to the presence of phenolic acids, such as 4-hydroxybenzoic acid (4-HBA) and cinnamic acid (CA). These compounds show promise in potentially ameliorating insulin resistance. In this study, the highest levels of 4-HBA and CA were selected from six P. nameko extracts using ultra-high-pressure liquid chromatography (UHPLC) to investigate whether they could improve the glucose uptake resistance induced by palmitate in C2C12 myotubes. Additionally, the protein expression of GLUT4 was examined. The results indicated that P. nameko hot water extract (PN-HW) exhibited the highest total polyphenol content (9.34 ± 0.31 mg GAE/g) and demonstrates strong free radical scavenging ability (77.4 ± 1.1%). Furthermore, PN-HW contains notable amounts of 4-HBA (4.02 ± 0.17 mg/g DW) and CA (2.01 ± 0.09 mg/g DW). Importantly, the cell viability reveals that PN-HW extracts did not have a toxic effect on C2C12 myotubes. PN-HW significantly enhances glucose uptake at doses of 25 μg/mL. Hence, it was suggested that PN-HW might contain elevated levels of phenolic acids, potentially mitigating impaired glucose uptake caused by high-fat content and consequently enhancing the glucose uptake capacity of C2C12 cells.
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Introduction

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder characterized by continuously elevated blood glucose levels majorly contributed by insulin resistance (IR) (Westman, 2021). Pathophysiology of IR is generally initiated through the free fatty acids, oxidative stress and pro-inflammatory cytokines and thus it contributed to a global prevalence of 10.5% (536.6 million people) in 2021 (Yan et al., 2022). According to the International Diabetes Federation Diabetes Atlas (IDFDA), the prevalence of T2DM is projected to reach its highest point by 2045, affecting approximately 10.90% of the global population, which corresponds to around 700 million individuals (Saeedi et al., 2019). Consequently, 60% of people with diabetes live in Asia, in which Taiwan has a diabetes prevalence rate of 9.82% (Nanditha et al., 2016; Lin C. L. et al., 2022). Currently, diabetes management primarily relies on oral medications and insulin therapy (Widyahening et al., 2022), which may have limitations and side effects. Therefore, there is increasing interest in investigating plant-based natural products to control blood glucose levels and reduce the risk of diabetes-related complications (Usai et al., 2022).

“One meat, one vegetable, one mushroom” has become a new trend in health eating, leading to a steady increase in global mushroom production and cultivation area (Zhao, 2023). Pholiota nameko (T.Itô) S.Ito & S.Imai is an edible mushroom extensively cultivated in Asian countries, including China and Japan (Lin H. et al., 2022). P. nameko, commonly referred to as the ‘nameko mushroom,’ is generally categorized as a macrofungus. In addition to its delicious taste and nutritional value, P. nameko is believed to have various pharmacological activities, including antioxidant activities of polysaccharides, anti-inflammatory, and hypoglycemic effects (Chou et al., 2019). Emerging evidence from several studies indicates that certain types of edible mushrooms, particularly P. nameko, hold promise as natural remedies for both the prevention and treatment of diabetes. These findings highlight the potential of edible mushrooms as a valuable resource on T2DM treatment (Das et al., 2022). A study by Sung et al. revealed P. nameko antioxidant effects in H2O2-induced L929 cells, derived from mouse embryonic fibroblasts, implying its potential impact on wound healing through antioxidative properties (Sung et al., 2020). Moreover, significant antioxidant and antidiabetic properties of mushrooms may be primarily attributed to phenolic acids, such as 4-hydroxybenzoic acid (4-HBA) and cinnamic acid (CA) (Nowacka et al., 2014). Moreover, P. nameko contains the tumor-suppressive protein PNAP, inducing apoptosis via caspase-9 and caspase-3 pathways (Zhang et al., 2014). Additionally, P. nameko phosphorylated polysaccharides offer antioxidant and anti-inflammatory properties, suitable for incorporation into functional foods and pharmaceuticals (Zhang et al., 2022).

However, it is important to note that early research did not report the impact of P. nameko polyphenols on high-fat-induced glucose resistance in muscle cells (Das et al., 2022). Kuo et al. (2016) indicated that the primary active component, antcin K, a type of triterpenoid, in Antrodia camphorata exhibits antidiabetic effects primarily through the activation of the AMP-activated protein kinase (AMPK) pathway, leading to an increase in glucose transporter 4 (GLUT4) protein expression in C2C12 cells. GLUT4 is primarily expressed in skeletal muscle either through the AMP-activated protein kinase (AMPK) signaling pathway or by facilitating insulin-stimulated glucose uptake via the phosphoinositide-3-kinase/ protein kinase B (PI3K/Akt) cascade (Takazawa et al., 2008; Wong et al., 2020). Therefore, this study utilized alcohol and hot water extraction methods to screen for P. nameko extracts with high polyphenol content and strong free radical scavenging properties, which were then used as interventions in a cellular model of palmitate-induced insulin resistance in C2C12 cells to investigate their mechanisms in relation to GLUT4 protein expression and improvement of glucose utilization.



Methods


Preparation of Pholiota nameko extracts

P. nameko edible mushrooms were purchased from Fengnian Farm in Nantou County, Taiwan during October 2021. According to supplier, these edible mushrooms were cultivated at room temperature with 85% humidity. The mushroom strain originated from the bioresource collection and research center (BCRC) in Hsinchu, with the identification number MU30518.

The extraction of P. nameko was carried out using two approaches: (1) alcohol extraction and (2) hot water extraction. The alcohol extraction method was performed based on our previous study (Shyur et al., 2021) with minor modifications. Briefly, P. nameko mushroom (10 g) was subjected to liquid nitrogen treatment to facilitate the powder formation process. The powdered sample was then mixed with 300 mL of ethanol and incubated for 12 h. The reaction mixture was subsequently centrifuged under reduced pressure to obtain a total volume of 30 mL. The resulting mixture was freeze-dried and labelled as P. nameko ethanol extract (PN-EE). In second step, a bilayer extraction process was carried out by dissolving freeze dried PN-EE with 10 mL of ethyl acetate. The upper layer was separated and labelled as P. nameko ethyl acetate extract (PN-EA), while the bottom layer was labelled as P. nameko water layer (PN-EW). Additionally, all the samples were freeze dried to measure the final yield, which was found to be 14% for PN-EE, 2.8% for PN-EA, and 5.1% for PN-EW.

The hot water extraction of P. nameko was based on a modified method based on a published previously (Yang et al., 2020). The process involves weighing 10 g of dry P. nameko and adding it to 300 mL of deionized water, homogenizing, and then stirring at 80°C for 8 h. After cooling to room temperature and centrifugation, the P. nameko hot water extract (PN-HW) is obtained. Four times the volume of anhydrous ethanol is added to PN-HW, and the mixture is stirred at 4°C for 24 h to obtain the alcohol-soluble layer (P. nameko alcohol soluble, PN-HWA) and the alcohol-insoluble substance (P. nameko non-alcohol soluble, PN-HWNA). PN-HWNA is then washed three times with 80% ethanol solution, redissolved in deionized water, and proteins are removed using Sevag reagent (chloroform: n-butanol (v/v) = 4:1). The mixture is then dialyzed using a 3,500 Da dialysis bag and freeze-dried for use. The yields are 20.8% for PN-HW, 14.4% for PN-HWA, and 2.5% for PN-HWNA. The preparation of extracts from 6 different P. nameko samples is shown in Figure 1.
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FIGURE 1
 Preparation of 6 different P. nameko extracts.




Total phenolic content

Total phenolic content of six different PN extracts were determined according to Truong et al. (2007) with modification. Gallic acid was employed as a reference standard (20 to 100 mg/L). A sample (0.50 mL) was mixed with 0.5 mL of Folin–Ciocalteu reagent and 50 μL of 10% sodium bicarbonate. The mixture was incubated at room temperature for 1 h, after which optical density (OD) values were measured at 735 nm using a plate reader. The results were expressed as milligrams of gallic acid equivalent (GAE) per gram of dry weight (mg GAE/g DW). Gallic acid was used as a reference standard (20 to 100 mg/L).



UPLC analysis of 4-HBA and CA from Pholiota nameko extracts

Candidate phenolic compounds were identified via ultra-performance liquid chromatography (UPLC), following Jeong et al. (2020) protocol with minor adaptations. An UPLC system (Waters Corp., Milford, MA, United States) was utilized to analyze the six P. nameko extracts. Standard curves for 4-HBA and CA were generated, spanning concentrations from 100 to 0.8 μg/mL for 4-HBA and 25 to 0.2 μg/mL for CA, and stored at 20°C for subsequent use. Chromatographic separation was conducted on a BEH C18 column (2.1 × 100 mm, 1.7 μm), maintained at 40°C. The mobile phase comprised Solvent A (deionized water) and Solvent B (acetonitrile with 0.1% formic acid). The flow rate was set at 0.4 mL/min. The chromatographic process commenced with a 99% Solvent A gradient at 0 min. Between 0 and 5 min, the gradient transitioned from 99 to 70% Solvent A. From 5 to 6 min, it shifted from 70 to 40% Solvent A. Subsequently, between 6 and 7 min, the gradient decreased from 40 to 1% Solvent A. From 7 to 8.5 min, it increased from 1 to 99% Solvent A, concluding at 10 min by returning to the initial 99% Solvent A gradient. Absorption spectra were recorded using a PDA detector set at 280 nm. The peaks for 4-HBA and CA were identified based on their retention times and UV absorption spectral characteristics, which were compared with those of the standards and verified against the established standard curves.



In-vitro α, α-diphenyl-β-picrylhydrazyl (DPPH) activity

The free radical scavenging ability was determined following the methodology published previously (Shyur et al., 2021). Briefly, 200 μL of DPPH (0.5 mM in methanol) solution were added to the sample. The mixture was vigorously shaken and left to stand for 30 min at room temperature in the dark. Also, standard was implemented using ascorbic acid at a concentration of 0.078–10 mg/mL. The absorbance of sample was determined at 517 nm using a plate reader. The inhibition percentage of DPPH discoloration was calculated using the following scavenging effect (%) = (1 − ASample (517 nm)/AControl (517 nm)) × 100.



Preparation of palmitic acid-BSA inducer

Following Xiong et al.'s experimental method (Amine et al., 2021) with adjustments, a 10 mM sodium palmitate solution (Sigma Aldrich, St. Louis, USA) was prepared using deionized water (Sawada et al., 2012). The solution (10 mL) was dissolved by agitation in a 70°C water bath for 1 h. Subsequently, 10 mL of BSA (Sigma Aldrich, St. Louis, USA) containing 150 mM NaCl was gradually added and thoroughly mixed. This yielded the palmitic solution, which was filtered through a 0.45 μm sterile membrane and stored in brown Eppendorf tubes at −20°C for use within 2 weeks.



Differentiation of C2C12 cells, MTT assay, and glucose uptake assay

C2C12 cells were cultured in DMEM (Sigma Aldrich, St. Louis, USA) supplemented with 10% FBS, 100 units/mL penicillin, and 100 μg/mL streptomycin, maintaining the culture medium pH at 7.2–7.4. The cells were incubated in a CO2 incubator (NUAIRE, MN, USA) at 37°C with 5% CO2. To induce differentiation into myotubes, cells at 80% confluence were switched to high-glucose DMEM supplemented with 2% horse serum (Sigma Aldrich, St. Louis, USA) and 2 mmol/L glutamine. Following complete differentiation, cells were treated with or without 1 mM palmitate, 500 nM insulin, and varying concentrations of PN-HW extract (6.25–400 μg/mL) for cellular interventions.

MTT assays were conducted with C2C12 myoblasts in a 96-well plate at a density of 10,000 cells/mL. PN-HW extracts (6.25 to 400 μg/mL) were added to fresh medium, and the cells were incubated for 24 h at 37°C. Subsequently, 20 μL of MTT solution (5 mg/mL) was added per well and further incubated for 3 h at 37°C. Afterward, 100 μL of DMSO was added, and the absorbance was measured at 570 nm.

For the glucose uptake assay, intracellular glucose uptake was assessed after 24 h of intervention using a 96-well plate and the Glucose Assay Kit-WST (Dojindo, Kumamoto, Japan), following the method described by Ishii et al. (2022). Cell lysates from C2C12 cells, obtained following various concentrations of PN-HW treatment with or without insulin supplementation, were prepared using 0.1% Triton-X-100 (Sigma Aldrich, St. Louis, United States) (50 μL per well). These lysates were mixed with an equal volume of glucose working solution. Glucose served as the standard within a concentration range of 0.5–0.00785 mmol/L, with concentrations determined by measuring absorbance at 450 nm using an ELISA reader (VERSA Max, Molecular Devices, USA).



Western blotting

After 24 h of intervention, C2C12 cells were homogenized in a modified RIPA buffer (0.5 M Tris–HCl at pH 7.4, 1.5 M sodium chloride, 2.5% deoxycholic acid, 10% NP-40, and 10 mM EDTA) and 10% protease and phosphatase inhibitor cocktail. The homogenates were centrifuged at 10,000 x g at 4°C for 15 min, and the supernatants was measured to perform BCA protein quantification. Finally, the extracted protein was adjusted to a concentration of 2 mg/mL for further analysis. To perform the western blot analysis, 40 μg of protein were combined with 5 x SDS-PAGE loading buffer, which contained 200 mM Tris–Cl (pH 6.8), 400 mM DTT, 7.5% SDS, 0.4% bromophenol blue, and 40% glycerol. The mixture was then heated in water for 10 min to denature the samples. The denatured samples were subjected to 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis and subsequently transferred onto a polyvinylidene difluoride transfer membrane. To block the membrane, it was incubated with 1% BSA in Tris-buffered saline with 0.1% Tween® 20 Detergent (TBST) (Sigma Aldrich, St. Louis, USA) for 1 h, followed by three washes with TBST. The membrane was incubated overnight at 4°C with diluted primary antibodies against GLUT4 (1:1000, EMD Millipore Corp, United States) and β-actin (1:5000, Proteintech, USA). β-actin was used as a loading control to ensure equal protein amounts in each lane. Following three washes with TBST, the membrane was incubated with goat anti-rabbit IgG or rabbit anti-goat IgG secondary antibodies for 1 h at room temperature. Following three times additional washes (10 min each), the binding of antibodies was detected using BCIP®/NBT tablet dissolved in deionized water. The band density was quantified using Bio-Rad Laboratories, Inc.’s Quantity One 1-D analysis software (Hercules, CA, United States).



Statistical analysis

Each experiment was conducted three times, and the results are presented as mean ± standard deviation (SD). Statistical analysis was performed using one-way ANOVA, followed by Tukey’s post-hoc test (version 19; SPSS Inc., Chicago, IL, USA). Differences were considered significant at a probability level of p < 0.05.




Results


Total phenolic content and DPPH-scavenging activity of PN extracts

Among the extracts, PN-HW exhibited the highest scavenging activity at a concentration of 50 μg/mL, with a value of 77.4 ± 1.1% (Figure 2). Following PN-HW, PN-HWA, PN-EW, PN-HWNA, and PN-EE demonstrated scavenging activities of 59.9 ± 2.1%, 58.8 ± 1.5%, 54.7 ± 2.7%, and 47.2 ± 1.5%, respectively. The total polyphenol content was found to be highest in the hot water extract PN-HW (9.34 ± 0.31 mg/g GAE), followed by PN-EW (8.59 ± 0.3 mg/g GAE), PN-HWNA (7.22 ± 0.12 mg/g GAE), PN-HWA (7.2 ± 0.17 g/mg GAE), PN-EE (5 ± 0.17 g/mg GAE), and lowest in PN-EA (0.07 ± 0.002 g/mg GAE).
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FIGURE 2
 Relationship between radical-scavenging activity (%) and total phenolic content of different P. nameko extracts. Data are presented as the mean ± standard deviation (SD) of three independent determinations. PN-EE; P. nameko ethanol extract, PN-EA; P. nameko acetate extract; PN-EW; P. nameko water extract, PN-HW; P. nameko hot water extract, PN-HWA; P. nameko alcohol soluble, PN-HWNA; P. nameko non-alcohol soluble, GAE; gallic acid equivalent, DW; dry weight.


WSP-EA displayed the lowest scavenging activity, measuring 17.0 ± 0.8%. Notably, the scavenging activity of PN-HW was approximately more than 4.5 times higher than that of PNEA illustrates the correlation between the total phenolic content and the free radical scavenging activity. The data reveals a significant positive correlation (R2 = 0.933, p < 0.001), indicating that an increase in the total phenolic content corresponds to a higher free radical scavenging activity.



Analysis of 4-HBA and CA in PN-extracts

The UPLC analysis results utilizing 4-HBA and CA as candidates indicated that PN-EE possessed the highest 4-HBA content among the various extracts (Table 1). In contrast, the CA content was notably higher in the PN-HW extract. Consequently, when evaluating the combined phenolic acid content, encompassing both 4-HBA and CA, PN-HW demonstrated superiority compared to the other PN extracts. The phenolic content of 4-HBA and CA in PNHW was determined to be 6.03 ± 0.26 mg/100 g DW.



TABLE 1 Polyphenolic compound (4-HBA and CA) content of P. nameko extractsa.
[image: Table1]



Cell viability

The MTT assay was employed to evaluate the viability of C2C12 myoblasts after being exposed to various treatments using different concentrations of PN-HW extract for 24 and 48 h (Figure 3). The findings indicated insignificant difference (p > 0.05) in myotubes among the different treatment groups. This suggests that the PN-HW extract exhibited no toxicity even at a concentration of 400 μg/mL when tested on C2C12 muscle cells. There were no morphological changes in the microscopic images of cells before MTT measurement (data not shown).

[image: Figure 3]

FIGURE 3
 C2C12 myotube viability assessed via the MTT assay following exposure to PN-HW 511 extract concentrations ranging from 6.25 to 400 μg/mL for 24 and 48 h at 37°C. Results are presented as mean ± standard deviation from ≥3 independent replicates, with error bars 513 indicating the standard deviation from the mean.




Glucose uptake assay

Our findings reveal that when C2C12 myotubes were treated with 1 mM palmitate for 24 h, it did not result in cell death (Figure 4A, No. 3–8), but significantly reduced glucose uptake (Figure 4B, No. 3). Furthermore, under conditions with palmitate but without insulin, the addition of different concentrations of PN-HW to C2C12 myotube cultures for 24 h did not increase intracellular glucose levels (data shown in Supplementary file 1). Interestingly, in the presence of insulin, PN-HW doses of 25 μg/mL significantly enhanced intracellular glucose content (Figure 4B, No. 5 and 6). However, higher concentrations of PN-HW resulted in a relative decrease in glucose uptake by C2C12 myotubes (Figure 4B, No. 7 and 8).

[image: Figure 4]

FIGURE 4
 (A) C2C12 myotube morphology at 100X magnification observed with an inverted 528 microscope under different treatments. (B) Glucose uptake in C2C12 myotubes exposed to 529 varying PN-HW extract concentrations. Initially, C2C12 cells were differentiated into 530 myotubes in high-glucose DMEM with 2% horse serum. Insulin resistance was induced by a 531 24-h treatment with 1 mM palmitate. Results are presented as mean ± standard deviation 532 from >3 independent replicates, with error bars indicating standard deviations. Different 533 lowercase letters (a and b) above each bar denote significant differences (p < 0.05).




Western blot analysis founding

In the protein expression analysis, we investigated whether PN-HW at different concentrations (ranging from 6.25 to 400 μg/mL) could enhance glucose uptake by inducing the expression of GLUT4 protein (Figure 5A). Our observations revealed that PN-HW doses of 25 μg/mL resulted in a slight increase in total GLUT4 protein expression in the presence of palmitate and insulin (Figure 5B, No. 6), consistent with the findings obtained from the glucose uptake assay (Figure 4B, No 6). However, they did not affect the phosphorylation of p-AMPK protein expression (Figure 5C). Additionally, we also observed that higher concentrations of PN-HW led to a reduction in GLUT4 protein expression in C2C12 myotubes, consistent with the results of the glucose uptake assay (Figure 4B, No. 7 and 8).

[image: Figure 5]

FIGURE 5
 The effects of P. nameko hot water extract (PN-HW) on insulin-stimulated GLUT4 expression and p-AMPK phosphorylation. (A) shows the Western blot analysis of GLUT4 and p-AMPK protein expression in C2C12 myotubes under different treatment conditions, including protein bands for total GLUT4, p-AMPK, and β-actin (as the loading control). (B) presents the quantitative analysis of GLUT4 protein expression normalized to β-actin (% of control), with statistically significant differences among treatment groups indicated by different lowercase letters (a, b, c), showing significant variation in GLUT4 levels (p < 0.05). (C) depicts the quantitative analysis of p-AMPK protein expression normalized to β-actin (% of control), demonstrating no significant differences in p-AMPK levels across treatment groups.





Discussion

In this study, we explored the potential antidiabetic effects of polyphenols derived from edible P. nameko mushrooms utilizing C2C12 myotubes. Our findings revealed that the PNHW extract exhibited the highest total phenolic content, particularly with respect to 4-HBA and CA, as well as superior free radical scavenging activity compared to the other five extracts. Additionally, it mitigated insulin resistance induced by palmitate by upregulating the expression of GLUT4 protein and enhancing glucose uptake in C2C12 cells in the presence of insulin.

In our study, we performed alcohol and hot water extractions to separate the alcohol- and water-soluble polyphenols (PN-EE, PN-EA, PN-EW, PN-HW, PN-HWA, and PN-HWNA). Among the six extracts, PN-HW demonstrated the highest yield of 20.8%. This finding suggests promising opportunities for cost-effective commercial applications, which aligns with the similar findings reported in previous research (Fogarasi et al., 2021).

In 2009, Barros, Dueñas et al. published a study analyzing wild mushrooms in Portugal, yielding results similar to ours, i.e., the present of HBA and CA polyphenolic compounds. The authors examined 16 species of wild mushrooms, conducting HPLC analysis on ten of them, which revealed the presence of 4-HBA. The content of 4-HBA ranged from 14.00 ± 0.77 to 238.7 ± 12.4 mg/kg DW among the different species. In contrast, only seven species were analyzed for CA, with content ranging from 8.72 ± 0.71 to 68.37 ± 11.32 mg/kg DW. Our findings align with this literature, demonstrating that the 4-HBA and CA contents of P. nameko mushrooms fall within the concentration range reported in their study (Barros et al., 2009). Extract from Cucurbita ficifolia, specifically 4-Hydroxybenzoic acid, has been shown to ameliorate hyperglycemia induced by STZ in mice and stimulate the expression of GLUT4 mRNA in C2C12 cells (Rosiles-Alanis et al., 2022). Cinnamon polyphenol polymers may function as antioxidants, augment insulin action, and hold potential benefits in the management of glucose intolerance and diabetes (Anderson et al., 2004). Tian et al. revealed that tea polyphenols and ferulic acid improve gut health and alleviate high-fat diet-induced obesity and metabolic inflammation. Tea polyphenols enhance short-chain fatty acid production, strengthen the intestinal barrier, and suppress inflammation, while ferulic acid increases beneficial bacteria, promotes tight junction protein expression, and reduces endotoxins and inflammatory cytokines, demonstrating potential for gut health and obesity management (Tian et al., 2024; Tian et al., 2022).

Based on these findings, subsequent experiments were conducted utilizing PN-HW extracts and C2C12 myotubes. C2C12 cells, being muscle cells, play a pivotal role in insulin stimulated glucose uptake after differentiation, a process regulated by the coordinated actions of GLUT4 and the AMPK phosphorylation cascade (Kuo et al., 2016). The glucose uptake assay conclusively demonstrates that PN-HW extract, administered at a concentration of 25 μg/mL, effectively enhances intracellular glucose utilization after PA-induced insulin resistance. In the presence of insulin, PN-HW can reverse this resistance phenomenon, leading to an increase in intracellular glucose uptake. These observations suggest that PN-HW’s bioactive constituents have the potential to ameliorate PA-induced impedance. However, it is noteworthy that PN-HW fails to enhance glucose absorption in muscle cells at higher doses (Figure 4, No. 7 and 8). This might be attributed to glucose feedback inhibition, which reduces glucose absorption as a regulatory mechanism to prevent excessive energy production or other undesirable biochemical reactions. This phenomenon is also reflected in the immunoblotting of GLUT4, and we can conclude that there is a consistent trend between glucose uptake (Figure 4, No. 5 to 8) and GLUT4 protein expression (Figure 5, No. 5 to 8).

The AMPK phosphorylation signaling pathway plays a pivotal role in regulating cellular glucose uptake in muscle cells (Kurth-Kraczek et al., 1999). Moreover, insulin can also augment glucose absorption by activating the PI3K/Akt pathway. A study by Kuo et al. (2016) demonstrated that triterpenoids in Antrodia camphorata can enhance the expression of GLUT4 and p-AMPK proteins in C2C12 myotube cells. The research findings by Yang et al. (2020) also demonstrated that the hypoglycemic and hypolipidemic effects of Armillariella tabescens mycelia are associated with the amelioration of insulin resistance through the inhibition of the TXNIP/NLRP3 inflammasome pathway and the activation of the AMPK pathway. Our protein immunoblotting results showed that exposure to PN-HW at concentrations of 6.25 and 25 μg/mL significantly increased the total GLUT4 protein expression by 37 and 53%, respectively, compared to the control group without the extract. However, there was no difference in the expression of phosphorylated p-AMPK protein. This suggests that the increased expression of GLU4 protein is more likely related to the PI3K/Akt signaling pathway.

Although our study has uncovered novel findings, we must acknowledge some limitations. Firstly, since we used UPLC to screen for polyphenolic compounds that alleviate insulin resistance, it’s possible that PN-HW contains other phenolic compounds or polysaccharides besides CA and 4-HBA, which may have anti-insulin activities. Additionally, not using pure 4-HBA and CA is a limitation. Future research will include comparative studies with purified compounds to further validate their functions. Secondly, we did not conduct follow-up experiments to verify the phosphorylation of insulin receptor substrates (IRS) or the PI3K/Akt signaling pathways. Lastly, considering the inconsistencies in p-AMPK results compared to published cell experiments, which could be due to different strains of edible mushrooms used, future research should consider using diabetic animal models or human trials with PN-HW to ascertain whether PN-HW truly has the potential to improve insulin resistance and regulate blood sugar.



Conclusion

Based on our investigation, the edible mushroom P. nameko emerges as a valuable source of polyphenols, including 4-HBA and CA, with the potential to mitigate palmitate-induced insulin resistance in C2C12 myotubes. Notably, the mushroom extract demonstrated both antioxidant properties and non-toxic characteristics. Furthermore, at doses of 25 μg/mL, it displayed potential efficacy in enhancing cellular glucose uptake. Although our cytological study did not observe any dose-dependent changes in p-AMPK protein expression with PN-HW extract in C2C12 myotubes, it can be inferred that PN-HW mushroom extract may enhance glucose absorption in muscle cells by ameliorating insulin resistance or improving insulin sensitivity. In summary, we can conclude that PN-HW extract yields favorable results in samples and exerts beneficial effects on insulin resistance in vitro, offering potential applications in diabetes management.
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