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Abstract

:

Diabetes mellitus is a complex illness in which the body does not create enough insulin to control blood glucose levels. Worldwide, this disease is life-threatening and requires low-cost, side-effect-free medicine. Due to adverse effects, many synthetic hypoglycemic medications for diabetes fail. Mushrooms are known to contain natural bioactive components that may be anti-diabetic; thus, scientists are now targeting them. Mushroom extracts, which improve immune function and fight cancer, are becoming more popular. Mushroom-derived functional foods and dietary supplements can delay the onset of potentially fatal diseases and help treat pre-existing conditions, which leads to the successful prevention and treatment of type 2 diabetes, which is restricted to the breakdown of complex polysaccharides by pancreatic-amylase and the suppression of intestinal-glucosidase. Many mushroom species are particularly helpful in lowering blood glucose levels and alleviating diabetes symptoms. Hypoglycaemic effects have been observed in investigations on Agaricussu brufescens, Agaricus bisporus, Cordyceps sinensis, Inonotus obliqus, Coprinus comatus, Ganoderma lucidum, Phellinus linteus, Pleurotus spp., Poria cocos, and Sparassis crispa. For diabetics, edible mushrooms are high in protein, vitamins, and minerals and low in fat and cholesterol. The study found that bioactive metabolites isolated from mushrooms, such as polysaccharides, proteins, dietary fibers, and many pharmacologically active compounds, as well as solvent extracts of mushrooms with unknown metabolites, have anti-diabetic potential in vivo and in vitro, though few are in clinical trials.
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1. Introduction


Human life expectancy rose to 50–60 years by the beginning of the twentieth century because of better medical, food, and sanitary conditions. However, it is predicted that by the twenty-first century, civilization will have a life expectancy of 80–90 years [1]. Nonetheless, the emergence of chronic inflammation and a reduction of immunological competence due to age contribute to neurological disorders, such as Alzheimer’s disease, dementia, Parkinson’s disease, atherosclerosis, diabetes, stroke, sarcopenia, and cancer [2].



Diabetes mellitus is a chronic metabolic disorder characterized by an excessive increase in glucose levels in the serum as a result of unbalanced insulin production and/or acuity to the hormone’s action on cellular receptor signaling. Modifications in glucose, lipid, and protein metabolism encompass these metabolic alterations. Hyperglycemia is the principal cause of most type 2 diabetes problems in individuals [3,4]. The suppression of complex polysaccharide breakdown by pancreatic α-amylase and limiting glucose absorption by blocking the intestinal α-glucosidase enzyme are two efficient techniques for type 2 diabetes treatment. Commercial medications for α-glucosidase inhibition in the treatment of diabetic illness include acarbose, miglitol, and voglibose [5]. Chronic inhibition of α-amylase and α-glucosidase may be beneficial in the treatment of type 2 diabetes and obesity [6,7]. As reversible inhibitors of α-glucosidase and α-amylase, the medications that are currently used to treat diabetic patients have adverse effects such as gastrointestinal disorders, meteorism, gas, bloating, and possibly even diarrhea [8].



Mushrooms have been used as food and medicine for a wide range of conditions for centuries. Although research is still in its infancy, culinary-medicinal mushrooms have shown promise as a potential treatment for a range of degenerative neurological disorders associated with aging, such as Parkinson’s and Alzheimer’s diseases [9]. Since ancient times, mushrooms have been included in the regular diets of many different cultures as a supplementary food item that is also high in nutrition [10]. Mushroom extracts contain fibers, proteins, polyphenols, lectins, alkaloids, and polysaccharides, all of which enhance their effectiveness [11,12,13]. As a result of clinical investigations, mushrooms have already proven themselves as a possible source of medications for both communicable and noncommunicable disorders. They also include a variety of unique secondary metabolites, polysaccharides, vital minerals, proteins, and vitamins, which supplement the primary diet in routine life [14,15,16]. Yet, only 10% of the world’s current mushroom species have been described by scientists, and just 1% of them have been used for therapeutic purposes. In this context, mushrooms appear to be a natural resource that has been underutilized to a significant extent, and their potential therapeutic use deserves scientific inquiry in the pursuit of new drugs [17].



It is believed that mushrooms possess qualities that protect against cancer, genotoxicity, oxidative stress, inflammation, high cholesterol levels, platelet aggregation, high blood pressure, immunological suppression, high glucose levels, and bacterial growth [18,19,20]. As both a functional food and a dietary supplement, mushrooms have the potential to help in the treatment of pre-existing health issues and the prevention of the development of potentially fatal [21] diseases. The nutritional and/or medicinal benefits of mushrooms, as well as their pharmacological effects, are improved by a balanced diet that includes mushrooms [10]. The term “mushroom” denotes the edible and medicinal fruiting body of a higher fungus.



Medicinal mushrooms and their active ingredients, including polysaccharides and their protein complexes, dietary fiber, and other compounds extracted from cultured mycelium, fruiting bodies, or broth, have been reported to have anti-hyperglycemic activity. These compounds exhibit anti-diabetic activity through various mechanisms [22]. Multiple mechanisms exist, both insulin-dependent and insulin-independent, in medicinal mushrooms for glucose control in diabetes, such as the inhibition of glucose absorption, increased insulin release, protection from beta-cell damage, improved antioxidant defenses, modulation of carbohydrate pathways, and reduced inflammation [23].



The main parts of the global mushroom industry are edible mushrooms, wild mushrooms, and medicinal mushrooms. The production of cultivated and edible mushrooms has increased more than 30-fold in the world since 1978. China is the leading producer of cultivated, edible mushrooms. Lentinus edodes is now the world’s leading cultivated edible mushroom, contributing to about 22% of the world’s supply. Lentinula and four other genera of mushrooms (Pleurotus, Auricularia, Agaricus, and Flammulina) account for 85% of the world’s total supply of cultivated edible mushrooms. On average, consumers now have access to about 5 kg of mushrooms per person per year. It is anticipated that mushroom consumption will increase on a per capita basis as more people become aware of the numerous health benefits associated with including mushrooms in their diet [24].



More and more research suggests that postmenopausal women who take anti-diabetic medications face an increased risk of fractures. It is anticipated that both longer drug use and higher dosages contribute to this risk. There is an increased risk of cardiovascular complications when taking anti-diabetic medicines, and these drugs also have hepatotoxicity. One of the most typical and severe diabetic consequences is nephropathy. A recent study suggests that there is a multifaceted interaction between the kidney and anti-diabetic drugs [25].



Wild edible mushrooms have higher levels of protein and vitamins, such as B vitamins, vitamin D, vitamin K, and, in some cases, vitamins A and C, as they possess unique natural chemical along with nutritional properties [26]. Moreover, mushrooms are low in fat and high in dietary fiber, nutraceuticals, and polysaccharides, all of which have been linked to improved health outcomes for a number of disorders. In addition to homoglucans (β-1, 3 glucan), heteroglycans, heterogalactans, and heteromannans, mushrooms also contain other structural polysaccharides. By inhibiting glucosidase, supporting the functions of glucose transporter 4, and lowering inflammatory markers, these polysaccharides and terpenoids (secondary metabolites) play a crucial role in glucose homeostasis and enhance insulin resistance and lipid metabolism [27,28].



The primary objective of this article is to make clear the function of mushrooms in the treatment of diabetes by investigating the potential bioactive compounds they contain, the pathophysiology of insulin resistance (IR), and the preventive mechanism of IR that can be accomplished with the help of mushrooms (Figure 1). In addition to this, some highlights have been presented on the nutraceutical potential as well as a functional meal based on mushrooms for the prevention and treatment of diabetes.




2. Mushroom Production Worldwide and Consumption


China, the United States of America, and the Netherlands are the three most important countries in terms of mushroom production; together, they are responsible for more than sixty percent of the total mushroom production around the globe. The whole mushroom production around the world is contributed to by China alone to the extent of 46 percent. The total amount of mushrooms produced in India comes to 1 lakh metric tons, which is equivalent to 3% of the world’s total production. China has the world’s highest consumption level per person, followed by the United States of America and other European nations, such as the Netherlands, Poland, France, and Spain (Figure 2).




3. Biological Activity of Mushrooms against Diabetes


Over 2000 edible mushrooms have been identified, with many of these mushrooms being consumed on a large scale due to their health benefits. The physiologically active substances, such as polysaccharides, produced throughout their development and proliferation are responsible for these health benefits. Homopolysaccharide glucan is one of the most physiologically active polysaccharides that are found in mushrooms. Mushroom fungal-glucans are polymers of D-glucose that are connected by (1, 3)-(1, 6) glycoside linkages. These bonds are hard to dissolve by pancreas-secreted enzymes [30]. It has been shown that polysaccharides derived from the mushrooms Pleurotus ostreatus, Schizophyllum commune, Grifola rondosea, Sclerotium rolfsii, Ganoderma lucidum, Lentinus edodes, and Hericium erunaceus have a therapeutic effect against metabolic syndrome, which is characterized by obesity, hypertension, and elevated blood sugar levels [31,32,33,34]. In the case of diabetes, the bioactive components (Figure 3) are significant in the analyses of anti-diabetic action, the level of increase in blood glucose, the scale of lipoproteins, the impact on immunity, the degree of insulin in the blood serum, the antioxidant consequence, the influence on the intestinal microbiota, fundamental changes in pancreas β-cells, and so on [30]. Some of the very frequently used and under high investigation of the nutraceutical developments worldwide.



3.1. Ganoderma lucidum (Lingzhi/Reishi)


It is a member of the Ganodermaceae family, which is well-known for its health benefits and lifespan. In China, it is known as ‘Ligzhi,’ while in Japan, it is known as ‘Reishi.’ Polysaccharides, β-glucans, organic germanium, phenols, lectins, steroids, lignins, mycins, amino acids, and vitamins are among its bioactive molecules [35,36]. Ganoderma is a gold-colored medicinal fungus [37]. Ganoderma lucidum is often mixed with Cordyceps sinensis, a fungus that is considered to boost G. lucidum’s efficacy [38].




3.2. Lentinus edodes (Shiitake Mushroom)


Lentinus edodes (Shiitake mushrooms) are frequently used as a treatment for the common cold, and this practice has a history that goes back hundreds of years. L. edodes is rich in a variety of important nutrients, including fiber, β-glucans, proteins, lipids, carbohydrates, minerals, vitamins B1, B2, and C, ergosterol, lectins, and lentinans [39]. Studies have shown that shiitake mushrooms can help protect pancreatic beta cells, boost insulin production, and lower blood glucose levels. When compared to normal rats, diabetic rats that had been streptozotocin-induced responded to an ex-polymer of L. edodes with decreased plasma glucose levels and increased insulin production [40].




3.3. Ophiocordyceps sinensis (Caterpillar fungus)


It was formerly known as Cordyceps sinensis and has been utilized as a medicinal fungus throughout history. It can only be found growing at high elevations in the Qinghai-Tibetan plateau, and it has become one of the most costly mushrooms used in eastern medicine due to high demand and declining yield. This mushroom can only be found in the presence of insect larvae, and it requires a rarefied atmosphere, mineral-rich soil, and low temperatures, making artificial production difficult. Cordyceps has a unique secondary metabolite profile, making it the world’s most expensive medicinal fungus [40]. Cordyceps sinensis has been proven to have hyperglycemic, anti-hypertensive, antioxidant, and cholesterol-lowering properties in animal, anti-atherosclerotic, and human trials [38].




3.4. Agaricus blazeimurill


Agaricus blazeimurill is native to Brazil but is also frequently cultivated in Japan. Historically, it was believed that this mushroom could reduce both physical and mental stress, boost the immune system, and assist in the management of diabetes, high cholesterol, and digestive issues. Ergosterols, lignins, and polysaccharides are the primary components that are responsible for its bioactivity. [41]. From both in vitro and in vivo investigations, polysaccharides, α-glucans, and β-glucans found in A. blazeimurill have been explored regarding their immune-modulatory and anti-mutagenic effects [40]. The polysaccharides present in this mushroom have been demonstrated to be useful in managing diabetes through processes such as (a) increasing plasma insulin and decreasing pancreatic glucagon; (b) Increasing insulin sensitivity and improving insulin resistance; (c) inhibiting the alpha-glucosidase enzyme; (d) increasing hepatic glycogen and sugar dysplasia; (e) increasing gluconeogenesis in peripheral tissues; (f) free radical scavenging and lipid peroxidation [42].




3.5. Grifola frondosa


It is often known as Maitake mushrooms and is popular in Korea, China, and Japan for its therapeutic benefits. Chinese people have consumed Maitake mushrooms for hundreds of years due to their delectable flavour. These mushrooms have anti-diabetic, immune-regulating, anti-tumor, and anti-hepatitis/HIV/AIDS properties [43]. They demonstrate the hypolipidemic activities of MT-α-glucan and hypolipidemic properties, as well as an influence on the immunological function of diabetic mice.




3.6. Pulmonarius pleurotus (Grey Oyster Mushroom)


This kind of mushroom is a good source of anti-diabetic nutrients. It is high in polysaccharides, vitamins, and minerals, as well as dietary fibres, and is a good source of vital amino acids. Due to their excellent nutritional content and flavour, oyster mushrooms are eaten globally. They can be grown at a wide range of temperatures and have a plethora of health benefits [44].




3.7. Panellus serotinus (Mukitake)


It is Japan’s most tasteful edible mushroom. This mushroom has been discovered to be very helpful for the liver and aids in the prevention of non-alcoholic fatty liver disease [45].




3.8. Auricularia auricular-judae (Jew’s Ear/Black Fungus)


Auricularia auricular-judae are farmed extensively in China, Taiwan, Indonesia, Malaysia, Thailand, and the Philippines [46]. Agaricus, Pleurotus, Lentinula, Auricularia, and Flammulina. The majority of Auricularia species are edible and have therapeutic benefits. Auricula polytricha (Woodear mushrooms) and A. auricula-judae (black fungus) have antitumor, anticoagulant, and cholesterol-lowering properties. Additionally, A. auricula-judae exhibited hypoglycemic properties [45] through enzymes including laccase, superoxide dismutase, glucose oxidase, and peroxidase; polysaccharides including D-glucans and glucuronoxylomannan; lectins, proteins, glycoproteins, polysaccharide-protein complexes, and lipopolysaccharides; metal chelating agents, alkaloids, sterols, terpenoids, and phenolic compounds [42]. These constituents were found to target a variety of aberrant carbohydrate metabolic pathways, resulting in a reduction in blood glucose and insulin levels in type 2 diabetics. Efforts are now being made to quantify these chemicals in order to determine their therapeutic use in diabetes and other diseases. We presented our findings based on the hypoglycemic chemicals found in a variety of edible mushroom species. After taking into account the possible bioactive substances, in vivo and in vitro research was performed, and the results are shown in Table 1.



Because edible mushrooms have a high concentration of many bioactive and nutraceutical components, their bioactive components may be able to help with a wide range of health problems. In the treatment of a variety of lifestyle disorders, such as cancer, diabetes, liver disease, and cardiovascular disease, these are thought to be quite beneficial [66]. In addition to this, the fact that they contain antioxidants and antimicrobial compounds makes it possible for them to have anti-aging, immune-modulatory, and antimicrobial effects.





4. In Vivo Preclinical Study


Natural substance drug therapy is increasingly being seen as a viable alternative to standard diabetic care. This is particularly true in long-term conditions when insulin production is inadequate or where insulin is not used properly. The genus Reishi is very promising concerning its anti-diabetic activity. The most active components of these mushrooms are polysaccharides and triterpenoids [36]. The polysaccharide isolated from the hot fruiting body G. lucidum is made up of these sugars in the following molar ratios: 0.793% rhamnose, 0.964% xylose, 2.944% fructose, 0.167% galactose, 0.3840% mannose, and 7.94% glucose. β-Glycosidic bonding holds it together. The powder, which was hazel in color, could be dissolved in water [67,68,69,70,71]. Zhang and Lin were able to determine the hypoglycemic impact of G. lucidum polysaccharides after giving single doses of 25, 50, and 100 mg/kg of aqueous G. lucidum extracts to fasted mice. At 3 and 6 h after extract administration, blood glucose levels decreased according to the dosage. As early as 1 h after delivery, Gl-PS at 100 mg/kg raised circulating insulin levels by stimulating Ca2+ influx into pancreatic-cells [67,72,73]. A further polysaccharide, composed of glucose, mannose, xylose, arabinose, galactose, and ribose in the following ratio: 68.45:15.87:4.71:4.08:3.78:3.11, was isolated from G. lucidum in 2012 [69,74]. For 7 days, Xiao studied the effects of G. lucidum polysaccharides at 50 and 100 mg/kg/day in mice with streptozotocin-induced diabetes. Serum glucose, insulin, and white adipose tissue in the epididymis all dropped dramatically throughout the fast. Lower amounts of glycogen phosphorylase (EC 2.4.1.1), fructose-1, 6-bisphosphatase (EC 3.1.3.11), phosphoenol-pyruvate carboxykinase (EC 4.1.1.49), and glucose-6-phosphatase (EC 3.1.3.9, G6Pase) mRNA were also seen in the liver [75].



Seto et al. [76] studied the effects of G. lucidum extract by feeding it to mice at 0.03 and 0.3 g of food per kg of body weight for 4 weeks. Phosphoenol-pyruvatecarboxy kinase levels, which are typically elevated in diabetic mice, were considerably lowered after the administration of the extract [67,76]. Glucose synthesis in the liver was decreased and hyperglycemia was prevented because Gl-PS also inhibits glycogen synthase (EC 2.4.1.11) [67].



Due to free radical capture and suppression of NF-KB activity, Gl-PS protects against alloxane-induced pancreatic islet damage in vitro and in vivo [69]. Low-molecular-weight polysaccharides have been demonstrated to have hypoglycemic effects via influencing the mRNA expression of Bax, iNOS, and Casp-3 and to affect the metabolism of an anti-apoptotic protein (Bcl-2) and the expression of PDX-1. Thus, they prevent pancreatic cells from undergoing apoptosis and set in motion the regenerative process inside the body [42,77,78].



The next β-heteropolysaccharide, F31, with a weight-average molecular weight of 15.9 kDa, was isolated from Gl-PS in 2017 [79]. F31 may work by lowering insulin resistance and increasing the epididymal fat-to-bandwidth ratio by activating AMP-activated protein kinase (EC 2.7.11.31, AMPK) [72,79,80,81]. By decreasing lymphocyte infiltration, enhancing insulin-mediated insulin sensing in beta cells, and reducing plasma glucose in lean diabetic mice, LZ-8 may play a significant role in type 2 diabetes. The immunomodulatory effects of LZ-8 have been well-established, and it is now generally accepted that it may be used to manage diabetes [42,78].



Hikino et al. [82] isolated ganoderan A (23 kDa) and ganoderan B (7.4 kDa) from G. lucidum; both of these peptidoglycans had hypoglycemic action. The fungus’ mycelia and spore pericarp both contribute to the production of these chemicals [72,82]. In their study, they showed that ganoderan B reduced blood sugar levels in alloxan-induced diabetic rats. In addition, this chemical was shown to elevate plasma insulin levels in both normal and glucose-induced mouse models. Hepatic glucose-6-phosphatase and glycogen synthase activities were lowered, resulting in a lower liver glycogen content. Glucose-6-phosphate dehydrogenase (G6PDH, EC 1.1.1.49) and glucose-6-phosphate isomerase (EC 2.7.1.11) activities were dramatically elevated [82]. In 1986, ganoderan C (5.8 kDa), a third compound of the same kind, was discovered, and it also exhibited hypoglycemic action in mice with type 1 diabetes [67,83].



FYGL, another macromolecular proteoglycan, was purified using Sephadex G75 column chromatography after being extracted with ethanol and then water [84]. With a molecular weight of 72.9 kDa, FYGL was made up of 0.08 mol of arabinose, 0.21 mol of galactose, 0.24 mol of rhamnose, and 0.47 mol of glucose [69]. It caused a dose-dependent rise in blood insulin levels and blocked the activity of protein tyrosine phosphatase 1B (PTP1B) in skeletal muscle cells. Researchers have shown that this substance helps reduce blood sugar and cholesterol levels [75,84].



Wound healing issues are a frequent and important consequence of diabetes, and they need attention in any discussion of the disease. The possibility of limb loss increases. Several experiments were undertaken in 2012 to test the hypothesis that the polysaccharides in G. lucidum might promote and speed up the healing process of wounds. In mice with diabetes caused by streptozotocin (STZ), adding polysaccharide enhanced the incidence of scarring by around 21 percentage. Furthermore, polysaccharides from G. lucidum also partly activated wound angiogenesis and reduced oxidative stress in the mitochondria by inhibiting manganese superoxide dismutase (MnSOD) activity and nitration, glutathione peroxidase (GPx) activity, and phosphorylation of the redox enzyme p66Shc [68].



Very little is known about the additive effects of G. lucidum polysaccharides. Liu et al. [85] conducted research on rats with HFD/STZ-induced type 2 diabetes. A mixture of inulin and polysaccharides extracted from G. lucidum, when taken orally, dramatically improved body weight and balanced food consumption by enhancing carbohydrate utilization. This occurred as a result of improved insulin sensitivity. Diabetic rats were likewise shown to have lower levels of glycogen in their bodies. Glycogen levels in the liver and skeletal muscle are a useful indirect measure of insulin action; therefore, this is noteworthy. The data obtained indicate that the synergistic effect of inulin and G. lucidum polysaccharides may increase gluconeogenesis and hence control glucose levels [85].



One of the insulin signaling routes is the PI3K/Akt pathway. The kinase class phosphoinositide 3-kinase (PI3K) is crucial to the metabolic effects of insulin. Therefore, glucose and lipid metabolism may be affected by PI3K failure. Protein kinase B (Akt), a directly active PI3K molecule, is required for insulin to carry out its numerous biological functions. Phosphorylated Akt may improve glucose absorption into cells by increasing the translocation of glucose transporter type 4 (GLUT4) to the plasma membrane. In addition, it may influence glycogen production by inhibiting the phosphorylation of glycogen synthase kinase 3β (GSK3). The combination of G. lucidum polysaccharides and inulin improved insulin sensitivity in diabetic rats, as shown by an up-regulation of PI3K/Akt pathway gene expression and protein synthesis and an increase in Akt phosphorylation compared to the inulin group [85].



The impacts of Agaricus blazei on the pancreas of rats with streptozotocin diabetes were studied by Niwa et al. [86]. After two months of daily oral feeding of powdered mushroom biomass, histological analysis of the islets of Langerhans revealed an increase in the mass of pancreatic β-cells [86].



Another study looked at the effects of a glycoprotein preparation from Agaricus bisporus on mice that had 70% of their pancreas removed. The medication triggered pancreatic cell regeneration, indicating that inducing islet-cell proliferation had a therapeutic benefit [87]. This study also examined how aqueous extracts of A. bisporus biomass affected rats with a streptozotocin-induced diabetes paradigm. Raising the cellularity of the pancreatic islets of Langerhans and their apparent colonization by β-cells had an unanticipated impact in addition to lowering hyperglycemia and considerably increasing insulin levels [88].



Sirtuins are a kind of histone deacetylase that regulates cellular metabolism and psychological adjustment, as well as cellular longevity [89,90]. Zhou et al. and D’Onofrio et al. [91,92] found that sirtuin 1 regulates eNOS, resulting in less hyperglycemia-induced endothelial dysfunction. Furthermore, sirtuin 6 loss causes an increase in the expression of the pro-inflammatory cytokines IL-1 and IL-6 [93]. EGT may be an efficient regulator of cellular oxidative stress, inflammation, and survival pathways in vascular cells, according to recent investigations in cultured EC and isolated small vessels. In rat PC12 cells, a neuronal cell model, EGT protected against protein carbonylation, ROS generation, and cell death caused by glucose plus methylglyoxal. Furthermore, EGT inhibited the expression of nuclear NF-B and lowered the levels of AGE and its receptor (RAGE), limiting mitochondrial apoptosis [94]. However, investigations in streptozotocin-induced diabetic pregnant mice found that EGT defended against the development of neural tube abnormalities, reducing the prevalence of embryo deformities. There were no variations in maternal plasma glucose levels; these benefits were attributed to its antioxidant properties [95].



Exopolysaccharides produced in the submerged culture of Tremella fuciformis in ob/ob mice were shown to have anti-diabetic properties [96]. Rushita et al. [97] investigated the hypoglycemic properties of a methanolic extract from Pleurotus citrinopileatus in rats with streptozotocin-induced type II diabetes. In comparison to the control group, those given a high dose of mushroom extract saw decreases in fasting blood glucose and serum catalase activity and increases in serum insulin. Mushrooms are a rich source of the polysaccharide glucan. It has been shown to restore pancreatic tissue function by increasing insulin production by β-cells, resulting in lowered blood glucose levels. Lectins isolated from Agaricus campestris and A. bisporus stimulated insulin release from islets of Langerhans in rat pancreatic tissues [98]. Pleurotus ostreatus ethanolic extract significantly decreased the blood glucose level in alloxan-induced diabetic mice. The blood levels of creatinine and urea were considerably lower in the treated groups. P. ostreatus has been shown to be beneficial in the production of therapeutic formulations for diabetes mellitus [99]. An overview of in vivo preclinical studies of the mushroom extracts is presented in Figure 4, and some mushroom polysaccharides with in vivo preclinical anti-diabetic potential and their brief mechanism of action are provided in the Supplementary File (Table S1, Supplementary Materials).




5. Clinical Significance of Mushrooms


Mushrooms have a long history of usage in Eastern medicine, which dates back to antiquity. In more recent times, mushrooms have been used for medicinal purposes in the modern world. The use of mushrooms and components derived from mushrooms in the management and cure of chronic illnesses has received a lot of attention in Westernized nations. This can be attributed to the growing interest in diets that are based more on plants than animal products. The highest concentration of the modified amino acid ergothioneine can be found in various types of edible mushrooms. It has been discovered that this substance can accumulate in almost all of the cells and tissues in the body, but it does so most frequently in cells and tissues that have been damaged by oxidative stress. [100]. The growing popularity of plant-based diets in Westernized nations has increased public awareness of the significance of mushrooms in the prevention and treatment of chronic illnesses [101].



Because obesity and food play such important roles in the development and management of type 2 diabetes, incorporating L-ergothioneine (EGT)-rich mushrooms into one’s diet, along with healthy eating habits, may be beneficial for people at risk of or with type 2 diabetes. The white button mushroom is widely farmed throughout Europe and North America, accounting for 35–45 percent of total global edible mushroom consumption [102]. According to retrospective research, consuming a typical serving of white button mushrooms (100 g, 3.2 mg EGT) daily for 16 weeks was associated with lower systemic oxidative stress and inflammation in people with pre-diabetes and two or more validated metabolic syndrome criteria. Serum EGT concentrations were increased 2-fold relative to baseline at the conclusion of the 16-week dietary intervention, which was related to a reduction in oxidative stress and inflammatory indicators. Advanced glycation end products (AGE) (carboxymethyl lysine, methylglyoxal derivatives) were reduced in blood, whereas oxygen radical absorbance capacity, a sign of antioxidant response, and adiponectin, an anti-inflammatory hormone, were increased [103].



EGT protected cells from high glucose-induced ROS generation, cell senescence, and decreased cell viability, according to D’Onofrio et al. [92]. Furthermore, studies of EC cytotoxicity in association with lower EGT levels in EC after high glucose exposure suggest that EGT may play a crucial role in EC cytotoxicity protection during hyperglycemia. Upregulation of sirtuins 1 and 6, which operate to downregulate the adapter protein p66Shc and the pro-inflammatory transcription factor NF-B, may be a mechanism by which EGT protects against glucose-induced EC senescence [92].



G. lucidum polysaccharides have been shown to have significant anti-diabetic potential in animal models; however, there is a lack of clinical evidence on their application in medicine. Polysaccharide fractions isolated from G. lucidum were included in a clinical investigation of ganopoly in 2004. It was administered to 71 persons with confirmed type 2 diabetes. Throughout the course of 12 weeks, they ingested 1800 mg of ganopoly three times a day. After 12 weeks of treatment with ganopoly, plasma glucose levels and glycosylated hemoglobin (HbA1C) levels decreased considerably [75,104]. Glucokinase, glucose-6-phosphatase, glucose-6-phosphate dehydrogenase, phosphoenol-pyruvate carboxykinase, fructose-1,6-bisphosphatase, phosphofructokinase, and glycogen synthase are all enzymes involved in the hepatic glucose metabolism pathway that is linked to the hypoglycemic effect of G. lucidum polysaccharides [42,78].



Monosaccharides, including glucose and fructose, are easily absorbed by the small intestine and transported into the bloodstream from digested dietary carbohydrates. The activity of β-glucosidase in the small intestine is related to oligosaccharide assimilation [105]. Several of Genoderma’s triterpenoids are potent inhibitors of this enzyme. Clinical trials of Ganoderma were conducted for a variety of illnesses, not only diabetes, because of its effective and potentially medicinal nature [38].



The impact of freeze-dried powders derived from the biomass of the edible fungi P. ostreatus and Pleurotus cystidiosus on healthy participants and persons with type 2 diabetes was studied. There was a decrease in blood glucose and a rise in insulin levels in diabetic individuals who took the medicine for a month. As per the study, the hypoglycemic effect is linked to an increase in glucokinase activity and insulin secretion stimulation, which results in higher glucose uptake by peripheral tissues and glycogen synthesis [106].



In Taiwan, a clinical experiment was carried out with 72 diabetic patients to see how well the mushroom Agaricus blazei worked as an anti-diabetic. Patients were also given gliclazide and metformin, plus a capsule with 500 mg of A. blazei three times a day. After 12 weeks, patients in this trial showed a significant reduction in insulin resistance, as measured by a drop in HOMAI IR scores [107]. Oral administration of P. ostreatus and P. cystidiosus at a dose of 50 mg/kg/body weight has been shown to increase serum insulin levels and decrease postprandial serum glucose levels in patients with type 2 diabetes [106]. Japanese type 2 diabetes patients were studied based on their dietary patterns, and the results showed that those who regularly ate mushrooms required less medication and led healthier lives [108]. From January 2009 to September 2010, the Bangladesh Institute of Research and Rehabilitation in Diabetes, Endocrine, and Metabolic Disorders (BIRDEM) ran a clinical trial with 200 g of P. ostreatus given to 73 diabetic housewives for a prolonged time of a year and found a significant lowering of glucose, total cholesterol, low-density lipoproteins, and blood pressure without negatively impacting the liver, kidney, or hemopoietic tissues [109]. Both G. lucidum and Ophiocordyceps sinensis are listed as among the safest drugs in the American Herbal Products Association’s Botanical Safety Handbook. Although there is a dearth of research on the optimal Ganoderma dosage, traditional Chinese medical practitioners have advocated for daily doses of 1.5–9 g of dried Ganoderma extract [38]. An overview of human clinical studies of the mushroom extracts is depicted in Figure 4.




6. The Preventive Mechanistic Approach of Mushrooms against Diabetes and Insulin Resistance


Polysaccharides, terpenoids, and vitamin D have a major role in controlling diabetes through many distinct mechanisms. A few mechanistic examples relevant to insulin resistance are the blood glucose-lowering effect, inhibition of glucose absorption, and maintenance of pancreatic ß cell activity [110], which is briefly described.



6.1. The Polysaccharide-Mediated Blood Glucose-Lowering Effect


A glycosidic linkage connects simple sugars or monosaccharides to form polysaccharides, a widespread biopolymer. Homopolysaccharides are straight or highly branched and made up of the same monosaccharide molecules as another homopolysaccharide, while heteropolysaccharides are made up of distinct monosaccharide units [111]. Mushrooms have been found to have high concentrations of β-D-glucans, especially β-glucan, a form of dietary fiber that has shown positive effects in combating type 2 diabetes [112]. Gene expression of glycogen synthase kinase (GSK-3 β), glycogen synthase (GS), and glucose transporter 4 (GLUT4) in the liver and muscle is regulated by mushroom extracts from Pleurotus species [49], Agaricus bisporus [54], Ganoderma lucidum [113], etc., leading to decreased blood glucose levels. As a result, GS kinase 3 beta (GSK-3 β) could be a negative regulator of GS mediated by insulin [114]. Polysaccharides prevent insulin resistance through multiple mechanisms, including down-regulating α-amylase and α-glucosidase activities and promoting PI3K/AKT pathways, which play a crucial role in maintaining normal glucose levels [110].




6.2. Pancreatic β Cell Activity Maintenance


Polysaccharides (β-D-glucan) found in mushrooms have been shown to have powerful immunological modulatory effects, including the suppression of NF-kB activity and the elimination of oxidative damage. Mushroom polysaccharides and other bioactive substances protect beta cells in the pancreas from apoptosis and reduce glucotoxicity [112]. Extracts of the mushrooms Pleurotus spp., A. bisporus, etc., have been shown to have a considerable impact on β-cell functionality and hence maintain β-cell proliferation [57].




6.3. Glucose Absorption Inhibition


Mushrooms contain water-soluble dietary fiber, which slows digestion and reduces the postprandial glucose spike [115,116]. Multiple studies have shown that mushrooms, particularly Pleurotus spp. [49], A. bisporus [54], and G. lucidum [59], significantly reduce blood glucose levels by delaying the body’s absorption of glucose [110].




6.4. Terpenoid-Mediated Blood Glucose-Lowering Effect


Blood sugar rises as enzymes such as α-glucosidase and α-amylase break down oligosaccharides into simpler sugars [117]. Terpenoids [118] found in mushrooms (Pleurotus spp., G. lucidum, etc.) are thought to have an α-glucosidase inhibitory activity, which prevents the formation of monosaccharide molecules and facilitates glycogen formation in the liver and muscle.




6.5. Mushroom-Based Vitamin D in Blood Glucose Regulations


Mushrooms are members of the fungi kingdom and, unlike plants, contain a lot of sterol ergosterol in their cell walls. Ergosterol in the mushroom cell wall is converted to pre-vitamin D2 and then thermally isomerized to ergocalciferol, often known as vitamin D2, when exposed to sunlight [119]. Vitamin D, namely 1, 25-dihydroxyvitamin D, or 1, 5(OH) 2D, is crucial for maintaining healthy glucose levels. By acting both directly on β-cells and indirectly on other immune cells such as inflammatory macrophages, dendritic cells, and different types of T cells, it protects β-cells from damaging immunological responses [120]. Despite the availability of evidence, scientists are still unclear on the topic of vitamin D’s bioavailability in the treatment of diabetes [121]. However, new evidence from a randomized placebo-controlled experiment by Urbain et al. [122] demonstrates that vitamin D2 bioavailability in humans can be increased by eating UV-B-treated button mushrooms and that this effect is statistically indistinguishable from that of vitamin D2 supplementation [122].





7. Mushrooms as an Anti-Diabetic Functional Food


Mushrooms are nutrient-dense filamentous fungi with fruiting bodies that are high in protein and carbohydrates. They are also rich in minerals such as phosphorus, magnesium, selenium, copper, and potassium, as well as vitamins such as vitamin B and vitamin D and key amino acids that the body needs to operate properly [45,123]. Mushrooms have been used in human diets for a long time due to their possible health benefits, including their antibacterial, antioxidant, antiviral, anticancerous, and hypocholesterolemic effects [124]. Many types of mushrooms occur in nature, but only a handful are utilized and grown as foods [124]. Since high blood glucose levels are a sign of diabetes, diabetics must eat a healthy diet that helps them control their blood glucose. Despite their differences in look and flavor, all mushrooms share similar nutritional profiles that include minimal sugar and fat content, as well as high levels of minerals such as selenium and various vitamins B.



They may be regarded as a great dietary option for diabetic individuals (Figure 5) because of their low calorie content and low glycemic index. Mushrooms have therapeutic qualities because they contain a variety of secondary metabolites, including polysaccharides, alkaloids, antibiotics, lectins, lactones, terpenoids, and metal-chelating agents [125]. These secondary metabolites are bioactive molecules with high therapeutic potential. Bioactive compounds were traditionally derived primarily from field-cultivated mushrooms. This manufacturing method was and continues to be time-consuming and labor-intensive, with little control over the product’s quality and output of desired metabolites [126]. Although most mushroom components can be used medicinally, mycelia have far greater bioactivity than fruiting bodies and spores. Therefore, submerged mushroom mycelia cultivation is a promising technique for the effective large-scale synthesis of mycelia biomass and value-added secondary metabolites in a condensed space, in a shorter amount of time, and with less contamination [127]. Bioactive metabolites can be affected by a number of factors, including environmental conditions (oxygen concentration, pH, temperature, incubation time, etc.), medium composition (carbon source, nitrogen source, types of salts, special additives such as vegetative oils, and vitamins), and fermentation mode and methodology (agitated culture or static culture) [128]. The primary goal of optimizing culturing conditions is to accelerate mycelia development and increase secondary metabolite synthesis, specifically polysaccharides and triterpenoids, which are the most active components in mushrooms. [129]. This technique is applicable in practice because it can be used to generate the highly efficient production of numerous secondary metabolites by addressing the primary issues that affect the fermentation process and purification systems. Following a review of the available research on the anti-hyperglycemic effects of isolated compounds and extracts obtained from various mushroom species, it is possible to conclude that two types of chemicals are particularly important: terpenoids and polysaccharides.



As edible mushrooms have low cholesterol, fat, and carbohydrate content while being high in protein, mineral, and vitamin content, they are considered low-calorie meals for diabetics [130]. Mushrooms have been characterized as the finest sources of natural pharmaceuticals with anti-diabetic properties by Kaur et al. and Chaturvedi et al. [131,132]. These are recognized functional foods and are a substantial source of bioactive chemicals such as proteins, lipids, and polysaccharides, as well as metabolites with high therapeutic activity such as alkaloids, lectins, sterols, terpenoids, and phenolic components.




8. Challenges


For the significant establishment of mushroom-based prevention and treatment of diabetes, more research in the clinical field is needed, such as in vivo animal studies, in vitro enzyme inhibition assays (amylase, glucosidase, pancreatic lipase, and DPP4-dipeptidyl peptidase 4), human trials, pilot studies, and prospective and retrospective studies. The link between vitamin D and insulin resistance, as well as enzymatic assays and their potential influence, must be given special attention. Furthermore, without appropriate inquiry, reaching a judgment is difficult. As a result, clinical investigations should be expanded [116].



Furthermore, these mushroom-based medications are completely natural and inexpensive, making them accessible to the general public. Furthermore, many herbal therapies currently in use have not received a thorough scientific evaluation, and some of them have the potential to induce serious adverse consequences and major drug–drug interactions [133].



Specific criteria and precise recommendations for their use in hyperglycemia are, however, absent; this is likely owing to a lack of data on the efficacy of mushroom species on diabetes and a lack of a clear molecular mechanism to ensure their anti-diabetic potential. As a result, research into the precise molecular mechanism that can reveal their anti-diabetic potential is required. Animal studies have provided the most conclusive proof of medicinal mushrooms’ therapeutic properties [27].



More controlled human trials are needed, especially for long-term use. Long-term safety concerns about mushroom consumption, as well as their interactions with other medications, necessitate further explanation. As a result, further research into the aforementioned difficulties is required to justify the use of mushrooms and their compounds as potential medications or nutraceuticals for the management of diabetes. According to the data, there are still many locations where the variety and range have yet to be discovered, and new taxa could have physiologically viable metabolites with therapeutic activity for diabetes management. As a result, much mushroom study is needed, particularly for any natural substance that should always be converted into its appropriate dosage forms, such as tablets, capsules, or pellets, from a commercial standpoint. However, this section for mushrooms has received little attention. As a result, it is critical to look into the possibility of turning these mushrooms’ extracts into therapeutic goods. Of course, this would entail overcoming the obstacles connected with their formulation development so that they can be recognized as nutraceuticals and reach patients with diabetes and other metabolic illnesses at the bedside. The many studies and discussions on mushroom polysaccharides described and suggested that antioxidant-active mushroom polysaccharides should be explored further and that their development as therapeutic agents in the treatment of diabetes should be supported [134].




9. Future Prospects and Outlook


Bioactive compounds found in mushrooms have been shown to have a wide range of medicinal and pharmacological effects in animal and human models in in vitro and in vivo investigations. Other dietary fibers and saccharides help to prevent hypertension, hyperlipidemia, diabetes, and immunomodulatory disorders. The terpenoids and phenolic chemicals found in the mushroom protect the heart, liver, neurons, kidneys, and liver. India has 300–315 edible mushroom species (Basidiomycetes) and 357 genera worldwide, but only 39 mushroom species have been studied for their anti-diabetic properties. Bioprospecting novel taxa for anti-diabetic efficacy and biomolecule isolation requires further research. Lead bioactive compounds in clinical trials and research on cytotoxicity and drug action can help produce noble therapies from mushrooms to better the lifestyles of millions of people worldwide [135]. To tackle the concerns and obstacles associated with mushroom plantations, future mushroom research opportunities could include the development of new growing technology and post-harvest processing procedures. In addition, more research investigations, including complete human clinical trials, are needed to better understand the mechanism and metabolic pathways of mushroom bioactive interactions and create useful data. To fully use the potential of mushrooms for the benefit of human health and life, more extensive research on unexplored wild edible variations and their production conditions is required.



Mushroom polysaccharides (β-glucans) restore pancreatic tissue function, increasing β-cell insulin production and reducing blood glucose. Medicinal mushrooms provide endless possibilities for developing new diabetic treatments. Nevertheless, several glucose metabolism systems have complex signaling pathways. The mechanism of action of these bioactive compounds needs more research and clinical studies.



In addition to nutritional and physiological benefits, mushroom growing has broader implications in terms of poverty alleviation, livelihood and employment prospects, environmental protection, and so on. The unique properties and biological functions of the different bioactives found in mushrooms (particularly polysaccharides, proteins, and antioxidant chemicals) have sparked a strong interest in their cultivation. Because these varieties thrive in naturalistic environments, local communities should be included in their commercial cultivation. To achieve equal economic growth and socioeconomic effects through mushroom production, appropriate regulations and processes must be implemented. To accomplish effective cultivation of mushrooms, research studies on the effect of growing circumstances, substrate content, and harvest timing on the phytochemical content and nutritional value of mushrooms must be carried out in detail. In addition, further research is needed to completely comprehend the mechanism and metabolic pathways by which mushroom bioactives exert their pharmacological effects. Supplementary drugs are becoming increasingly popular among patients to manage their distress during and after treatment, in addition to standard medicines. There is little information on the cost and benefits of pharmacologic and non-pharmacologic treatments that are used as medicinal mushrooms.




10. Conclusions


There have been a number of studies on new ways to prevent diabetes or its complications, but it is still not clear how they can be used in real life. The potential medicinal benefits of edible mushrooms have been recognized for centuries, making them a fascinating target for the development of novel therapeutics. There are many cultures around the world that revere mushrooms for their medicinal and nutritional properties, and mushrooms are widely consumed as a result. Several pathophysiological pathways linked to the development of diabetes have been shown to be regulated by biologically active metabolites and components derived from edible mushrooms, demonstrating their glucose-controlling effects. Edible mushrooms have been studied for their potential to reduce hyperglycemia by looking into their antioxidant defenses, carbohydrate metabolism pathways, α-glucosidase and aldose reductase inhibitory activities, β-cell enhancement, and insulin-releasing activity. Potential therapeutic applications of mushrooms warrant further investigation, including pre-clinical and clinical studies, enzyme inhibition assays, human trials, pilot studies, and prospective and retrospective studies. Vitamin D and insulin resistance, considering its potential effect through an enzymatic assay, also require special attention. Furthermore, it is difficult to draw a conclusion without conducting extensive research. This is why it is crucial for clinical research to uncover more information. Based on the evidence we have, we can say that mushrooms are helpful and have a lot of potential to treat noncommunicable diseases such as diabetes.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules28062837/s1, Table S1: Mushroom Polysaccharides with in vivo preclinical anti-diabetic potential. References [136,137,138,139,140,141,142,143,144,145,146,147,148,149,150,151,152,153,154,155,156] are cited in the supplementary materials.





Author Contributions


M.Z.S., A.K.M., T.K.: writing the original draft; S.M.: prepared the figures, editing; B.S., V.K., P.K.M., J.P.: writing and editing; K.-H.B., Y.K.M.: writing and editing and supervision of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was partially supported by SERB-DST, Government of India through research grant no. SRG/2022/000641.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that support the findings of this study are available from the corresponding author upon reasonable request.




Acknowledgments


Yugal Kishore Mohanta and Jibanjyoti Panda are highly indebted and offer their sincere thanks to SERB-DST, Government of India, for partial support for the research facilities through research grant no. SRG/2022/000641.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Candore, G.; Balistreri, C.R.; Listì, F.; Grimaldi, M.P.; Vasto, S.; Colonna-Romano, G.; Franceschi, C.; Lio, D.; Caselli, G.; Caruso, C. Immunogenetics, Gender, and Longevity. Ann. N. Y. Acad. Sci. 2006, 1089, 516–537. [Google Scholar] [CrossRef] [PubMed]

	



Martorana, A.; Bulati, M.; Buffa, S.; Pellicanò, M.; Caruso, C.; Candore, G.; Colonna-Romano, G. Immunosenescence, Inflammation and Alzheimer’s Disease. Longev. Health 2012, 1, 8. [Google Scholar] [CrossRef] [PubMed]

	



Oritz, A.R.R.; Garcia, J.S.; Castillo, E.P.; Ramirez, A.G.; Villalobos, M.R.; Estrada, S.S. Alpha-Glucosidase Inhibitory Activity of the Methanolic Extract from Tournefortia Hartwegiana: An Anti-Hyperglycemic Agent. J. Ethnopharmacol. 2007, 109, 48–53. [Google Scholar]

	



Shobana, S.; Sreerama, Y.N.; Malleshi, N.G. Composition and Enzyme Inhibitory Properties of Finger Millet (Eleusine coracana L.) Seed Coat Phenolics: Mode of Inhibition of α-Glucosidase and Pancreatic Amylase. Food Chem. 2009, 115, 1268–1273. [Google Scholar] [CrossRef]

	



Saito, N.; Sakai, H.; Sekihara, H.; Yajima, Y. Effect of an α-Glucosidase Inhibitor (Voglibose), in Combinationwith Sulphonyl Urea, on Glycemic Control in Type 2 Diabetes Patients. J. Int. Med. Res. 1998, 26, 219–232. [Google Scholar] [CrossRef]

	



Melo, F.R.; Sales, M.P.; Pereira, L.S.; Bloch, C.J.R.; Franco, O.L.; Ary, M.B. α-Amylase Inhibitors from Cowpea Seeds. Protein Pept. Lett. 1999, 6, 385–390. [Google Scholar] [CrossRef]

	



Koike, D. Effect of a Wheat Amylase Inhibitor on Canine Carbohydrate Digestion, Gastrointestinal Function and Pancreatic Growth. Gastroenterology 2005, 108, 1221–1229. [Google Scholar] [CrossRef]

	



Fujisawa, T.; Ikegami, H.; Inoue, K.; Kawabata, Y.; Ogihara, T. Effect of Two α- Glucosidase Inhibitors, Voglibose and Acarbose, on Postprandial Hyperglycemia Correlates with Subjective Abdominal Symptoms. Metabolism 2005, 54, 387–390. [Google Scholar] [CrossRef]

	



Phan, C.W.; David, P.; Naidu, M.; Wong, K.H.; Sabaratnam, V. Therapeutic Potential of Culinary-Medicinal Mushrooms for the Management of Neurodegenerative Diseases: Diversity, Metabolite, and Mechanism. Crit. Rev. Biotechnol. 2015, 35, 355–368. [Google Scholar] [CrossRef]

	



Soković, M.; Ćirić, A.; Glamočlija, J.; Stojković, D. The Bioactive Properties of Mushrooms. In Wild Plants, Mushrooms and Nuts: Functional Food Properties and Applications; Ferreira, I.C.F.R., Morales, P., Barros, L., Eds.; John Wiley & Sons, Ltd.: Chichester, UK, 2016; pp. 83–122. [Google Scholar]

	



Popović, V.; Živković, J.; Davidović, S.; Stevanović, M.; Stojković, D. Mycotherapy of Cancer: An Update on Cytotoxic and Antitumor Activities of Mushrooms, Bioactive Principles and Molecular Mechanisms of Their Action. Curr. Top. Med. Chem. 2013, 13, 2791–2806. [Google Scholar] [CrossRef]

	



Mustafa, F.; Chopra, H.; Baig, A.A.; Avula, S.K.; Kumari, S. Edible Mushrooms as Novel Myco-Therapeutics: Effects on Lipid Level, Obesity and BMI. J. Fungi 2022, 8, 211. [Google Scholar] [CrossRef]

	



Chopra, H.; Mishra, A.K.; Baig, A.A.; Mohanta, T.K. Narrative Review: Bioactive Potential of Various Mushrooms as the Treasure of Versatile Therapeutic Natural Product. J. Fungi 2021, 7, 728. [Google Scholar] [CrossRef]

	



Wasser, S.P. Medicinal Mushrooms in Human Clinical Studies. Part I. Anticancer, Oncoimmunological, and Immunomodulatory Activities: A Review. Int. J. Med. Mushrooms 2017, 19, 279–317. [Google Scholar] [CrossRef]

	



Jeitler, M.; Michalsen, A.; Frings, D.; Hübner, M.; Fischer, M.; Koppold-Liebscher, D.A.; Murthy, V.; Kessler, C.S. Significance of Medicinal Mushrooms in Integrative Oncology: A Narrative Review. Front. Pharmacol. 2020, 11, 580656. [Google Scholar] [CrossRef]

	



Wang, Q.; Wang, F.; Xu, Z.; Ding, Z. Bioactive Mushroom Polysaccharides: A Review on Monosaccharide Composition, Biosynthesis and Regulation. Molecules 2017, 22, 955. [Google Scholar] [CrossRef]

	



Murphy, E.J.; Rezoagli, E.; Major, I.; Rowan, N.J.; Laffey, J.G. β-Glucan Metabolic and Immunomodulatory Properties and Potential for Clinical Application. J. Fungi 2020, 6, 356. [Google Scholar] [CrossRef]

	



Im, K.H.; Nguyen, T.K.; Choi, J.; Lee, T.S. In Vitro Antioxidant, Anti-Diabetes, Anti-Dementia, and Inflammation Inhibitory Effect of Trametes Pubescens Fruiting Body Extracts. Molecules 2016, 21, 639. [Google Scholar] [CrossRef]

	



Lindequist, U. The Merit of Medicinal Mushrooms from a Pharmaceutical Point of View. Int. J. Med. Mushrooms 2013, 15, 517–523. [Google Scholar] [CrossRef]

	



Paterson, R.R.; Lima, N. Biomedical Effects of Mushrooms with Emphasis on Pure Compounds. Biomed. J. 2014, 37, 357–368. [Google Scholar] [CrossRef]

	



Gałgowska, M.; Pietrzak-Fiećko, R. Evaluation of the Nutritional and Health Values of Selected Polish Mushrooms Considering Fatty Acid Profiles and Lipid Indices. Molecules 2022, 27, 6193. [Google Scholar] [CrossRef]

	



Huang, H.T.; Wang, S.-L.; Nguyen, V.B.; Kuo, Y.-H. Isolation and Identification of Potent Antidiabetic Compounds from Antrodia Cinnamomea—An Edible Taiwanese Mushroom. Molecules 2018, 23, 2864. [Google Scholar] [CrossRef] [PubMed]

	



Lo, H.C.; Wasser, S.P. Medicinal Mushrooms for Glycemic Control in Diabetes Mellitus: History, Current Status, Future Perspectives, and Unsolved Problems (Review). Int. J. Med. Mushrooms 2011, 13, 401–426. [Google Scholar] [CrossRef] [PubMed]

	



Royse, D.J.; Baars, J.; Tan, Q. Current Overview of Mushroom Production in the World. In Edible and Medicinal Mushrooms: Technology and Applications; John Wiley & Sons Ltd.: Hoboken, NJ, USA, 2017; pp. 5–13. [Google Scholar] [CrossRef]

	



Tsimihodimos, V.; Karanatsis, N.; Tzavela, E.; Elisaf, M. Antidiabetic Drugs and the Kidney. Curr. Pharm. Des. 2017, 23, 6310–6320. [Google Scholar] [CrossRef] [PubMed]

	



Liu, S.; Liu, H.; Li, J.; Wang, Y. Research Progress on Elements of Wild Edible Mushrooms. J. Fungi 2022, 8, 964. [Google Scholar] [CrossRef]

	



Das, A.; Chen, C.M.; Mu, S.C.; Yang, S.H.; Ju, Y.M.; Li, S.C. Medicinal Components in Edible Mushrooms on Diabetes Mellitus Treatment. Pharmaceutics 2022, 14, 436. [Google Scholar] [CrossRef]

	



Sivanesan, I.; Muthu, M.; Gopal, J.; Oh, J.-W. Mushroom Polysaccharide-Assisted Anticarcinogenic Mycotherapy: Reviewing Its Clinical Trials. Molecules 2022, 27, 4090. [Google Scholar] [CrossRef]

	



Rautela, I.; Arora, H.; Binjola, A.; Dheer, P. Potential and Nutrition Value of Mushroom and Its Cultivation; an Insight Review. Int. J. Eng. Sci. Comput. 2019, 9, 22574–22582. [Google Scholar]

	



Friedman, M. Mushroom Polysaccharides: Chemistry and Antiobesity, Antidiabetes, Anticancer, and Antibiotic Properties in Cells, Rodents, and Humans. Foods 2016, 5, 80. [Google Scholar] [CrossRef]

	



Su, C.H.; Lai, M.N.; Lin, C.C.; Ng, L.T. Comparative Characterization of Physicochemical Properties and Bioactivities of Polysaccharides from Selected Medicinal Mushrooms. Appl. Microbiol. Biotechnol. 2016, 100, 4385–4393. [Google Scholar] [CrossRef]

	



Kundakovic, T.; Kolundzic, M. Therapeutic Properties of Mushrooms in Managing Adverse Effects in the Metabolic Syndrome. Curr. Top. Med. Chem. 2013, 13, 2734–2744. [Google Scholar] [CrossRef]

	



Shamtsyan, M.; Antontceva, E.; Panchenko, A.; Petrishchev, N. Hyperlipidemic and Hypocholesterolic Action of Submerge Cultured Mushrooms. J. Hyg. Eng. Des. 2014, 7, 96–99. [Google Scholar]

	



Wasser, S.P. Medicinal Mushroom Science: Current Perspectives, Advances, Evidences, and Challenges. Biomed. J. 2014, 37, 345–356. [Google Scholar] [CrossRef]

	



Obodai, M.; Narh Mensah, D.L.; Fernandes, Â.; Kortei, N.K.; Dzomeku, M.; Teegarden, M.; Schwartz, S.J.; Barros, L.; Prempeh, J.; Takli, R.K.; et al. Chemical Characterization and Antioxidant Potential of Wild Ganoderma Species from Ghana. Molecules 2017, 22, 196. [Google Scholar] [CrossRef]

	



Wińska, K.; MacZka, W.; Gabryelska, K.; Grabarczyk, M. Mushrooms of the Genus Ganoderma Used to Treat Diabetes and Insulin Resistance. Molecules 2019, 24, 4075. [Google Scholar] [CrossRef]

	



Deepalakshmi, K.; Mirunalini, S. Therapeutic Properties and Current Medical Usage of Medicinal Mushroom: Ganoderma Lucidum. Inter. J. Pharm Sci Res. 2011, 2, 1922–1929. [Google Scholar]

	



Klupp, N.L.; Kiat, H.; Bensoussan, A.; Steiner, G.Z.; Chang, D.H. A Double-Blind, Randomised, Placebo-Controlled Trial of Ganoderma Lucidum for the Treatment of Cardiovascular Risk Factors of Metabolic Syndrome. Sci. Rep. 2016, 6, 29540. [Google Scholar] [CrossRef]

	



Li, J.; Cai, C.; Zheng, M.; Hao, J.; Wang, Y.; Hu, M.; Fan, L.; Yu, G. Alkaline Extraction, Structural Characterization, and Bioactivities of (1→6)-β-d-Glucan from Lentinus Edodes. Molecules 2019, 24, 1610. [Google Scholar] [CrossRef]

	



De Silva, D.D.; Rapior, S.; Hyde, K.D.; Bahkali, A.H. Medicinal Mushrooms in Prevention and Control of Diabetes Mellitus. Fungal Divers. 2012, 56, 1–29. [Google Scholar] [CrossRef]

	



Firenzuoli, F.; Gori, L.; Lombardo, G. The Medicinal Mushroom Agaricus Blazei Murrill: Review of Literature and Pharmaco-Toxicological Problems. Evid. Based Complement. Altern. Med. 2008, 5, 3–15. [Google Scholar] [CrossRef]

	



Vitak, T.; Yurkiv, B.; Wasser, S.; Nevo, E.; Sybirna, N. Effect of Medicinal Mushrooms on Blood Cells under Conditions of Diabetes Mellitus. World J. Diabetes 2017, 8, 187. [Google Scholar] [CrossRef]

	



Lei, H.; Guo, S.; Han, J.; Wang, Q.; Zhang, X.; Wu, W. Hypoglycemic and Hypolipidemic Activities of MT-α-Glucan and Its Effect on Immune Function of Diabetic Mice. Carbohydr. Polym. 2012, 89, 245–250. [Google Scholar] [CrossRef] [PubMed]

	



Khan, M.A.; Tania, M. Nutritional and Medicinal Importance of Pleurotus Mushrooms: An Overview. Food Rev. Int. 2012, 28, 313–329. [Google Scholar] [CrossRef]

	



Valverde, M.E.; Hernández-Pérez, T.; Paredes-López, O. Edible Mushrooms: Improving Human Health and Promoting Quality Life. Int. J. Microbiol. 2015, 2015, 376387. [Google Scholar] [CrossRef] [PubMed]

	



Royse, D.J. A Global Perspective on the High Five: Agaricus, Pleurotus. In Proceedings of the International Conference on Mushroom Biology and Mushroom Products, New Delhi, India, 19–22 November 2014; pp. 2010–2015. [Google Scholar]

	



Ogbole, O.O.; Nkumah, A.O.; Linus, A.U.; Falade, M.O. Molecular Identification, in Vivo and in Vitro Activities of Calvatia Gigantea (Macro-Fungus) as an Antidiabetic Agent. Mycology 2019, 10, 166–173. [Google Scholar] [CrossRef]

	



Gao, Z.; Kong, D.; Cai, W.; Zhang, J.; Jia, L. Characterization and Anti-Diabetic Nephropathic Ability of Mycelium Polysaccharides from Coprinus Comatus. Carbohydr. Polym. 2021, 251, 117081. [Google Scholar] [CrossRef]

	



Asrafuzzaman, M.; Rahman, M.M.; Mandal, M.; Marjuque, M.; Bhowmik, A.; Rokeya, B.; Hassan, Z.; Faruque, M.O. Oyster Mushroom Functions as an Anti-Hyperglycaemic through Phosphorylation of AMPK and Increased Expression of GLUT4 in Type 2 Diabetic Model Rats. J. Taibah Univ. Med. Sci. 2018, 13, 465–471. [Google Scholar] [CrossRef]

	



Ali Sangi, S.M.; Bawadekji, A.; Al Ali, M. Comparative Effects of Metformin, Pleurotus Ostreatus, Nigella Sativa, and Zingiber Officinale on the Streptozotocin-Induced Diabetes Mellitus in Rats. Pharmacogn. Mag. 2018, 14, 268–273. [Google Scholar] [CrossRef]

	



Xiao, Y.; Chen, L.; Fan, Y.; Yan, P.; Li, S.; Zhou, X. The Effect of Boletus Polysaccharides on Diabetic Hepatopathy in Rats. Chem. Biol. Interact. 2019, 308, 61–69. [Google Scholar] [CrossRef]

	



Xiao, C.; Jiao, C.; Xie, Y.; Ye, L.; Li, Q.; Wu, Q. Grifola Frondosa GF5000 Improves Insulin Resistance by Modulation the Composition of Gut Microbiota in Diabetic Rats. J. Funct. Foods 2021, 77, 104313. [Google Scholar] [CrossRef]

	



Patel, D.K.; Dutta, S.D.; Ganguly, K.; Cho, S.-J.; Lim, K.-T. Mushroom-Derived Bioactive Molecules as Immunotherapeutic Agents: A Review. Molecules 2021, 26, 1359. [Google Scholar] [CrossRef]

	



Ekowati, N.; Yuniati, N.I.; Hernayanti; Ratnaningtyas, N.I. Antidiabetic Potentials of Button Mushroom (Agaricus Bisporus) on Alloxan-Induced Diabetic Rats. Biosaintifika J. Biol. Biol. Educ. 2018, 10, 655–662. [Google Scholar] [CrossRef]

	



Blumfield, M.; Abbott, K.; Duve, E.; Cassettari, T.; Marshall, S.; Fayet-Moore, F. Examining the Health Effects and Bioactive Components in Agaricus Bisporus Mushrooms: A Scoping Review. J. Nutr. Biochem. 2020, 84, 108453. [Google Scholar] [CrossRef]

	



Wu, H.; Chen, J.; Li, J.; Liu, Y.; Park, H.J.; Yang, L. Recent Advances on Bioactive Ingredients of Morchella Esculenta. Appl. Biochem. Biotechnol. 2021, 193, 4197–4213. [Google Scholar] [CrossRef]

	



Zhang, C.; Li, J.; Hu, C.; Wang, J.; Zhang, J.; Ren, Z.; Song, X.; Jia, L. Antihyperglycaemic and Organic Protective Effects on Pancreas, Liver and Kidney by Polysaccharides from Hericium Erinaceus SG-02 in Streptozotocin-Induced Diabetic Mice. Sci. Rep. 2017, 7, 10847. [Google Scholar] [CrossRef]

	



Thongbai, B.; Rapior, S.; Hyde, K.D.; Wittstein, K.; Stadler, M. Hericium Erinaceus, an Amazing Medicinal Mushroom. Mycol. Prog. 2015, 14, 91. [Google Scholar] [CrossRef]

	



Huang, C.-H.; Lin, W.-K.; Chang, S.-H.; Tsai, G.-J. Evaluation of the Hypoglycaemic and Antioxidant Effects of Submerged Ganoderma Lucidum Cultures in Type 2 Diabetic Rats. Mycology 2020, 12, 82–93. [Google Scholar] [CrossRef]

	



Zeb, M.; Lee, C.H. Medicinal Properties and Bioactive Compounds from Wild Mushrooms Native to North America. Molecules 2021, 26, 251. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhang, H. Advances in the Extraction, Purification, Structural-Property Relationships and Bioactive Molecular Mechanism of Flammulina Velutipes Polysaccharides: A Review. Int. J. Biol. Macromol. 2021, 167, 528–538. [Google Scholar] [CrossRef]

	



Song, X.; Fua, H.; Chena, W. Effects of Flammulina Velutipes Polysaccharides on Quality Improvement of Fermented Milk and Antihyperlipidemic on Streptozotocin-Induced Mice. J. Funct. Foods 2021, 87, 104834. [Google Scholar] [CrossRef]

	



Rivera, O.A.; Albarracin, W.; Lares, M. Bioactive Components of Shiitake (Lentinula Edodes Berk. Pegler) and Its Impact on Health. Arch. Venez. Farmacol. Ter. 2017, 36, 67–71. [Google Scholar]

	



Laurino, L.F.; Viroel, F.J.M.; Caetano, E.; Spim, S.; Pickler, T.B.; Rosa-Castro, R.M.; Vasconcelos, E.A.; Jozala, A.F.; Hataka, A.; Grotto, D.; et al. Lentinus Edodes Exposure before and after Fetus Implantation: Materno-Fetal Development in Rats with Gestational Diabetes Mellitus. Nutrients 2019, 11, 2720. [Google Scholar] [CrossRef] [PubMed]

	



Ugbogu, E.A.; Akubugwo, E.I.; Ude, V.C.; Emmanuel, O.; Okomba, N.O.; Ibe, C.; Onyero, O. Safety Evaluation of an Aqueous Extract of Termitomyces Robustus (Agaricomycetes) in Wistar Rats. Int. J. Med. Mushrooms 2019, 21, 193–203. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, H.; Choudhary, N.; Varsha, N.; Kumar, S.; Seth, R. Phenolic Compounds and Their Health Benefits: A Review. J. Food Res. Technol. 2014, 2, 46–59. [Google Scholar]

	



Sirisidthi, K.; Kosai, P.; Jiraungkoorskul, W. Antidiabetic Activity of the Lingzhi or Reishi Medicinal Mushroom Ganoderma Lucidum: A Review. S. Afr. Pharm. J. 2016, 83, 45–47. [Google Scholar]

	



Tie, L.; Yang, H.Q.; An, Y.; Liu, S.Q.; Han, J.; Xu, Y.; Hu, M.; Li, W.D.; Chen, A.F.; Lin, Z.B.; et al. Ganoderma Lucidum Polysaccharide Accelerates Refractory Wound Healing by Inhibition of Mitochondrial Oxidative Stress in Type 1 Diabetes. Cell. Physiol. Biochem. 2012, 29, 583–594. [Google Scholar] [CrossRef]

	



Wang, P.C.; Zhao, S.; Yang, B.Y.; Wang, Q.H.; Kuang, H.X. Anti-Diabetic Polysaccharides from Natural Sources: A Review. Carbohydr. Polym. 2016, 148, 86–97. [Google Scholar] [CrossRef]

	



Zhang, H.N.; He, J.H.; Yuan, L.; Lin, Z. Bin In Vitro and in Vivo Protective Effect of Ganoderma Lucidum Polysaccharides on Alloxan-Induced Pancreatic Islets Damage. Life Sci. 2003, 73, 2307–2319. [Google Scholar] [CrossRef]

	



Zheng, J.; Yang, B.; Yu, Y.; Chen, Q.; Huang, T.; Li, D. Ganoderma Lucidum Polysaccharides Exert Anti-Hyperglycemic Effect on Streptozotocin-Induced Diabetic Rats Through Affecting & Beta Cells. Comb. Chem. High Throughput Screen. 2012, 15, 542–550. [Google Scholar] [CrossRef]

	



Zheng, Y.; Bai, L.; Zhou, Y.; Tong, R.; Zeng, M.; Li, X.; Shi, J. Polysaccharides from Chinese Herbal Medicine for Anti-Diabetes Recent Advances. Int. J. Biol. Macromol. 2019, 121, 1240–1253. [Google Scholar] [CrossRef]

	



Zhang, H.N.; Lin, Z. Bin Hypoglycemic Effect of Ganoderma Lucidum Polysaccharides. Acta Pharmacol. Sin. 2004, 25, 191–195. [Google Scholar]

	



Xiao, C.; Wu, Q.P.; Cai, W.; Tan, J.B.; Yang, X.B.; Zhang, J.M. Hypoglycemic Effects of Ganoderma Lucidum Polysaccharides in Type 2 Diabetic Mice. Arch. Pharm. Res. 2012, 35, 1793–1801. [Google Scholar] [CrossRef]

	



Ahmad, M.F. Ganoderma Lucidum: Persuasive Biologically Active Constituents and Their Health Endorsement. Biomed. Pharmacother. 2018, 107, 507–519. [Google Scholar] [CrossRef]

	



Seto, S.W.; Lam, T.Y.; Tam, H.L.; Au, A.L.S.; Chan, S.W.; Wu, J.H.; Yu, P.H.F.; Leung, G.P.H.; Ngai, S.M.; Yeung, J.H.K.; et al. Novel Hypoglycemic Effects of Ganoderma Lucidum Water-Extract in Obese/Diabetic (+db/+db) Mice. Phytomedicine 2009, 16, 426–436. [Google Scholar] [CrossRef]

	



Oliver-Krasinski, J.M.; Kasner, M.T.; Yang, J.; Crutchlow, M.F.; Rustgi, A.K.; Kaestner, K.H.; Stoffers, D.A. The Diabetes Gene Pdx1 Regulates the Transcriptional Network of Pancreatic Endocrine Progenitor Cells in Mice. J. Clin. Investig. 2009, 119, 1888–1898. [Google Scholar] [CrossRef]

	



Ma, H.T.; Hsieh, J.F.; Chen, S.T. Anti-Diabetic Effects of Ganoderma Lucidum. Phytochemistry 2015, 114, 109–113. [Google Scholar] [CrossRef]

	



Xiao, C.; Wu, Q.; Zhang, J.; Xie, Y.; Cai, W.; Tan, J. Antidiabetic Activity of Ganoderma Lucidum Polysaccharides F31 Down-Regulated Hepatic Glucose Regulatory Enzymes in Diabetic Mice. J. Ethnopharmacol. 2017, 196, 47–57. [Google Scholar] [CrossRef]

	



Arslan, M.; Rakha, A.; Khan, M.R.; Zou, X. Complementing the Dietary Fiber and Antioxidant Potential of Gluten Free Bread with Guava Pulp Powder. J. Food Meas. Charact. 2017, 11, 1959–1968. [Google Scholar] [CrossRef]

	



Xiao, C.; Wu, Q.; Xie, Y.; Tan, J.; Ding, Y.R.; Bai, L. Hypoglycemic Mechanisms of: Ganoderma Lucidum Polysaccharides F31 in Db/Db Mice via RNA-Seq and ITRAQ. Food Funct. 2018, 9, 6495–6507. [Google Scholar] [CrossRef]

	



Hikino, H.; Ishiyama, M.; Suzuki, Y.; Konno, C. Mechanisms of Hypoglycemic Activity of Ganoderan B: A Glycan of Ganoderma Lucidum Fruit Bodies. Planta Med. 1989, 55, 423–428. [Google Scholar] [CrossRef]

	



Tomoda, M.; Gonda, R.; Kasahara, Y.; Hikino, H. Glycan Structures of Ganoderans b and c, Hypoglycemic Glycans of Ganoderma Lucidum Fruit Bodies. Phytochemistry 1986, 25, 2817–2820. [Google Scholar] [CrossRef]

	



Teng, B.S.; Wang, C.D.; Zhang, D.; Wu, J.S.; Pan, D.; Pan, L.F.; Yang, H.J.; Zhou, P. Hypoglycemic Effect and Mechanism of a Proteoglycan from Ganoderma Lucidum on Streptozotocin-Induced Type 2 Diabetic Rats. Eur. Rev. Med. Pharmacol. Sci. 2012, 16, 166–175. [Google Scholar] [PubMed]

	



Liu, Y.; Li, Y.; Zhang, W.; Sun, M.; Zhang, Z. Hypoglycemic Effect of Inulin Combined with Ganoderma Lucidum Polysaccharides in T2DM Rats. J. Funct. Foods 2019, 55, 381–390. [Google Scholar] [CrossRef]

	



Niwa, A.; Tajiri, T.; Higashino, H. Ipomoea Batatas and Agarics Blazei Ameliorate Diabetic Disorders with Therapeutic Antioxidant Potential in Streptozotocin-Induced Diabetic Rats. J. Clin. Biochem. Nutr. 2011, 48, 194–202. [Google Scholar] [CrossRef]

	



Wang, Y.; Liu, Y.; Wang, H.; Li, C.; Qi, P.; Bao, J. Agaricus Bisporus Lectins Mediates Islet β-Cell Proliferation through Regulation of Cell Cycle Proteins. Exp. Biol. Med. 2012, 237, 287–296. [Google Scholar] [CrossRef] [PubMed]

	



Yamac, M.; Kanbak, G.; Zeytinoglu, M.; Senturk, H.; Bayramoglu, G.; Dokumacioglu, A.; Van Griensven, L. Pancreas Protective Effect of Button Mushroom Agaricus Bisporus (J.E. Lange) Imbach (Agaricomycetidae) Extract on Rats with Streptozotocin-Induced Dia Betes. Int. J. Med. Mushrooms 2010, 12, 379–389. [Google Scholar] [CrossRef]

	



Bonkowski, M.S.; Sinclair, D.A. Slowing Ageing by Design: The Rise of NAD+ and Sirtuin-Activating Compounds. Nat. Rev. Mol. Cell Biol. 2016, 17, 679–690. [Google Scholar] [CrossRef]

	



Sosnowska, B.; Mazidi, M.; Penson, P.; Gluba-Brzózka, A.; Rysz, J.; Banach, M. The Sirtuin Family Members SIRT1, SIRT3 and SIRT6: Their Role in Vascular Biology and Atherogenesis. Atherosclerosis 2017, 265, 275–282. [Google Scholar] [CrossRef]

	



Zhou, S.; Chen, H.Z.; Wan, Y.Z.; Zhang, Q.J.; Wei, Y.S.; Huang, S.; Liu, J.J.; Lu, Y.B.; Zhang, Z.Q.; Yang, R.F.; et al. Repression of P66Shc Expression by SIRT1 Contributes to the Prevention of Hyperglycemia-Induced Endothelial Dysfunction. Circ. Res. 2011, 109, 639–648. [Google Scholar] [CrossRef]

	



D’Onofrio, N.; Servillo, L.; Giovane, A.; Casale, R.; Vitiello, M.; Marfella, R.; Paolisso, G.; Balestrieri, M.L. Ergothioneine Oxidation in the Protection against High-Glucose Induced Endothelial Senescence: Involvement of SIRT1 and SIRT6. Free Radic. Biol. Med. 2016, 96, 211–222. [Google Scholar] [CrossRef]

	



Lappas, M. Anti-Inflammatory Properties of Sirtuin 6 in Human Umbilical Vein Endothelial Cells. Mediat. Inflamm. 2012, 2012, 597514. [Google Scholar] [CrossRef]

	



Song, T.Y.; Yang, N.C.; Chen, C.L.; Thi, T.L.V. Protective Effects and Possible Mechanisms of Ergothioneine and Hispidin against Methylglyoxal-Induced Injuries in Rat Pheochromocytoma Cells. Oxid. Med. Cell. Longev. 2017, 2017, 4824371. [Google Scholar] [CrossRef]

	



Guijarro, M.V.; Indart, A.; Aruoma, O.I.; Viana, M.; Bonet, B. Effects of Ergothioneine on Diabetic Embryopathy in Pregnant Rats. Food Chem. Toxicol. 2002, 40, 1751–1755. [Google Scholar] [CrossRef]

	



Cho, E.J.; Hwang, H.J.; Kim, S.W.; Oh, J.Y.; Baek, Y.M.; Choi, J.W.; Bae, S.H.; Yun, J.W. Hypoglycemic Effects of Exopolysaccharides Produced by Mycelial Cultures of Two Different Mushrooms Tremella Fuciformis and Phellinus Baumii in Ob/Ob Mice. Appl. Microbiol. Biotechnol. 2007, 75, 1257–1265. [Google Scholar] [CrossRef]

	



Rushita, S.; Vijayakumar, M.; Noorlidah, A.; Ameen Abdulla, M.; Vikineswary, S. Effect of Pleurotus Citrinopileatus on Blood Glucose, Insulin and Catalase of Streptozotocin-Induced Type 2 Diabetes Mellitus Rats. J. Anim. Plant Sci. 2013, 23, 1566–1571. [Google Scholar]

	



Ahmad, N.; Bansal, R.; Rastogi, A.K.; Kidwai, J.R. Effect of PHA-B Fraction of Agaricus Bisporus Lectin on Insulin Release and 45Ca2+ Uptake by Islets of Langerhans in Vitro. Acta Diabetol. Lat. 1984, 21, 63–70. [Google Scholar] [CrossRef]

	



Ravi, B.; Renitta, R.E.; Prabha, M.L.; Issac, R.; Naidu, S. Evaluation of Antidiabetic Potential of Oyster Mushroom (Pleurotus Ostreatus) in Alloxan-Induced Diabetic Mice. Immunopharmacol. Immunotoxicol. 2013, 35, 101–109. [Google Scholar] [CrossRef]

	



Lam-Sidun, D.; Peters, K.M.; Borradaile, N.M. Mushroom-Derived Medicine? Preclinical Studies Suggest Potential Benefits of Ergothioneine for Cardiometabolic Health. Int. J. Mol. Sci. 2021, 22, 3246. [Google Scholar] [CrossRef]

	



Roupas, P.; Keogh, J.; Noakes, M.; Margetts, C.; Taylor, P. The Role of Edible Mushrooms in Health: Evaluation of the Evidence. J. Funct. Foods 2012, 4, 687–709. [Google Scholar] [CrossRef]

	



Ramos, M.; Burgos, N.; Barnard, A.; Evans, G.; Preece, J.; Graz, M.; Ruthes, A.C.; Jiménez-Quero, A.; Martínez-Abad, A.; Vilaplana, F.; et al. Agaricus Bisporus and Its By-Products as a Source of Valuable Extracts and Bioactive Compounds. Food Chem. 2019, 292, 176–187. [Google Scholar] [CrossRef]

	



Calvo, M.S.; Mehrotra, A.; Beelman, R.B.; Nadkarni, G.; Wang, L.; Cai, W.; Goh, B.C.; Kalaras, M.D.; Uribarri, J. A Retrospective Study in Adults with Metabolic Syndrome: Diabetic Risk Factor Response to Daily Consumption of Agaricus Bisporus (White Button Mushrooms). Plant Foods Hum. Nutr. 2016, 71, 245–251. [Google Scholar] [CrossRef]

	



Gao, Y.; Chen, G.; Dai, X.; Ye, J.; Zhou, S. A Phase I/II Study of Ling Zhi Mushroom Ganoderma Lucidum (W.Curt.:Fr.) Lloyd (Aphyllophoromycetideae) Extract in Patients with Coronary Heart Disease. Int. J. Med. Mushrooms 2004, 6, 327–334. [Google Scholar] [CrossRef]

	



Ganesan, K.; Xu, B. Anti-Diabetic Effects and Mechanisms of Dietary Polysaccharides. Molecules 2019, 24, 2556. [Google Scholar] [CrossRef] [PubMed]

	



Banukie, N.; Jayasuriya, W.J.A.; Wanigatunge, C.A.; Fernando, G.H.; Abeytunga, D.T.U.; Suresh, T.S. Hypoglycaemic Activity of Culinary Pleurotus Ostreatus and P. Cystidiosus Mushrooms in Healthy Volunteers and Type 2 Diabetic Patients on Diet Control and the Possible Mechanisms of Action. Phyther. Res. 2015, 29, 303–309. [Google Scholar] [CrossRef]

	



Hsu, C.-H.; Liao, Y.-L.; Lin, S.-C.; Hwang, K.-C.; Chou, P. The Mushroom Agaricus Blazei Murill in Combination with Metformin and Gliclazide Improves Insulin Resistance in Type 2 Diabetes: A Randomized, Double-Blinded, and Placebo-Controlled Clinical Trial. J. Altern. Complement. Med. 2007, 13, 97–102. [Google Scholar] [CrossRef] [PubMed]

	



Osonoi, Y.; Mita, T.; Osonoi, T.; Saito, M.; Tamasawa, A.; Nakayama, S.; Someya, Y.; Ishida, H.; Kanazawa, A.; Gosho, M.; et al. Relationship between Dietary Patterns and Risk Factors for Cardiovascular Disease in Patients with Type 2 Diabetes Mellitus: A Cross-Sectional Study. Nutr. J. 2016, 15, 15. [Google Scholar] [CrossRef]

	



Sayeed, M.A.; Banu, A.; Khatun, K.; Khanam, P.A.; Begum, T.; Mahtab, H.; Haq, J.A. Effect of Edible Mushroom (Pleurotus Ostreatus) on Type-2 Diabetics. Ibrahim Med. Coll. J. 2015, 8, 6–11. [Google Scholar] [CrossRef]

	



Aramabasic, J.J.; Mihailović, M.; Uskoković, A.; Grdović, N.; Dinić, S.; Vidaković, M. The Effects of Major Mushroom Bioactive Compounds on Mechanisms That Control Blood Glucose Level. J. Fungi 2021, 7, 58. [Google Scholar] [CrossRef]

	



Grondin, J.M.; Tamura, K.; Déjean, G.; Abbott, D.W.; Brumer, H. Polysaccharide Utilization Loci: Fueling Microbial Communities. J. Bacteriol. 2017, 199, e00860-16. [Google Scholar] [CrossRef]

	



Dubey, S.K.; Chaturvedi, V.K.; Mishra, D.; Bajpeyee, A.; Tiwari, A.; Singh, M.P. Role of Edible Mushroom as a Potent Therapeutics for the Diabetes and Obesity. 3 Biotech 2019, 9, 450. [Google Scholar] [CrossRef]

	



Ratnaningtyas, N.I.; Hernayanti; Andarwanti, S.; Ekowati, N.; Purwanti, E.S.; Sukmawati, D. Effects of Ganoderma Lucidum Extract on Diabetic Rats. Biosaintifika J. Biol. Biol. Educ. 2018, 10, 642–647. [Google Scholar] [CrossRef]

	



Lin, X.; Brennan-Speranza, T.C.; Levinger, I.; Yeap, B.B. Undercarboxylated Osteocalcin: Experimental and Human Evidence for a Role in Glucose Homeostasis and Muscle Regulation of Insulin Sensitivity. Nutrients 2018, 10, 847. [Google Scholar] [CrossRef]

	



Zhang, L.; Hu, Y.; Duan, X.; Tang, T. Characterization and Antioxidant Activities of Polysaccharides from Thirteen Boletus Mushrooms. Int. J. Biol. Macromol. 2018, 113, 1–7. [Google Scholar] [CrossRef]

	



Khursheed, R.; Singh, S.K.; Wadhwa, S.; Gulati, M.; Awasthi, A. Therapeutic Potential of Mushrooms in Diabetes Mellitus: Role of Polysaccharides. Int. J. Biol. Macromol. 2020, 164, 1194–1205. [Google Scholar] [CrossRef]

	



Panigrahy, S.K.; Bhatt, R.; Kumar, A. Targeting Type II Diabetes with Plant Terpenes: The New and Promising Antidiabetic Therapeutics. Biologia 2020, 76, 241–254. [Google Scholar] [CrossRef]

	



Dasgupta, A.; Acharya, K. Mushrooms: An Emerging Resource for Therapeutic Terpenoids. 3 Biotech 2019, 9, 369. [Google Scholar] [CrossRef]

	



Cardwell, G.; Bornman, J.F.; James, A.P.; Black, L.J. A Review of Mushrooms as a Potential Source of Dietary Vitamin D. Nutrients 2018, 10, 1498. [Google Scholar] [CrossRef]

	



Sung, C.-C.; Liao, M.-T.; Lu, K.-C.; Wu, C.-C. Role of Vitamin D in Insulin Resistance. J. Biomed. Biotechnol. 2012, 2012, 634195. [Google Scholar] [CrossRef]

	



Al-Shoumer, K.A.; Al-Essa, T.M. Is There a Relationship between Vitamin D with Insulin Resistance and Diabetes Mellitus? World J. Diabetes 2015, 6, 1057–1064. [Google Scholar] [CrossRef]

	



Urbain, P.; Singler, F.; Ihorst, G. Bioavailability of Vitamin D2 from UV-B-Irradiated Button Mushrooms in Healthy Adults Deficient in Serum 25-Hydroxyvitamin D: A Randomized Controlled Trial. Eur. J. Clin. Nutr. 2011, 65, 965–971. [Google Scholar] [CrossRef]

	



Han, N.S.; Wan Ahmad, W.A.N.; Wan Ishak, W.R. Quality Characteristics of Pleurotus Sajor-Caju Powder: Study on Nutritional Compositions, Functional Properties and Storage Stability. Sains Malays. 2016, 45, 1617–1623. [Google Scholar]

	



Ho, L.-H.; Asyikeen Zulkifli, N.; Tan, T.-C. Edible Mushroom: Nutritional Properties, Potential Nutraceutical Values, and Its Utilisation in Food Product Development. In An Introduction to Mushroom; IntechOpen: London, UK, 2020. [Google Scholar] [CrossRef]

	



Rahi, D.K.; Malik, D. Diversity of Mushrooms and Their Metabolites of Nutraceutical and Therapeutic Significance. J. Mycol. 2016, 2016, 7654123. [Google Scholar] [CrossRef]

	



Zhong, J.-J.J.; Tang, Y.-J.J. Submerged Cultivation of Medicinal Mushrooms for Production of Valuable Bioactive Metabolites BT-Biomanufacturing. In Advances in Biochemical Engineering/Biotechnology; Zhong, J.-J., Ed.; Springer: Berlin/Heidelberg, Germany, 2004; Volume 87, pp. 25–59. ISBN 978-3-540-39998-8. [Google Scholar]

	



Zhong, J.J.; Xiao, J.H. Secondary Metabolites from Higher Fungi: Discovery, Bioactivity, and Bioproduction; Springer International Publishing: Berlin/Heidelberg, Germany, 2009; Volume 113. [Google Scholar]

	



Subhadip, M.; Banerjee, D. Fungal Exopolysaccharide: Production, Composition and Applications. Microbiol. Insights 2013, 6, 1–16. [Google Scholar]

	



Zhang, W.X.; Zhong, J.J. Effect of Oxygen Concentration in Gas Phase on Sporulation and Individual Ganoderic Acids Accumulation in Liquid Static Culture of Ganoderma Lucidum. J. Biosci. Bioeng. 2010, 109, 37–40. [Google Scholar] [CrossRef] [PubMed]

	



Cui, B.; Han, L.; Qu, J.; Lv, Y. Hypoglycemic Activity of Grifola Frondosa Rich in Vanadium. Biol. Trace Elem. Res. 2009, 131, 186–191. [Google Scholar] [CrossRef] [PubMed]

	



Kaur, A.; Dhingra, G.S.; Shri, R. Antidiabetic Potential of Mushrooms. Asian J. Pharm. Res. 2015, 5, 111–125. [Google Scholar]

	



Chaturvedi, V.K.; Dubey, S.K.; Singh, M.P. Antidiabetic Potential of Medicinal Mushrooms. Phytochem. Med. Plants 2020, 5, 137–158. [Google Scholar] [CrossRef]

	



Bharti, S.K.; Krishnan, S.; Kumar, A.; Kumar, A. Antidiabetic Phytoconstituents and Their Mode of Action on Metabolic Pathways. Ther. Adv. Endocrinol. Metab. 2018, 9, 81–100. [Google Scholar] [CrossRef]

	



Arunachalam, K.; Sreeja, P.S.; Yang, X. The Antioxidant Properties of Mushroom Polysaccharides Can Potentially Mitigate Oxidative Stress, Beta-Cell Dysfunction and Insulin Resistance. Front. Pharmacol. 2022, 13, 874474. [Google Scholar] [CrossRef]

	



Chowdhury, P.; Paul, S. The Potential Role of Mushrooms in The Prevention and Treatment of Diabetes: A Review. J. Biol. Act. Prod. Nat. 2020, 10, 429–454. [Google Scholar] [CrossRef]

	



Yang, B.-K.; Kim, D.-H.; Jeong, S.-C.; Das, S.; Choi, Y.-S.; Shin, J.-S.; Lee, S.-C.; Song, C.-H. Hypoglycemic effect of a Lentinus edodes exo-polymer produced from a submerged mycelial culture. Biosci. Biotechnol. Biochem. 2002, 66, 937–942. [Google Scholar] [CrossRef]

	



Lee, B.R.; Lee, Y.P.; Kim, D.W.; Song, H.Y.; Yoo, K.-Y.; Won, M.H.; Kang, T.-C.; Lee, K.J.; Kim, K.H.; Joo, J.H.; et al. Amelioration of streptozotocin-induced diabetes by Agrocybe chaxingu polysaccharide. Mol. Cells 2010, 29, 349–354. [Google Scholar] [CrossRef]

	



Yuan, Z.; He, P.; Takeuchi, H. Ameliorating effects of water-soluble polysaccharides from woody ear (Auricularia auricula-judae Quel.) in genetically diabetic KK-Ay mice. J. Nutr. Sci. Vitaminol. 1998, 44, 829–840. [Google Scholar] [CrossRef]

	



Liu, Y.; Sun, J.; Rao, S.; Su, Y.; Yang, Y. Antihyperglycemic, antihyperlipidemic and antioxidant activities of polysaccharides from Catathelasma ventricosum in streptozotocin-induced diabetic mice. Food Chem. Toxicol. Int. J. Publ. Br. Ind. Biol. Res. Assoc. 2013, 57, 39–45. [Google Scholar] [CrossRef]

	



Zhang, G.; Huang, Y.; Bian, Y.; Wong, J.H.; Ng, T.B.; Wang, H. Hypoglycemic activity of the fungi Cordyceps militaris, Cordyceps sinensis, Tricholoma mongolicum, and Omphalia lapidescens in streptozotocin-induced diabetic rats. Appl. Microbiol. Biotechnol. 2006, 72, 1152–1156. [Google Scholar] [CrossRef]

	



Kou, L.; Du, M.; Liu, P.; Zhang, B.; Zhang, Y.; Yang, P.; Shang, M.; Wang, X. Anti-diabetic and anti-nephritic activities of Grifola frondosa mycelium polysaccharides in diet-streptozotocin-induced diabetic rats via modulation on oxidative stress. Appl. Biochem. Biotechnol. 2019, 187, 310–322. [Google Scholar] [CrossRef]

	



Xiao, C.; Wu, Q.; Xie, Y.; Zhang, J.; Tan, J. Hypoglycemic effects of Grifola frondosa (Maitake) polysaccharides F2 and F3 through improvement of insulin resistance in diabetic rats. Food Funct. 2015, 6, 3567–3575. [Google Scholar] [CrossRef]

	



Jang, J.S.; Lee, J.S.; Lee, J.H.; Kwon, D.S.; Lee, K.E.; Lee, S.Y.; Hong, E.K. Hispidin produced from Phellinus linteus protects pancreatic beta-cells from damage by hydrogen peroxide. Arch. Pharm. Res. 2010, 33, 853–861. [Google Scholar] [CrossRef]

	



Zhao, C.; Liao, Z.; Wu, X.; Liu, Y.; Liu, X.; Lin, Z.; Huang, Y.; Liu, B. Isolation, purification, and structural features of a polysaccharide from Phellinus linteus and its hypoglycemic effect in alloxan-induced diabetic mice. J. Food Sci. 2014, 79, H1002-10. [Google Scholar] [CrossRef]

	



Zhao, H.; Lai, Q.; Zhang, J.; Huang, C.; Jia, L. Antioxidant and hypoglycemic effects of acidic-extractable polysaccharides from Cordyceps militaris on type 2 diabetes mice. Oxid. Med. Cell. Longev. 2018, 2018, 9150807. [Google Scholar] [CrossRef]

	



Wang, C.R.; Ng, T.B.; Li, L.; Fang, J.C.; Jiang, Y.; Wen, T.Y.; Qiao, W.T.; Li, N.; Liu, F. Isolation of a polysaccharide with antiproliferative, hypoglycemic, antioxidant and HIV-1 reverse transcriptase inhibitory activities from the fruiting bodies of the abalone mushroom Pleurotus abalonus. J. Pharm. Pharmacol. 2011, 63, 825–832. [Google Scholar] [CrossRef]

	



Hu, S.-H.; Wang, J.-C.; Lien, J.-L.; Liaw, E.-T.; Lee, M.-Y. Antihyperglycemic effect of polysaccharide from fermented broth of Pleurotus citrinopileatus. Appl. Microbiol. Biotechnol. 2006, 70, 107–113. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Meng, G.; Zhang, C.; Lin, L.; Xu, N.; Liu, M.; Cui, F.; Jia, L. The antioxidative effects of acidic-, alkalic-, and enzymatic-extractable mycelium zinc polysaccharides by Pleurotus djamor on liver and kidney of streptozocin-induced diabetic mice. BMC Complement. Altern. Med. 2015, 15, 440. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Zhang, L.; Liu, H.; Zhang, J.; Hu, C.; Jia, L. Antioxidation, anti-hyperglycaemia and renoprotective effects of extracellular polysaccharides from Pleurotus eryngii SI-04. Int. J. Biol. Macromol. 2018, 111, 219–228. [Google Scholar] [CrossRef] [PubMed]

	



Ganeshpurkar, A.; Kohli, S.; Rai, G. Antidiabetic potential of polysaccharides from the white oyster culinary-medicinal mushroom Pleurotus florida (higher Basidiomycetes). Int. J. Med. Mushrooms 2014, 16, 207–217. [Google Scholar] [CrossRef]

	



Zhang, Y.; Hu, T.; Zhou, H.; Zhang, Y.; Jin, G.; Yang, Y. Antidiabetic effect of polysaccharides from Pleurotus ostreatus in streptozotocin-induced diabetic rats. Int. J. Biol. Macromol. 2016, 83, 126–132. [Google Scholar] [CrossRef]

	



Kanagasabapathy, G.; Kuppusamy, U.R.; Abd Malek, S.N.; Abdulla, M.A.; Chua, K.-H.; Sabaratnam, V. Glucan-rich polysaccharides from Pleurotus sajor-caju (Fr.) Singer prevents glucose intolerance, insulin resistance and inflammation in C57BL/6J mice fed a high-fat diet. BMC Complement. Altern. Med. 2012, 12, 261. [Google Scholar] [CrossRef]

	



Kanagasabapathy, G.; Chua, K.H.; Malek, S.N.A.; Vikineswary, S.; Kuppusamy, U.R. AMP-activated protein kinase mediates insulin-like and lipo-mobilising effects of β-glucan-rich polysaccharides isolated from Pleurotus sajor-caju (Fr.), Singer mushroom, in 3T3-L1 cells. Food Chem. 2014, 145, 198–204. [Google Scholar] [CrossRef]

	



Huang, H.-Y.; Korivi, M.; Yang, H.-T.; Huang, C.-C.; Chaing, Y.-Y.; Tsai, Y.-C. Effect of Pleurotus tuber-regium polysaccharides supplementation on the progression of diabetes complications in obese-diabetic rats. Chin. J. Physiol. 2014, 57, 198–208. [Google Scholar] [CrossRef]

	



Lo, H.-C.; Tsai, F.-A.; Wasser, S.P.; Yang, J.-G.; Huang, B.-M. Effects of ingested fruiting bodies, submerged culture biomass, and acidic polysaccharide glucuronoxylomannan of Tremella mesenterica Retz.:Fr. on glycemic responses in normal and diabetic rats. Life Sci. 2006, 78, 1957–1966. [Google Scholar] [CrossRef]

	



Hong, L.; Xun, M.; Wutong, W. Anti-diabetic effect of an alpha-glucan from fruit body of maitake (Grifola frondosa) on KK-Ay mice. J. Pharm. Pharmacol. 2007, 59, 575–582. [Google Scholar] [CrossRef]








[image: Molecules 28 02837 g001 550] 





Figure 1. (a) Role of pancreases in glucose metabolism and maintenance of diabetes. (b) Comparative mechanism of different types of diabetes in the human body. (c) Different consequences of diabetes to the other organs and cellular systems. 
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Figure 2. International comparative data on the production of mushrooms both wild as well as cultivated in these countries mentioned in the graphs and their most appropriate utility in food and medicine [29]. 
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Figure 3. Bioactive compounds from mushrooms for potential nutraceuticals as well as medicinal uses: (A) Ganoderma lucidum (Lingzhi/Reishi); (B) Lentinus edodes; (C) Agaricusblazeimurill; (D) Grifolafrondosa; (E) Pulmonariuspleurotus. 
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Figure 4. Overview illustration of preclinical and clinical evaluation of edible mushrooms to be used as therapeutics to prevent and treat the diseases. 
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Figure 5. Involvement of mushroom polysaccharides in glucose homeostasis across multiple tissues and their anti-hyperglycemic 1effects Inhibition of glucose absorption; Enhancement of pancreatic β-cell mass; Increase in insulin signaling). 
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Table 1. Bioactive ingredients of edible mushrooms and their medicinal effect.
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	S. No.
	Name of the Species
	Secondary Metabolites
	Bioactivity
	References





	1
	Calvatia gigantea
	2-Pyrrolidinone, 1-Dodecene, ergosterol, hexadecane, benzeneacetic acid
	Anti-diabetic, antioxidant, anti-inflammatory
	[47]



	2
	Coprinus comatus
	Mycelium, polysaccharides
	Immunomodulatory, anti-diabetic, antioxidant, anti-cancer
	[48]



	3
	Pleurotusostreatus, P. pulmonarius, and P. fossulatus
	Terpenoids, heterocyclic amines, phenols, glucan, proteoglycan
	Anti-cholesterol, anti-cancer effects, anti-inflammatory, anti-diabetic
	[49,50]



	4
	Boletus edulis
	Tocopherol, quinic acid, hydroxy benzoic acid
	Antioxidant, anti-inflammatory, hypoglycemic
	[51]



	5
	Grifola frondosa
	Grifolan polysaccharide, D-fraction, MD-fraction, polysaccharide, galactomannan, heteroglycan
	Hypoglycemic, anti-inflammatory, anti-modulatory, anti-tumor
	[52,53]



	6
	Agaricus bisporus
	Pyrogallol, hydroxybenzoic acid derivatives glavonoid
	Anti-inflammatory, anti-diabetic
	[54,55]



	7
	Morchella esculenta
	Polysaccharides (mannose, galactose, and glucose), phenolic compounds
	Antioxidant, anti-inflammation, immunoregulation, hypoglycemic
	[56]



	8
	Hericium erinaceus
	4-chloro-3, 5-dimethoxybenzoic acid-O-arabitol ester, 2-hydroxymethyl-5-α-hydroxyethyl-γ-pyranone, 6-methyl-2,5-dihydroxymethyl-γ-pyranone, 4-chloro-3,5-dihydroxybenzaldehyde, 4-chloro-3,5-dihydroxybenzyl alcohol
	Immunomodulatory, hypoglycemic, antimicrobial
	[57,58]



	9
	Ganoderma lucidium
	Ganoderic acid, danoderiol, danderenic acid, lucidenic acid, Ganoderma leucidum

Polysaccharide
	Anti-diabetic, anti-inflammatory
	[53,59]



	10
	Lenzites betulina
	α-glucan, β-glucan, β-glucan protein, galacturonic acid
	Antioxidant, anti-hyperglycaemic, anti-inflammatory, anti-proliferative, antibacterial
	[60]



	11
	Flammulina velutipes
	Flammulinolide, enokipodin, proflamin and other polysaccharide
	Anti-tumor, anti-hypertension, antihypercholesterolemia, hypoglycemic
	[61,62]



	12
	Lentinula edodes
	Lentinan, eritadenina
	Anti-carcinogenic, antioxidant, hypocholesterolemic action
	[63,64]



	13
	Termitomyces robustus
	glutamyl-βphenylethylamine, tryptophan 1,4-hydroxyphenylacetic acid, hydroxyphenyl propionic acid and phenyllactic acid
	Hypoglycemic effect
	[65]
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