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Improved human material living standards have resulted in a continuous increase in the rate of obesity caused by excessive sugar intake. Consequently, the number of diabetic patients has skyrocketed, not only resulting in a global health problem but also causing huge medical pressure on the government. Limiting sugar intake is a serious problem in many countries worldwide. To this end, the market for sugar substitute products, such as artificial sweeteners and natural sugar substitutes (NSS), has begun to rapidly grow. In contrast to controversial artificial sweeteners, NSS, which are linked to health concepts, have received particular attention. This review focuses on the extraction technology and biomedical function of NSS, with a view of generating insights to improve extraction for its large-scale application. Further, we highlight research progress in the use of NSS as food for special medical purpose (FSMP) for patients.
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Introduction

Long-term excessive intake of sucrose seriously affects human health, due to its role in development of a series of chronic diseases, such as diabetes, obesity, renal damage (1) and chronic cardiovascular diseases (2). The World Health Organization (WHO) recommends that sugar intake should not exceed 10% of the total energy intake per day (3). There are currently about 425 million diabetics in the world, a figure that is expected to reach 625 million by 2045 (4). The realization that high-sugar diet predisposes consumers to various health risks has awakened their health consciousness, thus they now actively choose the formula of sugar substitute products. Sugar substitutes, including artificial sweeteners and NSS, have replaced sugar and glucose in food. Just like sucrose, they stimulate sweet receptors in the frontal part of the tongue, thereby making the human body to feel sweet (Figure 1) (5). In addition, they are characterized by a low glycemic index (GI) and low calories.


[image: Figure 1]
FIGURE 1
 Mechanism through which the human body feels sweetness. The front end of the tongue is the main area for sweet taste. Taste pores at the front of taste buds are mainly composed of type II taste receptor cells (TRCs), while the calcium homeostasis regulatory protein 1 (CALHM1) gene is specifically expressed only in type II taste sensing cells. The sweet substance binds to the sweet receptor T1R2–T1R3 dimer on TRCs, thereby activating the coupled G protein, then the phospholipase C β 2 (PLCβ2) is deactivated. PLCβ2 acts as a catalyst, participating in the decomposition of phosphatidylinositol diphosphate (PIP2) to produce inositol triphosphate (IP3), diacylglycerol (DAG) and H +. IP3 combines with inositol triphosphate receptor (IP3R) in the endoplasmic reticulum to promote release of Ca2+ in the endoplasmic reticulum. Ca2+ binds to TRPM5. The channel is opened to allow Na + to flow in, depolarize the membrane potential, promote the opening of CALHM1 channel, and the adenosine-triphosphate (ATP) outflow as a neurotransmitter transmits information to the synapse of taste afferent nerve. Finally, sweetness is produced in the cerebral cortex.


Common artificial sweeteners, such as saccharin, cyclamate, aspartame and sucralose, which have the advantages of high sweetness and low calorie, have been widely used as food additives for special consumer groups including diabetic and obese patients. The US Food and Drug Administration (FDA) that artificial sweeteners are safe when used within the acceptable daily intake (ADI) (6). Six artificial sweeteners have been approved by the FDA as food sweeteners (acetosulfonamide potassium, aspartame, saccharin, neotame, sucralose, and advantame) (Table 1) (12). Despite their popularity, chronic excessive consumption of artificial sweeteners may have several drawbacks: firstly, they have been shown to significantly damage the mechanism of interaction between intestinal bacteria and intestinal epithelial cells in a guasty-dependent way. This phenomenon was found to make Escherichia coli (E. coli) and Enterococcus faecalis harmless to the human body, even causing abdominal bloating and diarrhea, and in severe cases, sepsis and multiple organ failure (13). Secondly, studies have shown that long-term consumption of food containing artificial sweeteners affects microorganism composition in the intestinal tract, such as elevated Bacteroidetes and decreased number of Clostridium, which subsequently suppresses glucose tolerance and metabolic disorders in the long run, and even leads to development of diabetes and obesity (14). Thirdly, artificial sweeteners have a severe bitter taste, metallic taste, chemical taste and pungent taste, which is different from that of sucrose, thus does not conform to people's appealing sensory profile (15). Fourthly, consumption of artificial sweeteners has been associated with increased overall cancer risk (by 13%), including a 22% increase in breast cancer risk (16). Debras et al. (17) found that consumption of artificial sweeteners increased the risk of “obesity-related” cancers such as stomach, liver, colon and rectum by 15%. Lastly, artificial sweeteners can not only slow down the decomposition of sugar in the human body, but also interfere with the process of plant photosynthesis when discharged into the environment, which is a new type of environmental pollutant (Figure 2) (18).


TABLE 1 ADI and sweetness of artificial sweeteners.
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FIGURE 2
 Artificial sweeteners are harmful to human health and the environment. (A) Artificial sweeteners mediate a reduction in glucose tolerance and insulin resistance by altering the composition of human gut microbes. (B) Environmental hazards caused by artificial sweeteners. (C) Artificial sweeteners can increase biofilm formation in Enterococcus faecalis and E. coli, adhere to and invade the epithelial cells on the intestinal wall, and kill these cells. The sweeteners can easily pass through the intestinal wall, into the blood, and accumulate in the lymph nodes, liver and spleen, thereby causing secretion of some toxins, and predisposing the body to infections, sepsis and multiple organ failure. (D) Artificial sweeteners increase the risk of cancer.


On the contrary, NSS are appealing to consumers because they have been associated with a healthier lifestyle and unique health care features (Figure 3) (19). In fact, these sweeteners, such as stevia glycoside, mogroside V, glycyrrhizin, psicose and erythritol (Figure 4), not only have high sweetness levels, but also have no heat, don't directly participate in body metabolism, and are associated with a certain degree of positive biomedical function, including hypoglycemic, fat accumulation inhibition, anti-inflammation and prevention of dental caries. To combat these disease, researchers in most countries have used foods to develop different regimens for patients FSMP. Part of the treatments have involved use of specially processed formula foods, which meet the special needs of nutrition or diet for people with restricted eating, digestion and absorption disorders, as well as metabolic disorders and specific diseases (20). At present, some theoretical studies and programs have been designed for clinical practice. An example of these includes providing corresponding FSMP package combinations according to patients' disease conditions and objective indicators. Although special medical food is not a drug, it can only be used as an auxiliary drug therapy. However, numerous clinical studies have shown that it can significantly reduce postoperative complications, accelerate patient recovery, and improve the quality of life during the rehabilitation process (21). In order to improve the taste and flavor of FSMP, improve the food compliance of obese, diabetic and cardiovascular disease patients and meet their need for sweet taste. Here, we review the types of processes used for NSS extraction, and highlight their advantages and limitations. In addition, we discuss the biomedical function of NSS, with a view of revealing their great potential in FSMP.
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FIGURE 3
 The popularity of sugar substitutes. Range from very negative (left) to positive (right), Red for artificial sweeteners, green for NSS, and purple for sucrose. Adapted with permission from (15). Copyright 2020, WILEY.
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FIGURE 4
 Classification, structure and source of NSS.




Technologies employed in extraction of NSS

NSS, which include glycosides, sugar alcohols, ketose, sweet proteins and other bioactive substances, most of which belong to intracellular products of organisms or exist in the form of complexes, are mainly distributed in plants, microorganisms and algae. Notably, the NSS content is not only relatively low but is also difficult to directly separate and purify. The by-products of NSS can also affect the flavor and taste of the product, thus posing challenges to extraction techniques. In order to make NSS can be used in medicine, health food, cosmetics and other fields with high purity, low cost and large scale. Efficient extraction processes are imperative to quality processing of agricultural products. The currently used extraction procedures are as follows:


Solvent extraction method

Solvent extraction method utilizes the active ingredient in different solvents with varying levels of solubility. Generally, a specific solvent is selected to dissolve as many effective components as possible. The commonly used solvents include hot and cold water, acids, alkali and organic solutions. Solvent extraction technology uses low-threshold equipment, that require simple operation processes, with a low overall cost, and allow easy industrial production (22).

The solvent extraction method is affected by various factors, key among them the crushing degree, working temperature, concentration difference and extraction time of plants. Licorice is one of the oldest and most commonly used herbs in traditional Chinese medicine, whose extract glycyrrhizin has emerged as a new natural sugar substitute (23). For example, Shabkhiz et al. (24). employed hot water extraction technique to extract glycyrrhizic acid from licorice roots, then applied the response surface method to evaluate and optimize the extraction conditions. Next, the researchers studied the effects of operating conditions on average particle size (0.5 mm) and pressure (20 bars), then separated and identified the main component of glycyrrhizic acid via reversed phase high performance liquid chromatography. The optimal extraction conditions were as follows: temperature 100°C, extraction time 120 min, flow rate of 15 ml/min, the amount of glycyrrhizic acid obtained reached 54.760 mg/g. Similarly, researchers have employed the solvent extraction method for traditional extraction of stevia glycoside. However, the simple solvent extraction method is associated with several drawbacks, such as complicated extraction steps, low extraction efficiency, and difficulty to remove impurities in the product, all which negatively impact the quality of the extracted product (25). In addition, stevia glycoside concentrated powder can be treated by extraction, although the recovery efficiency for stevia glycoside is low when supercritical CO2 is used alone. Notably, the method has a very low recovery rate of stevia glycoside when extracting fruit powder for more than 90 mins or partially purified concentrate for more than 30 mins. In view of this, solvent extraction alone cannot efficiently meet the process requirements. Previous studies have shown that with a combination of solvent extraction with other separation technologies, such as ultrasound, microwave and membrane technology, NSS can be efficiently extracted and purified from natural plants (26, 27).



Ultrasonic extraction

This method makes use of ultrasonic cavitation to accelerate the release, diffusion and dissolution of intracellular effective substances, thus significantly improving the extraction efficiency (28). Notably, the method has various advantages, such as a short extraction time, simple operation and good repeatability, thus has been widely used for extraction of active ingredients from natural products. Apart from increasing extraction efficiency, high-power ultrasound confers additional effects, such as enzyme inhibition (29), crystallization control (30), microbial inactivation (31), as well as improved heat and mass transfer (32). Nowadays, ultrasonic technology is widely used to extract some thermally unstable active substances and foods that require low temperature processing (33).

Stevia glycoside is a new kind of natural sweetener extracted from stevia from Paraguay (34). For a long time, the solvent extraction method has been used for extraction of stevia glycosides, although the method not only produces low yields, but also the extracted products contain a lot of impurities. However, ultrasonic assisted extraction confers higher extraction efficiency, lower solvent consumption and shorter extraction time, and has also been widely regarded as an environmentally friendly extraction technology, compared to traditional methods (35). The application of ultrasonic, microwave and other emerging extraction methods for extraction of stevia glycoside has greatly improved the stevia glycoside industry. Husna et al. (35) used ultrasonic extraction method to extract stevia glycoside and reported the following optimum extraction parameters: distilled water as extraction solvent, ratio of stevia to solvent 4:30 (W/V), extraction time of 20 min, ultrasonic frequency of 20 kHz. Interestingly, the authors showed that removal of pigment impurities by SeparanAP30 and ADS-7 adsorption resin markedly improved purity of the stevia glycosides.

Previous studies have shown that solvents of deep eutectic solvent (DES), as a green alternative solvent extracted from natural active compounds, can further eliminate environmental pollution caused by ultrasonic-assisted method (36). Milani et al. (37) employed the DES-coupled ultrasonic method to extract stevia glycosides from stevia, and compared the ultrasonic-assisted extracted products with those from solvent extraction. They found that the DES-coupled ultrasonic method resulted in an almost three-fold increase in the amount of stevia glycosides relative to that obtained by solvent extraction.

Although ultrasonic extraction is a very effective method that has been used for large scale extraction of NSS, it has some shortcomings (33): failure to reach the specified ultrasonic power during the extraction process results in a very small ultrasonic effect which leads to low yield (38). In addition, it is difficult to match the power with the volume of the extraction tank. For example, when the extraction capacity is 6,000 L, the tank needs 120–180 kW ultrasonic output power, and when a high-frequency ultrasound is needed, the ultrasonic transducer cannot keep up with the capacity (39). Moreover, the equipment are costly and its routine maintenance may cause an economic burden on food manufacturers. Therefore, this method is only suitable for extracting high value-added NSS.



Enzyme-catalyzed extraction

Enzyme catalysis has been widely used in the field of human health, agriculture, industrial production and environmental protection (40–43). Conventional extraction of substances usually requires the use of high-temperature lysis or low-temperature flash-freezing, which could reduce the activity of the extract. Enzyme catalysis allows break down of substances into small molecules at room temperature, thereby allowing generation of extracts needed for bioengineering, in an efficient and energy-saving manner. In addition, only a handful of by-products are generated, due to the specificity of the enzyme-catalyzed reaction, which is suitable for NSS with requirements of high separation and purification efficiency (44). Furthermore, the enzyme's stereoisomeric transferability can initiate an interaction with only one isomer or one conformation of the substrate, which is incomparable to general chemical catalysts (45).

Monatin [4-hydroxy-4-(3)-indolylmethyl-glutamic acid] is a sweet amino acid naturally found in the root bark of the South African plant Scoreiton ilicifolius (46). Studies have shown that it can be formed by tryptophan deamination to generate 3-pyruvate indole, further condensation of 3-pyruvate indole and pyruvate to form 4R-IHOG (4-(indol-3-yl-methyl)-4-hydroxy-2-oxoglutarate), and finally L-amino acid and 4R-IHOG catalyzed by L-amino acid aminotransferase to form the final target product 2S, 4R-Monatin (47). The use of monatin as a sugar substitute has potential. Meanwhile, maltitol is already widely used as a food sweetener in the market. It can be made from starch through the hydrogenation of maltose or glucose syrup. A more efficient method involves direct degradation of starch into maltose-rich products by catalytic treatment with amylases, namely β-amylase, fungal α-amylase, maltose amylase and debranching enzymes (48).

Psicose, a six-carbon rare ketose with almost zero calories, is a differential isomer that corresponds to the third carbon of D-fructose, and an ideal sugar substitute natural sugar (49). To date, nothing is known regarding chemical preparation of psicose due to the complicated product purification steps involved, as well as serious chemical contamination and production of many miscellaneous by-products (50). Nevertheless, biotransformation methods are gradually becoming the main strategy for production of psicose, due to the advantages of single reaction and simple purification steps. For example, Izumori and coworkers provided the first report of psicose extraction from Pseudomonas cichorii, then subsequently cloned and expressed its biosynthetic gene into E. coli JMl09. Experimental results demonstrated that under the conditions of pH 7.0, 45°C, 60% D-fructose as substrate, catalyzed by D-tagglucose 3-diisoisomerase, the binding efficiency of the enzyme can reach 90%, and the conversion of aloxone can reach 25% (51). Besides, Yoshihara et al. (52) found that Arthrobacter globiformis M30, which is capable of expressing C-3 differential isomerase catalyzing the conversion of D-fructose and D-psicose, exhibited high thermal resistance with an optimum temperature of 70°C. Consequently, the C-3 differential isomerase is used to catalyze conversion of D-fructose and D-psicose, to release psicose as the final product. The emergence of such enzymes, which are characterized by high thermal stability, has greatly broadened the application scenarios of enzyme-catalyzed extraction technology.

In conclusion, enzyme catalysis is suitable for the extraction of substances that are easily decomposed and unstable in nature under high temperature. Previous studies have shown that the catalytic effect of different enzymes can allow efficient extraction of different active ingredients of the substances (53). However, the enzyme-catalyzed method has some disadvantages. Firstly, the method is prone to contamination by stray bacteria owing to the fact that most enzyme catalysis reactions are under mild conditions. Secondly, enzymes are expensive and the refining process is laborious, thus the entire process of extracting them is costly. Thirdly, the process is prone to enzyme degradation in the extraction environment which leads to low extraction efficiency, due to the fact that enzymes are proteins by nature (54), The reaction conditions are therefore markedly constrained, especially when the catalytic system contains inhibitors, which will largely weaken the catalytic activity of the enzyme. Finally, at present, enzyme catalysis can only work for a limited number of compounds. Encouragingly, continuous advancements in enzyme engineering has resulted in emergence of different types of enzymes with excellent stability and high catalytic efficiency. Interestingly, the range of applicable substrates is also expanding.



Membrane extraction method

Membrane extraction technology, which is based on selective permeability of membranes, entails the use of either natural or synthetic polymeric membranes to separate, classify, purify and enrich two- or multi-component solutes and solvents using external energy or chemical potential differences as the driving force. As a new method, this technology confers various advantages during extraction of NSS, energy saving, high single-stage separation efficiency, environmental protection, no phase change, and a simple filtration process, among others (55). At present, a variety of membrane separation and extraction processes, such as ultrafiltration (UF), nanofiltration, electrodialysis, pervaporation and gas separation have been developed (56–60). Firstly, processes for separation and purification of alkaloids are greatly constrained by various challenges, including high pollution, high energy consumption and low continuity. In the past, researchers used ceramic microfiltration membrane and organic UF membranes to separate alkaloids from broccoli and found that both membranes maintained good flux after cleaning with 1% sodium hypochlorite solution and pure water, respectively. This study provides a green method to extract alkaloids from natural products and has a good industrial application prospect (61). Secondly, numerous prebiotics fructo-oligosaccharides (FOS) exist in yacon, which not only have potential biological functions for human body, but can also be used as sugar substitutes. In a previous study, researchers concentrated and purified FOS from yacon using membrane technologies, such as UF, nanofiltration (NF) and percolation, and found that the content of talose was 50.89% while the purity of FOS was 19.75%. Therefore, UF combined with NF is a promising extraction technique, while adding filtration steps can also improve the purity of FOS (62). Thirdly, Castro et al. (25) evaluated the performance of pressure-driven membranes for the extraction of glycosides from stevia, and found that all membranes tested yielded recovery efficiencies above 90%. In addition, Montes et al. used a two-step ultrafiltration method to purify stevia glycoside from stevia aqueous extract, and found that this system effectively extracted up to 38 mg of product per 22 g of dried leaves. Therefore, membrane separation method can significantly improve the extraction rate and purity of stevia glycosides (63). At present, scholars have proved that membrane separation technology is efficient for extraction and purification of high-value molecules from natural resources. The increasing market demand for stevia glycoside also promotes the development of membrane separation (25). Fourthly, membrane separation technology has been used to extract juice from fruits and vegetables, due to its high efficiency and mild extraction environment. However, apart from destroying the sensory properties of the juice, this method also purifies the minerals, vitamins and other nutrients therein (64).

Although membrane treatment technology confers good selective filtration, it has some limitations. Firstly, starch, pectin and protein may cause serious membrane contamination, a phenomenon that is considered one of the main obstacles when using membrane separation methods for complex mixtures (57). Secondly, hydrophobic membranes can cause fouling, thereby resulting in higher maintenance costs and shorter service life. Thirdly, it is more difficult to separate isomers using this method (65). The rapid advancements in the field of materials science, have enabled optimization and upgrading of the cost and performance of membrane treatment technology. These are expected to expand the scope of application.



Improvement of extraction methods

In view of the shortcomings associated with the above extraction methods, we can try to combine multiple extraction methods (Figure 5). Firstly, solvent extraction, ultrasonic extraction and membrane separation techniques are combined: after solvent extraction, the substance usually contains residual solvent and requires further ultrasonic treatment and membrane filtration. In addition, ultrasonic wave can effectively reduce the phenomenon of film scaling (66). Meanwhile, studies have shown that addition of supercritical CO2 extraction can effectively clean the organic solvent pollution on the membrane. Secondly, ultrasonic extraction can be combined with microwave co-extraction technology (67). This combination, which makes full use of cavitation effect of ultrasonic vibration and high-energy effect of the microwave, enables one to overcome the deficiency of conventional ultrasonic and microwave extraction, thus allowing for fast, efficient and reliable processing of solid samples under low temperature and atmospheric pressure (68, 69). Thirdly, ultrasonic extraction can be combined with enzyme catalysis. Notably, this combination allows for significant reduction of extraction temperature, shortens the extraction time, saves solvent, improves the yield, and does not affect structure and physicochemical properties of the extract (70). Fourthly, during enzyme catalysis, immobilized enzyme exhibits better thermal stability, operational stability and organic solvent tolerance, while macroporous resin adsorption can enhance enzyme immobilization, relative to free enzyme (71). Finally, the product obtained by supercritical CO2 or microwave extraction can further improve product purity through resin adsorption (72–74). Notably, simultaneous addition of ultrasonic field mediates a reduction in extraction pressure and temperature, shortens the extraction time, effectively improves the yield of NSS, and does not need any flocculant and preservative, which fully meets the production requirements of food additives (75, 76). And ultrasonic assisted method reduces resin consumption and wastewater discharge, it is also a clean and environmentally friendly extraction method (77). Therefore, a combination of ultrasonic extraction with other emerging technologies goodie a potential future research and application direction. Studies have shown that a combination with pulsed electric field, ultraviolet or infrared radiation, centrifugal distribution chromatograph and other technologies can reduce the size of equipment, speed up the start-up speed, improve the output and optimize complex process steps (78). Deepening of research, coupled with the continuous optimization and upgrading of ultrasonic combined technology, are expected to provide a variety of efficient and low-cost means for the extraction of NSS. At the same time, this combination is expected to provide a technical guarantee for large-scale industrial production of NSS, suggesting that it has a broader application in food, medicine, chemical industries.


[image: Figure 5]
FIGURE 5
 Improved schematic diagram showing the extraction method.


Moreover, the current industrial production of most sugar alcohol is accomplished by chemical hydrogenation of corresponding monosaccharides and disaccharides, which has low production efficiency and is difficult to meet the needs of the expanding market (79). Nowadays, an increasing number of biotechnological fermentation methods have been investigated for the production of sugar alcohol. It can not only produce high purity NSS, such as monellin (80), thaumatin (81, 82), erythritol (83), mannitol, sorbitol and xylitol (84), but also reduce its separation difficulty and improve production efficiency, save production energy and reduce the technological difficulty of subsequent separation process. These processes are mainly achieved through biocatalysis that is aided by bacteria, fungi, yeast, as well as recombinant strains or immobilized enzyme systems. For instance, yeast can produce xylitol through the interconversion between xylose, xylitol and xylulose; Erythritol is produced by fermentation with a novel yeast, Clavispora lusitaniae JARR-1 (85); Fructose can be converted into mannitol with 100% yield from a mixture of glucose and fructose (1:2) by heterologous fermentation of lactic acid bacteria (86); Sorbitol is obtained by Zymomonas mobilis, which converts fructose into sorbitol. In summary, biotechnological fermentation is a method of high yield, efficient production and simplified separation process (87). To date, however, fermentation processes for the remaining NSS substances have not yet been developed, mainly due to limited research system on the relevant microorganisms. Since fermentation engineering is the most rapidly developing biotechnology in the food industry, we expect that future research explorations will combine it with subsequent processing separation steps to directly generate highly pure target products. a biotechnological approach characterized with high yields, energy efficient production and simplified separation processes.




Biomedical functions of NSS

NSS, as artificial sweeteners, are characterized by low GI and calories (Table 2), which make them suitable for diabetic and obese patients, as they maintain taste and flavor with minimal harm to human health. Furthermore, NSS have certain biological functions, such as prevention of diabetes and obesity, lowering blood pressure, treatment of cardiovascular diseases, anti-oxidation and prevention of dental caries (Figure 6) (89, 97, 98).


TABLE 2 Source, sweetness, heat and nature of NSS.
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FIGURE 6
 Schematic representation of the biomedical function of NSS.



Prevention and adjuvant treatment of diabetes

Diabetes is one of the most chronic diseases. It is characterized by hyperglycemia and insulin resistance, etc., accompanied by heart disease, diabetic retinopathy, kidney failure, diabetic ketoacidosis and other complications, which seriously affect the quality of life as well as physical and mental health of patients. The NSS that can be applied in FSMP for diabetic patients are classified as:

(1) Erythritol, which belongs to the polyol family, is a butanteitol prepared by microbial fermentation (99). Since the human body lacks the enzyme system to metabolize erythritol, it cannot be digested and degraded, and can only be discharged from urine through the kidney. Its metabolic pathway rarely depends on insulin, therefore, it has no influence on glucose metabolism and does not cause fluctuations in blood glucose levels (100). Bettina et al. administered erythritol solution to 12 healthy and emaciated volunteers for 4 days. They found that: erythritol significantly enhanced the secretion of human gastrointestinal hormones glucagon-like peptide-1 (GLP-1), peptide tyrosine tyrosine (PYY), and cholecystokinin (CCK), which resulted in prolonged gastric emptying time and satiety (101). Therefore, it does not cause fluctuations in blood glucose levels and has the characteristics of low GI and low calorie levels (102). Toxicological data from WHO shows that the maximum tolerable dose of erythritol is 0.669 g/kg/bodyweight (BW)/day for women and 0.89 g/kg/BW/day for men (103). In summary, because of its low GI, low calorie levels, high tolerance, unique metabolism and lack of a bitter taste after consumption (104), erythritol is a vital sweetener in foods, and has a high market value.

(2) Maltitol (1, 4-O-α-D-glucopyranose-D-sorbitol) is a nutritional sweetener (other nutritional sweeteners include sorbitol, xylitol, lacttol, and mannitol among others) (105). It is also known as hydrogenated maltitol, and its sweetness is about 90% that of sucrose (93). Since maltitol is difficult to be broken down by saliva, gastric juice, as well as pepsin among others, and only a small part of it enters the blood circulation, there is little stimulation of the insulin receptors, which does not exert marked effects on blood glucose levels (106). Maltitol has been shown to promote intestinal calcium absorption, increase bone mass and density (107). At the same time, it has a high stability, thus, it can be used as a new sugar substitute sweetener in special medicinal foods.

(3) Stevia glycoside is extracted from stevia. Its sweetness is 250–300 times that of sucrose and its calories are only 1/300 those of sucrose, thus, applications of small amounts of stevia glycoside can achieve the same taste and flavor as sucrose (89, 108). Stevia glycoside cannot be decomposed and digested by enzymes in the human gastrointestinal tract. After ingestion, it enters the colon through the stomach and small intestines, and is then fermented by intestinal microorganisms. It rarely enters the blood system, therefore, it does not increase blood glucose concentrations after ingestion. Stevia glycoside, with its properties of low calorie and high sweet degree, as well as its unique medical functions such as hypoglycemia, hypolipemia, and antibacterial, has attracted the attention of people, making it an excellent addition to food and beverage products, as well as FSMP (108). Philippaert et al. (109) fed stevia glycoside to high-fat diet-induced diabetic mice models and found that it regulated insulin secretion by enhancing the activities of Trpm5 ion channel, thereby lowering blood glucose levels. It has a certain medicinal value for obesity and diabetes (110). Other studies have found that stevia glycoside can improve glucose and insulin tolerance in type 2 diabetic rats and restore their elevated fasting glucose, serum insulin, and lipid levels to normal. Obviously, this is due to the high affinity of the stevia glycoside for insulin receptor substrate-1 (IRS-1) and glucose transporter-4 (GLUT-4), which effectively inhibits the oxidative stress of diabetic gastnemius by activating the IR/IRS-1/Akt/GLUT-4 pathway. It enhances glucose uptake and increases GLUT-4 synthesis, effectively increasing glucose uptake and oxidation in diabetic muscles. Thus, stevia glycoside can be considered as a promising plant drug for treating diabetes (111). In addition, due to its inhibitory effects on calcium ion influx, stevia glycoside can also lower blood pressure levels. Stevia glycoside has antibacterial effects and can inhibit bacterial growth when added to food, thus extending the shelf life of products (112).

(4) Psicose is a recently discovered functional monosaccharide with special health functions. Its sweetness is equivalent to 70% that of sucrose (113). It has a similar taste and flavor to sucrose and can also undergo Maillard reactions with amino acids or proteins in food (114), thus, it can be used as an ideal substitute for sucrose in food. (I) Metabolically, oral psicose is absorbed into blood through the small intestines and is then discharged by the kidneys without causing blood glucose fluctuations (Figure 7) (115); (II) Hossain et al. fed psicose to rats and found that postprandial blood glucose levels and body weights were effectively regulated. Moreover, psicose stimulated glucokinase to maintain a normal GI and insulin sensitivity (116). At the same time, it can scavenge for reactive oxygen species to exert its antioxidant effects, reducing oxidative damage to pancreatic β cells (Figure 8) (117); (III) Using healthy mice and obese diabetic mice models, Iwasaki et al. found that psicose promotes the release of GLP-1 and stimulates the GLP-1 receptor to affect the vagal afferent nerve, which enhances the development of satiety, thereby inhibiting food intake and reducing hyperglycemia (118). It can be used to meet the dietary requirements for diabetic patients.

(5) Momordica grosvenori, which originated from China, is a good fruit with rich nutritional values and health care functions. It has the benefits of relieving cough, removing phlegm, promoting digestion and moistening the lungs (119). The main active ingredient of this extract is mogroside V, which is about 300 times sweeter than sucrose (90). Liu et al. (120) fed rat models with 30, 75 and 150 mg/kg/BW/day of mogroside III, IV and V, respectively. They found that: mogroside V exhibited the best hypoglycemic effects. It can regulate the Phosphatidylinositol 3-kinase (PI3K)/AKT pathway, improve insulin resistance, and activate downstream AKT, thereby promoting glucose transporter 2 (GLUT2) transport, and inhibiting glycogen synthase kinase-3 (GSK-3β) activities. Thus, it increases the activities of glycogen synthase (GS), which accelerates glucose uptake by liver cells. It also has antioxidant as well as anti-hypertensive (121, 122) properties and enhances the anti-aging effects of hematopoietic stem cells (123). Its structure and properties are stable, and its flavor and sweetness are not affected by the high temperature generated by cooking and grilling, making it an ideal sweetener for FSMP with high temperature processing.

(6) Monatin, commonly known as Arruva, has two asymmetric carbon atoms, thus, it has four diastereomers. Amino et al. determined that the (2R,4R)-type is the strongest isomer with the highest sweetness levels, which is more than 3,000 times sweeter than sucrose (123), and the lowest isomer is (2S,4S)-isomer, which is 1,200–1,400 times sweeter than sucrose (124). Monatin has been shown to be safe and well tolerated in nonclinical studies, but Borje Darpo et al. R, R-monatin was found to result in a small decrease in heart rate as well as a prolonged QTcF interval that coincided with peak plasma levels in their preliminary clinical evaluation. To develop monatin as a food sweetener further, further safety assessments are needed (46).

(7) Sweet protein is a kind of natural sugar substitute with high sweetness and low calorie levels. It does not increase blood glucose levels or insulin secretion, thus, it is added to the food of diabetes and obesity patients. Currently, the known sweet proteins are brazzein, thaumatin, monellin, curculin, mabinlin, miraclin and pentadin among others (95). These proteins are isolated from plants that grow in tropical rainforests, and although they produce sweetness by stimulating the human T1R2–T1R3 sweet receptor (125), most of them have no sequence homology or structural similarities. These sweet proteins have gradually been introduced in the food industry, such as in carbonated drinks, puffed food and chocolate (95).
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FIGURE 7
 Schematic presentation of the mechanisms of low GI and low calorie levels of maltitol, psicose, stevia glycoside and erythritol. (A) Psicose and erythritol enter the bloodstream and are subsequently eliminated via urine from the body through the kidney. They do not stimulate pancreatic β-cells to produce insulin and have limited effects on blood glucose levels. (B) These NSS are difficult to be broken down and be absorbed by digestive enzymes in the human gastrointestinal tract. (C) Indigestible NSS are excreted from the intestines.
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FIGURE 8
 Mechanisms of psicose in decreasing blood glucose levels and inhibiting fat accumulation. (A) Psicose inhibits fatty acid synthase and promotes lipoxygenase activities, down-regulates the expressions of fat synthesis-related PPAR-7 and C/EBPα genes. In addition, it promotes the use of glucose in the liver and synthesis of liver glycogen. (B) Psicose promotes muscle glycogen synthesis. (C) It promotes the secretion of GLP-1 and activates the GLP-1 receptor to stimulate the vagal afferent nerve, allowing people to develop satiety. (D) Moreover, it stimulates glucokinase to maintain a normal GI and insulin receptor sensitivity. It scavenges for reactive oxygen species, thereby exerting antioxidant effects and plays a role in protecting pancreatic β-cells.


Monellin is a sweet protein isolated from Ceylon berry, an African shrub. Its molecular weight is about 11 kDa and it is composed of two non-covalent binding peptide chains; A and B. The A chain consists of 44 amino acid residues while the B chain consists of 50 amino acid residues. Cysteine residues in the B chain are associated with its sweet taste (126). At the same molecular concentration, its molar sweetness is about 100,000 times that of sucrose, thus, it is characterized by high sweetness and low calorie levels (127). Brazzein, a sweet protein found in red berries of the West African evergreen shrub, Pentadiplandra brazzeana Baillon, has a sweet taste (128). Brazzein is highly soluble and stable at a suitable pH and high temperature. Moreover, it has antioxidant, anti-inflammatory and anti-allergic properties (129). Kim et al. (96) administered brazzein or 10% sucrose of the same sweetness to mice for 15 weeks. They found that brazzein did not result in obesity and hypertrophy, neither did it disrupt glucose homeostasis or lead to insulin resistance. Although some achievements have been made in sweet protein development, its commercial costs are high: (I) Many plants with sweet protein cannot bear fruits in non-origin, which requires that production equipment must be established in origin; (II) The recombinant sweet protein produced by fermentation engineering has not reached sweet taste obtained by natural extraction; (III) For efficient and cost-effective biosynthetic systems to succeed, the product must be approved by the relevant government regulatory authorities, complete toxicology tests are required, and differences between natural extracts and biotechnological products assessed. Therefore, magnifying the unique sweet characteristics of sweet protein and developing FSMP with better tastes may be the key to successful commercialization of sweet proteins.



Prevention and adjuvant treatment of obesity

Obesity results when the human body eats more calories than it consumes. Excess calories are stored in the body in form of fat. When the amount of fat in the human body exceeds normal physiological requirements, it slowly leads to the development of obesity. Obesity causes metabolic disorders, in which lipid metabolism is very active while glucose metabolism is suppressed (130, 131). Such metabolic changes lead to insulin resistance, hypertriglyceridemia, hypercholesterolemia and low high-density lipoprotein cholesterolemia (132). In addition, obesity can lead to heart hypertrophy and elevated blood lipid levels, which may cause a series of cardiovascular diseases (133). Some NSS inhibit fat accumulation and prevent obesity. (I) Stevia glycoside inhibits hydroxymethylglutaryl CoA reductase (HMGCR), thereby reducing low-density lipoprotein (LDL) levels in blood and preventing atherosclerosis (134); (II) By fed 5% psicose to diabetic mice models and compared their outcomes to those fed with sucrose. They found that: body weights and fat contents of mice were significantly decreased; expression levels of PPAR-7 and C/EBPα genes, which are associated with fat synthesis were decreased; activities of FASN and lipid oxidase were down-regulated, and lipid levels in plasma and liver were suppressed (50, 135); (III) Li et al. fed mogroside V to liver steatosis mice models and found that mogroside V dose-dependently reduced the levels of total fatty acids, triglycerides and total cholesterol in the liver of mice. Moreover, it promotes lipolysis and fatty acid oxidation to treat liver steatosis (136–138); (IV) Intakes of artificial sweeteners significantly reduced the abundance of intestinal flora in mice and the levels of aromatic hydrocarbon receptor agonists, promoting systemic inflammation and fatty liver development. Another nehesperidin dihydrochalcone, which has no apparent health effects, may serve as a substitute for artificial sweeteners (139). Therefore, NSS can be used as a healthy alternative to traditional sugar substitutes without causing lipid metabolism disorders or weight gain, which has potential applications in the development of FSMP with functional weight-loss.



Reduce inflammation

Some NSS have anti-inflammatory properties, and as a typical example, licorice is a traditional Chinese medication that has been used for centuries to treat ailments including asthma, dry cough, and other lung diseases. Glycyrrhizin is one of the key components of glycyrrhizin extract, as well as a low GI and low-calorie sweetener (140). Its sweetness is about 170 times that of sucrose, and its calorie content is nearly 0. Glycyrrhizin sweetness has a distinct woody sweetness, allowing it to be used to improve food taste and manage bitterness, as well as a sweetener in foods, beverages, confectionery, and nutritional supplements. It possesses immunomodulatory, anti-inflammatory, antiviral, neuroprotective, and antitumor properties. Compelling evidence indicates that utilizing an induced hepatitis model in mice to ameliorate liver damage, as seen by a reduction in inflammatory cytokines Institute for functional nanomaterials (IFN-γ), interleukin-6 (IL-6), interleukin-17 (IL-17), and serum alanine aminotransferase (141, 142). Other studies have shown that glycyrrhizin can inhibit inflammation and apoptosis in lipopolysaccharide (LPS) induced acute liver injury mice by inhibiting high mobility group protein B1 (HMGB1) via the PI3K/mTOR signaling pathway, suggesting that it could be used as a new treatment strategy for acute hepatitis (143). Furthermore, glycyrrhizin can activate aldosterone receptors in humans, lowering the expression of angiotensin-converting enzyme 2 (ACE2) (144); this plays a role in the process of corona virus disease 2019 (COVID-19) entry into human cells to prevent COVID-19 infection (145). At the same time, glycyrrhizin and its metabolite glycyrtinic acid can antagonize the Toll-like receptor 4 (TLR4) and inhibit the production of lung inflammatory factors tumor necrosis factor-α (TNF-α), IL-6, interleukin-1 (IL-1), etc., reduce lung inflammation, and reduce mortality. It can also be used as a preventive agent to lower the risk of infection and disease symptoms. Moreover, glycyrrhizin can be administered in conjunction with antiviral drugs such as chloroquine and tenofovir to protect against COVID-19 damage (Figure 9) (144).


[image: Figure 9]
FIGURE 9
 Schematic of glycyrrhizin for COVID-19 resistance and acute hepatitis therapy. (A) COVID-19 entry into the cells through ACE2. (I) The mineralocorticoid receptor (MR) regulates ACE2 expression, and MR activation decreases ACE2 expression. Meanwhile, glycyrrhizin promotes cortisol activation of MR by inhibiting 11-β-hydroxy steroid dehydrogenase 2 (11β-HSD2), lowering ACE2 expression and preventing virus entry into cells; (II) transmembrane protease serines TMPRSS2 (which is a cofactor that promotes viral entry into cells through ACE2). Glycyrrhizin suppressed the expression of TMPRSS2; (III) ACE2 can produce angiotensin, which inhibits TLR4 receptor expression. Meanwhile, glycyrrhizin can directly block TLR4 receptors, preventing the production of inflammatory factors and lowering lung inflammation. (B) Glycyrrhizin relieves acute hepatitis.


Other NSS, such as stevia glycoside, inhibits nuclear factor kappa-B (NF-κB), a critical nuclear transcription factor implicated in inflammatory, immunological, apoptotic, and stress responses, as well as the phosphorylation of mitogen-activated protein kinase (MAPK) (Figure 10) (146). Additionally, it was found that stevia glycoside was effective in preventing ulcerative colitis caused by dextran sulfate sodium. The results showed that stevia glycoside significantly inhibited the levels of inflammatory cytokines TNF-α and IL-6 as well as the protein expression of inflammatory mediators COX-2 and NO, as well as restoring the levels of endogenous antioxidants such as superoxide dismutase, catalase and reduced glutathione in colon tissues. In mice with colitis, stevia glycoside significantly inhibited NF-κB (P65) activation by reducing P38, extracellular regulated protein kinases (ERK) protein phosphorylation (147). Li et al. (148) investigated the anti-inflammatory activity of mogroside V in RAW264.7 cells stimulated with LPS, and the results of an enzyme-linked immunosorbent assay and western blot analysis indicated that mogroside V could regulate the AKT1 pathway and inhibit inflammation (Figure 11) (149).
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FIGURE 10
 The mechanism of stevia glycoside in hypoglycemic, anti-inflammatory, and hypolipidemic. (A) Stevia glycoside binds to sweet receptors (T1R2–T1R3 dimer), prompting the endoplasmic reticulum to release Ca2+. Ca2+ opens the transient receptor potential ion channel protein 5 (TRPM5), allowing Na+ to enter and generate action potentials. At the same time, glucose is transferred to the mitochondria by enhanced diffusion of glucose transporter to generate ATP, which inhibits the opening of the ATP-sensitive potassium (KATP) and increases action potential production. Finally, the action potential opens the voltage-dependent calcium channel (VDCC), which allows Ca2+ to flow in. Thus, an increase in Ca2+ in β cells stimulates insulin secretion and hypoglycemia. (B) Stevia glycoside reduces the inflammatory factors IL-1β And IL-6 production, as well as the phosphorylation of two critical MAPK pathway proteins, p38 and ERK, as well as decreased TNF-α expression and hence NF-κB activation, all of which contribute to inflammation resistance. (C) Stevia glycoside decreases intracellular cholesterol by inhibiting HMGCR expression, the rate-limiting enzyme in the de novo cholesterol synthesis pathway, while increasing the cell surface LDL binding receptor (LDLR), promoting cholesterol breakdown in the cell, and the LDLR returns to the cell surface, resulting in hypolipidemia.
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FIGURE 11
 The mechanism by which androgynous mogroside V inhibits fat accumulation lowers blood glucose and exerts anti-inflammatory effects. (A) In LPS induced inflammatory cells, mogrosideV inhibited the phosphorylation of AKT1(protein kinase B, regulating cell proliferation and growth) and blocked AKT1 mediated NF-κB and C/EBP δ Pathway, resulting in cyclooxygenase-2 (COX-2) expression, and inhibit prostaglandin E2 (PGE2) production. In addition, dephosphorylation of AKT1 can inhibit transcriptional activator protein-1 (AP-1) to restore hemoglobin oxygenase-1 (HO-1) overexpression to the normal level and reduce reactive oxygen species (ROS) level. Thereby decreasing the occurrence of inflammation. (B) It upregulates phosphatidylinositol-3-kinase (PI3K) and activates downstream AKT, thereby promoting GLUT2 transport and inhibiting the activity of GSK-3β, thereby enhancing the activity of GS and accelerating glucose uptake by hepatocytes. (C) Mogroside V inhibits fat accumulation by activating AMP-activated protein kinase (AMPK): (I) It can down-regulate the transcription factor sterol-regulatory element binding proteins-1 (SREBP-1) and inhibit fatty acid synthase (FASN) and stearoyl-CoA desaturase 1(SCD1); (II) It can down-regulate peroxisome proliferator-activated receptor-c (PPAR-c) (involved in regulating triacylglycerol synthesis in the liver); (III) It regulates the activation of carnitine Palmitoyltransferase-1A (CPT-1A) by PPAR-α, which is involved in mitochondrial transport and oxidation of fatty acids. Thus improving liver steatosis and inhibiting fat accumulation; (IV) It enhances the expression of genes for adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL) in the liver to promote lipolysis.


Diabetes, obesity, and cardiovascular disease are all associated with a series of complications, most notably inflammatory responses, that significantly impair the quality of life of patients. Of note, NSS, including stevia glycoside, mogroside V, and glycyrrhizin, have anti-inflammatory properties and may be used in FSMP to decrease the inflammatory response associated with these diseases and relieve patient discomfort.



Prevention of dental caries

Dental caries is formed when oral bacteria (particularly Streptococcus mutans) utilize sucrose to synthesize insoluble glucan that adheres to the surface of teeth and forms tartar. The bacteria in tartar ferment sugar, and the sucrose molecules change a wide variety of acidic compounds. A reduction in the pH increases the concentration of hydrogen ions, which dissolves the enamel and cementum, eroding the teeth to demineralize them and subsequently destroying the organic substance to cause dental caries (150, 151). Dental caries is the most prevalent chronic disease in children, with a rising frequency among children aged 2–5 years (152). Also, NSS as a sweetener in food does not cause tooth decay. (I) Neither erythritol nor mogrosideV may be consumed or fermented by Streptococcus mutans and will not result in a drop in the pH on the surface of oral teeth, hence forming dental plaque (153). Additionally, erythritol may limit Streptococcus mutans biofilm formation, hence reducing dental caries (154, 155); (II) By having 40 caries chew maltitol gum for 2 weeks. Compared to the healthy control group, the findings demonstrated that maltitol is not an acid-generating substrate; So it will rarely lead to the synthesis of insoluble glycans by bacteria, so maltitol will not cause dental caries (156); (III) Stevia glycoside has a certain antibacterial effect and can inhibit the growth of oral bacteria Streptococcus mutans, so it can effectively prevent dental caries (157). In conclusion, this NSS may be used as sweeteners in food to help reduce dental caries in children. Additionally, due to its unique taste and anti-caries effect, NSS can be applied to toothpaste, mouthwash and other products, which can not only prevent dental caries, but also improve the taste of products and make consumers experience better.




Challenges in the application of NSS

While NSS has a variety of beneficial biological functions for health and has a greater tolerance than synthetic sweeteners, many NSS may influence odor or sensory experience and are readily degraded or maintained for an extended period, which can be ameliorated by a combination of NSS applications. On the other hand, there are studies showing the intake of sugar alcohols could increase the number of bifidobacteria in their intestinal microbiomes, but no significant changes have been found in fecal aerobic, anaerobic, or lactic acid bacteria, all of which should contribute to the health of both the human body and the intestinal system (97). It has been shown that adults who consume <20 grams of sugar alcohol per day generally do not experience adverse effects on their gastrointestinal systems (158). Therefore, an appropriate amount of sugar alcohols may also have a prebiotic role in maintaining the homeostasis of intestinal microbiota. Still, the excessive long-term intake of sugar alcohols may lead to more or less intestinal diseases, depending on individual tolerance (159). This is due to the difficulty in timely digestion with large amounts of sugar alcohol, and the undigested sugar alcohol could enter the intestine as a substrate for intestinal bacterial fermentation, which produces gas that may lead to diarrhea, abdominal distension, irritable bowel syndrome, and water retention. In consequence, the food management department should develop rules for the consumption of sugar alcohol NSS in order to maximize the benefits of sugar alcohol and minimize any adverse effects on the human body. For example, the EU regulation on the supply of foodstuffs to consumers requires that products containing more than 10% sugar alcohol be clearly labeled as possibly causing gastroenteritis (79).

Meanwhile, the digestive system does not hydrolyze stevia glycoside (160). Due to this, they pass through the gastrointestinal tract without being absorbed and enter the colon as intact molecules (97, 161). As little as a small amount enters the circulatory system, but if consumed in excess they can also act as an energy source for the gastrointestinal microbes, altering the intestinal flora and causing discomfort (162, 163). In addition, some NSS (including stevia glycoside, glycyrrhizin, psicose, mogrosideV, etc.) with non-nutritive and low-calorie, limiting their use in FSMP to taste enhancers. Among the numerous potential adverse effects of NSS, it is critical to note that chronically high intake of licorice or its extracted complex can result in elevated aldosterone and cortisol levels in humans, thereby increasing corticosteroid production; this can cause high blood pressure (Figure 12) (164–167). Therefore, licorice and its extract must be consumed in an appropriate amount, and are contraindicated in people with hypertension. In conclusion, although excessive consumption of some NSS may cause some physical discomfort, their advantages in biomedical function are more obvious than their disadvantages. Fortunately, the adverse effects of NSS may be fully prevented with the assistance of the administration, which regulates food labeling by providing the appropriate intake range for each component and consumer group.
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FIGURE 12
 Side effects of some NSS and solutions. (A) Sugar alcohols are difficult for pepsin and gastric acid to digest. (B) Sugar alcohols and some carbohydrates are fermented together in the gut by microbes to produce gases (CO2, H2, and CH4). (C) Sugar alcohol sweeteners enter the intestine rapidly due to their inability to be digested, increased transport into the small intestine may lead to increased permeability in the lumen of the small intestine, resulting in water retention. (D) Glycyrrhizin inhibits the 11β-hydroxy steroid dehydrogenase activity, preventing cortisol from being converted to corticosterone, and it also increases the level of aldosterone in the human body when combined with cortisol, aldosterone, and MR, resulting in mineralocorticoid excess, increases the level of water and sodium ions in the blood, resulting in water sodium retention. As a consequence, increased blood volume results in hypertension and hypokalemia. (I) The administration to regulate food labeling to indicate the recommended intake range of NSS and the consumption group. (II) Contraindicated in patients with hypertension.




Conclusion

Although the FSMPs of patients with various conditions and stages of disease vary, pleasant taste and flavor are universal criteria. With the development of laws and regulations, NSS may be extensively employed in place of conventional sugar substitutes in food, health care products, and pharmaceuticals. Therefore, we should continue to broaden the scope of natural product research in the future, screening healthy plant resources for NSS, studying the mechanism of its biomedical function, optimizing the extraction process, particularly the combination of multiple methods, and developing theoretical foundations for its application in FSMP. In conclusion, developing NSS with sensory and health attributes is the future trend.



Author contributions

DS and LJ contributed to the conception of this review. PL, HC, and JM analyzed the literature and wrote the manuscript. YF, LQ, QY, and BP completed the figure drawings. DS, LJ, XZ, QY, and PL revised the manuscript. All authors have read and agreed to the published version of the manuscript.



Funding

This work was supported by the National Natural Science Foundation of China (51901160), start-up funding from WIUCAS (wiucasqd2021017), and Wenzhou Science and Technology Bureau (Y2020201).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Abbreviations

11β-HSD2, 11-β-hydroxy steroid dehydrogenase 2; 4R-IHOG, 4-(indol-3-yl-methyl)-4-hydroxy-2-oxoglutarate; ACE2, Angiotensin-converting enzyme 2; ADI, Acceptable daily intake; AMPK, AMP-activated protein kinase; AP-1, Activator protein-1; ATGL, Adipose triglyceride lipase; ATP, Adenosine-triphosphate; CALHM1, Calcium homeostasis regulatory protein 1; CCK, Cholecystokinin; COVID-19, Corona virus disease 2019; COX-2, Cyclooxygenase-2; DAG, Diacylglycerol; DES, Deep eutectic solvent; E. coli, Escherichia coli; ERK, Extracellular regulated protein kinases; FASN, Fatty acid synthase; FDA, Food and drug administration; FOS, Fructo-oligosaccharides; FSMP, For special medical purpose; GI, Glycemic index; GLP-1, Glucagon-like peptide-1; GLUT2, Glucose transporter 2; GS, Glycogen synthase; GSK-3β, Glycogen synthase kinase-3; HMGB1, High mobility group protein B1; HMGCR, Hydroxymethylglutaryl CoA reductase; HO-1, Hemoglobin oxygenase-1; HSL, Hormone-sensitive lipase; IFN-γ, Institute for functional nanomaterials-γ; IL-1, Interleukin-1; IL-17, Interleukin-17; IL-6, Interleukin-6; IP3, Inositol triphosphate; IP3R, Inositol triphosphate receptor; IRS-1, Insulin receptor substrate-1; KATP, ATP-sensitive potassium; LDL, Low-density lipoprotein; LDLR, LDL binding receptor; LPS, Lipopolysaccharide; MAPK, Mitogen-activated protein kinase; MR, Mineralocorticoid receptor; NF, Nanofiltration; NF-κB, Nuclear factor kappa-B; NSS, Natural sugar substitutes; PGE2, Prostaglandin E2; PI3K, Phosphatidylinositol-3-kinase; PIP2, Phosphatidylinositol diphosphate; PLCβ2, Phospholipase C beta 2; PPAR-c, Proliferator-activated receptor-c; PYY, Peptide tyrosine tyrosine; ROS, Reactive oxygen species; SCD1, Stearoyl-CoA desaturase 1; SREBP-1, Sterol-regulatory element binding proteins-1; TLR4, Toll-like receptor 4; TNF-α, Tumor necrosis factor-α; TRCs, Taste receptor cells; TRPM5, Transient receptor potential channel protein member 5; UF, Ultrafiltration; VDCC, Voltage-dependent calcium channel; WHO, World Health Organization.



References

 1. Bradley D. The intriguing intersection of type 2 diabetes, obesity-related insulin resistance, and osteoarthritis. J Clin Endocrinol Metab. (2021) 106:e2370–2. doi: 10.1210/clinem/dgab009 

 2. Almourani R, Chinnakotla B, Patel R, Kurukulasuriya LR, Sowers J. Diabetes and cardiovascular disease: an update. Curr Diab Rep. (2019) 19. doi: 10.1007/s11892-019-1239-x

 3. World Health Organization. Guideline: Sugars Intake for Adults and Children. Geneva: World Health Organization (2015). 

 4. Daher MI, Matta JM, Abdel Nour AM. Non-nutritive sweeteners and type 2 diabetes: Should we ring the bell? Diab Res Clin Pract. (2019) 155:107786. doi: 10.1016/j.diabres.2019.107786

 5. Lee A, Owyang C. Sugars, sweet taste receptors, and brain responses. Nutrients. (2017) 9:653. doi: 10.3390/nu9070653

 6. Sylvetsky A, Rother KI, Brown R. Artificial sweetener use among children: epidemiology, recommendations, metabolic outcomes, and future directions. Pediatr Clin North Am. (2011) 58:1467–80, xi. doi: 10.1016/j.pcl.2011.09.007

 7. Risdon S, Meyer G, Marziou A, Riva C, Roustit M, Walther G. Artificial sweeteners impair endothelial vascular reactivity: preliminary results in rodents. Nutr Metab Cardiovasc Dis NMCD. (2020) 30:843–6. doi: 10.1016/j.numecd.2020.01.014

 8. Butchko HH, Kotsonis FN. Acceptable daily intake vs actual intake: the aspartame example. J Am Coll Nutr. (1991) 10:258–66. doi: 10.1080/07315724.1991.10718153

 9. Tripathi M, Khanna SK, Das M. Usage of saccharin in food products and its intake by the population of Lucknow, India. Food Addit Contam. (2006) 23:1265–75. doi: 10.1080/02652030600944395

 10. Zheng Z, Xiao Y, Ma L, Lyu W, Peng H, Wang X, et al. (2022). Low dose of sucralose alter gut microbiome in mice. Front Nutr. 9:848392. doi: 10.3389/fnut.2022.848392

 11. Otabe A, Fujieda T, Masuyama T, Ubukata K, Lee C. Advantame—an overview of the toxicity data. Food Chem Toxicol. (2011) 49 Suppl 1:S2–7. doi: 10.1016/j.fct.2011.06.046

 12. Chattopadhyay S, Raychaudhuri U, Chakraborty R. Artificial sweeteners—a review. J Food Sci Technol. (2014) 51:611–21. doi: 10.1007/s13197-011-0571-1

 13. Shil A, Chichger H. Artificial sweeteners negatively regulate pathogenic characteristics of two model gut bacteria, E. coli and E faecalis. Int J Mol Sci. (2021) 22:5228. doi: 10.3390/ijms22105228

 14. Pang MD, Goossens GH, Blaak EE. The impact of artificial sweeteners on body weight control and glucose homeostasis. Front Nutr. (2021) 7:598340. doi: 10.3389/fnut.2020.598340

 15. Mora MR, Dando R. The sensory properties and metabolic impact of natural and synthetic sweeteners. Comprehens Rev Food Sci Food Saf. (2021) 20:1554–83. doi: 10.1111/1541-4337.12703

 16. Weihrauch MR, Diehl V. Artificial sweeteners—do they bear a carcinogenic risk? Ann Oncol. (2004) 15:1460–5. doi: 10.1093/annonc/mdh256

 17. Debras C, Chazelas E, Srour B, Druesne-Pecollo N, Esseddik Y, Szabo De Edelenyi F, et al. Artificial sweeteners and cancer risk: results from the NutriNet-Santé population-based cohort study. PLoS Med. (2022) 19:e1003950. doi: 10.1371/journal.pmed.1003950

 18. Praveena SM, Cheema MS, Guo H-R. Non-nutritive artificial sweeteners as an emerging contaminant in environment: a global review and risks perspectives. Ecotoxicol Environ Saf. (2019) 170:699–707. doi: 10.1016/j.ecoenv.2018.12.048

 19. Castro-Muñoz R, Correa-Delgado M, Córdova-Almeida R, Lara-Nava D, Chávez-Muñoz M, Velásquez-Chávez VF, et al. Natural sweeteners: sources, extraction and current uses in foods and food industries. Food Chem. (2021) 370:130991. doi: 10.1016/j.foodchem.2021.130991

 20. Lieb B, Schmitt P. Randomised double-blind placebo-controlled intervention study on the nutritional efficacy of a food for special medical purposes (FSMP) and a dietary supplement in reducing the symptoms of veisalgia. BMJ Nutr Prev Health. (2020) 3:31–9. doi: 10.1136/bmjnph-2019-000042

 21. EFSA EFSA Panel on Nutrition Novel Foods and Food Allergens (NDA), Turck D, Bohn T, Castenmiller J, De Henauw S. Safety of the extension of use of galacto-oligosaccharides (GOS) as a novel food in food for special medical purposes pursuant to Regulation (EU) 2015/2283. EFSA J. (2022) 20, e07203. doi: 10.2903/j.efsa.2022.7203

 22. Jones WP, Kinghorn AD. Extraction of plant secondary metabolites. Methods Mol Biol. (2012) 864:341–66. doi: 10.1007/978-1-61779-624-1_13

 23. Chen M, Zhu J, Kang J, Lai X, Gao Y, Gan H, et al. Exploration in the mechanism of action of licorice by network pharmacology. Molecules. (2019) 24:E2959. doi: 10.3390/molecules24162959

 24. Shabkhiz MA, Eikani MH, Bashiri Sadr Z, Golmohammad F. Superheated water extraction of glycyrrhizic acid from licorice root. Food Chem. (2016) 210:396–401. doi: 10.1016/j.foodchem.2016.05.006

 25. Castro-Munoz R, Diaz-Montes E, Cassano A, Gontarek E. Membrane separation processes for the extraction and purification of steviol glycosides: an overview. Crit Rev Food Sci Nutr. (2021) 61:2152–74. doi: 10.1080/10408398.2020.1772717

 26. Xia Y, Rivero-Huguet ME, Hughes BH, Marshall WD. Isolation of the sweet components from Siraitia grosvenorii. Food Chem. (2008) 107:1022–8. doi: 10.1016/j.foodchem.2007.09.014 

 27. Wen L, Zhang Z, Sun D-W, Sivagnanam SP, Tiwari BK. Combination of emerging technologies for the extraction of bioactive compounds. Crit Rev Food Sci Nutr. (2020) 60:1826–41. doi: 10.1080/10408398.2019.1602823

 28. Liu Z, Kong L, Lu S, Zou Z. Application of a combined homogenate and ultrasonic cavitation system for the efficient extraction of flavonoids from Cinnamomum camphora leaves and evaluation of their antioxidant activity in vitro. J Anal Methods Chem. (2019) 2019:4892635. doi: 10.1155/2019/4892635

 29. Gautam G, Duary RK, Gupta K, Mahanta CL. Inhibition mechanism of 3-hydroxy-3-methyl-glutaryl-CoA reductase by tocotrienol-rich rice bran fraction optimally extracted with ultrasonic energy. Int J Biol Macromol. (2020) 164:1328–41. doi: 10.1016/j.ijbiomac.2020.07.196

 30. Valoppi F, Salmi A, Ratilainen M, Barba L, Puranen T, Tommiska O, et al. Controlling oleogel crystallization using ultrasonic standing waves. Sci Rep. (2020) 10:14448. doi: 10.1038/s41598-020-71177-6

 31. Sarkinas A, Sakalauskiene K, Raisutis R, Zeime J, Salaseviciene A, Puidaite E, et al. Inactivation of some pathogenic bacteria and phytoviruses by ultrasonic treatment. Microb Pathog. (2018) 123:144–8. doi: 10.1016/j.micpath.2018.07.004

 32. Tao Y, Li D, Siong Chai W, Show PL, Yang X, Manickam S, et al. Comparison between airborne ultrasound and contact ultrasound to intensify air drying of blackberry: heat and mass transfer simulation, energy consumption and quality evaluation. Ultrason Sonochem. (2021) 72:105410. doi: 10.1016/j.ultsonch.2020.105410

 33. Tao Y, Sun D-W. Enhancement of food processes by ultrasound: a review. Crit Rev Food Sci Nutr. (2015) 55:570–94. doi: 10.1080/10408398.2012.667849

 34. Iatridis N, Kougioumtzi A, Vlataki K, Papadaki S, Magklara A. Anti-cancer properties of Stevia rebaudiana; more than a sweetener. Molecules. (2022) 27:1362. doi: 10.3390/molecules27041362

 35. Sharma M, Bhat R. Extraction of carotenoids from pumpkin peel and pulp: comparison between innovative green extraction technologies (ultrasonic and microwave-assisted extractions using corn oil). Foods. (2021) 10:787. doi: 10.3390/foods10040787

 36. Zhuang B, Dou L-L, Li P, Liu E-H. Deep eutectic solvents as green media for extraction of flavonoid glycosides and aglycones from Platycladi cacumen. J Pharm Biomed Anal. (2017) 134:214–9. doi: 10.1016/j.jpba.2016.11.049

 37. Milani G, Vian M, Cavalluzzi MM, Franchini C, Corbo F, Lentini G, et al. Ultrasound and deep eutectic solvents: an efficient combination to tune the mechanism of steviol glycosides extraction. Ultrason Sonochem. (2020) 69:105255. doi: 10.1016/j.ultsonch.2020.105255

 38. Qiu L, Zhang M, Chitrakar B, Bhandari B. Application of power ultrasound in freezing and thawing processes: effect on process efficiency and product quality. Ultrason Sonochem. (2020) 68:105230. doi: 10.1016/j.ultsonch.2020.105230

 39. Gebhardt SE, Glinther PA, Hohlfeld K, Neubert H. Manufacturing technologies for ultrasonic transducers in the 40 kHz to 40 MHz frequency range. Technisches Messen. (2019) 86:297–306. doi: 10.1515/teme-2018-0068 

 40. Liu W, Wu R, Wang B, Hu Y, Hou Q, Zhang P, et al. Comparative study on different pretreatment on enzymatic hydrolysis of corncob residues. Bioresour Technol. (2020) 295:122244. doi: 10.1016/j.biortech.2019.122244

 41. Gautheron J, Jéru I. The Multifaceted role of epoxide hydrolases in human health and disease. Int J Mol Sci. (2020) 22:E13. doi: 10.3390/ijms22010013

 42. Shen Y, Wang M, Zhou J, Chen Y, Xu L, Wu M, et al. (2019). Eco-efficient biphasic enzymatic hydrolysis for the green production of rare baohuoside I. Enzyme Microbial Technol. 131:109431. doi: 10.1016/j.enzmictec.2019.109431

 43. Roohi N, Bano K, Kuddus M, Zaheer MR, Zia Q, Khan MF, et al. Microbial enzymatic degradation of biodegradable plastics. Curr Pharm Biotechnol. (2017) 18:429–40. doi: 10.2174/1389201018666170523165742

 44. Liao X, Jiang Y, Lai S, Liu Y, Wang S, Xiong X. Chemoenzymatic relay reaction and its applications in highly efficient and green synthesis of high-value chiral compounds. Chin J Organ Chem. (2019) 39:668–78. doi: 10.6023/cjoc201807038 

 45. Dodd D, Reese JG, Louer CR, Ballard JD, Spies MA, Blanke SR. Functional comparison of the two Bacillus anthracis glutamate racemases. J Bacteriol. (2007) 189:5265–75. doi: 10.1128/JB.00352-07

 46. Darpo B, Bjornsson TD, Brathwaite WA, Crincoli CM, Eapen AK, Fisher GL, et al. Detection of ECG effects of (2R,4R)-monatin, a sweet flavored isomer of a component first identified in the root bark of the Sclerochitin ilicifolius plant. Food Chem Toxicol. (2016) 91:217–24. doi: 10.1016/j.fct.2015.12.023

 47. Takakura Y, Ogino H, Sugiyama M, Mori K, Tabuchi E, Ishikawa K, et al. Method for Producing Monatin Using an L-amino Acid Aminotransferase. US patent (2014). 

 48. Grembecka M. Sugar alcohols—their role in the modern world of sweeteners: a review. Eur Food Res Technol. (2015) 241:1–14. doi: 10.1007/s00217-015-2437-7

 49. Kim SJ, Sung M-K, Kim S-E, Lim WS, Lee K-P, Park C-J, et al. D-allulose, a versatile rare sugar: recent biotechnological advances and challenges. FASEB J. (2015) 29:1–19. doi: 10.1080/10408398.2021.2023091

 50. Shen X, Wang J, Zhang Y, Wang X, Ding Z, Li Y, et al. Research progress of D-psicose: function and its biosynthesis. Sheng Wu Gong Cheng Xue Bao. (2018) 34:1419–31. doi: 10.13345/j.cjb.170526

 51. Takeshita K, Suga A, Takada G, Izumori K. Mass production of d-psicose from d-fructose by a continuous bioreactor system using immobilized d-tagatose 3-epimerase. J Biosci Bioeng. (2000) 90:453–5. doi: 10.1016/S1389-1723(01)80018-9

 52. Yoshihara A, Kozakai T, Shintani T, Matsutani R, Ohtani K, Iida T, et al. Purification and characterization of d-allulose 3-epimerase derived from Arthrobacter globiformis M30, a GRAS microorganism. J Biosci Bioeng. (2017) 123:170–6. doi: 10.1016/j.jbiosc.2016.09.004

 53. Fatma S, Hameed A, Noman M, Ahmed T, Shahid M, Tariq M, et al. Lignocellulosic biomass: a sustainable bioenergy source for the future. Protein Pept Lett. (2018) 25:148–63. doi: 10.2174/0929866525666180122144504

 54. Fan Y, Qian J. Lipase catalysis in ionic liquids/supercritical carbon dioxide and its applications. J Mol Catal B Enzym. (2010) 66:1–7. doi: 10.1016/j.molcatb.2010.03.004 

 55. Vian M, Breil C, Vernes L, Chaabani E, Chemat F. Green solvents for sample preparation in analytical chemistry. Curr Opin Green Sustain Chem. (2017) 5:44–8. doi: 10.1016/j.cogsc.2017.03.010 

 56. Feroz H, Kwon H, Peng J, Oh H, Ferlez B, Baker CS, et al. Improving extraction and post-purification concentration of membrane proteins. Analyst. (2018) 143:1378–86. doi: 10.1039/c7an01470h

 57. Sjolin M, Thuvander J, Wallberg O, Lipnizki F. Purification of sucrose in sugar beet molasses by utilizing ceramic nanofiltration and ultrafiltration membranes. Membranes. (2020) 10:5. doi: 10.3390/membranes10010005

 58. Thibodeau J, Benoit N, Perreault V, Bazinet L. Scale-up and long-term study of electrodialysis with ultrafiltration membrane for the separation of a herring milt hydrolysate. Membranes. (2021) 11:558. doi: 10.3390/membranes11080558

 59. De Guzman MR, Ang MBMY, Huang S-H, Hu F-C, Chiao Y-H, Tsai H-A, et al. Cosolvent-driven interfacial polymerization for superior separation performance of polyurea-based pervaporation membrane. Polymers. (2021) 13:1179. doi: 10.3390/polym13081179

 60. Zou X, Zhu G. Microporous organic materials for membrane-based gas separation. Adv Mater. (2018) 30:1700750. doi: 10.1002/adma.201700750

 61. Wang X, Feng H, Muhetaer H, Peng Z, Qiu P, Li W, et al. Studies on the separation and purification of the Caulis sinomenii extract solution using microfiltration and ultrafiltration. Separations. (2021) 8:185. doi: 10.3390/separations8100185 

 62. Alles MJL, Tessaro IC, Noreña CPZ. Concentration and purification of yacon (Smallanthus sonchifolius) root fructooligosaccharides using membrane technology. Food Technol Biotechnol. (2015) 53:190–200. doi: 10.17113/ftb.53.02.15.3766

 63. Díaz-Montes E, Gutiérrez-Macías P, Orozco-Álvarez C, Castro-Muñoz R. Fractionation of Stevia rebaudiana aqueous extracts via two-step ultrafiltration process: towards rebaudioside a extraction. Food Bioprod Process. (2020) 123:111–22. doi: 10.1016/j.fbp.2020.06.010 

 64. Ilame SA, Satyavir VS. Application of membrane separation in fruit and vegetable juice processing: a review. Crit Rev Food Sci Nutr. (2015) 55:964–87. doi: 10.1080/10408398.2012.679979

 65. Lee XJ, Show PL, Katsuda T, Chen W-H, Chang J-S. Surface grafting techniques on the improvement of membrane bioreactor: state-of-the-art advances. Bioresour Technol. (2018) 269:489–502. doi: 10.1016/j.biortech.2018.08.090

 66. Li X, Yu J, Nnanna AGA. Fouling mitigation for hollow-fiber UF membrane by sonication. Desalination. (2011) 281:23–9. doi: 10.1016/j.desal.2011.07.036 

 67. Xu W, Yan X, Shao R, Chen L, Ke Z. Optimization of ultrasonic-microwave synergistic extraction of ricinine from castor cake by response surface methodology. Curr Pharm Biotechnol. (2016) 17:1126–33. doi: 10.2174/1389201017666160920091657

 68. Martinez-Guerra E, Gude VG, Mondala A, Holmes W, Hernandez R. Microwave and ultrasound enhanced extractive-transesterification of algal lipids. Appl Energy. (2014) 129:354–63. doi: 10.1016/j.apenergy.2014.04.112 

 69. Ince AE, Sahin S, Sumnu G. Comparison of microwave and ultrasound-assisted extraction techniques for leaching of phenolic compounds from nettle. J Food Sci Technol Mysore. (2014) 51:2776–82. doi: 10.1007/s13197-012-0828-3

 70. Lin X, Sun S, Wang B, Zheng B, Guo Z. Structural and physicochemical properties of lotus seed starch nanoparticles prepared using ultrasonic-assisted enzymatic hydrolysis. Ultrason Sonochem. (2020) 68:105199. doi: 10.1016/j.ultsonch.2020.105199

 71. Cai X, Zhang M, Wei W, Zhang Y, Wang Z, Zheng J. The Immobilization of Candida antarctica lipase B by ZIF-8 encapsulation and macroporous resin adsorption: preparation and characterizations. Biotechnol Lett. (2020) 42:269–76. doi: 10.1007/s10529-019-02771-6

 72. Li G, Sun L, Tang S. Combination of supercritical fluid elution and resin adsorption for removal of procymidone from ginseng extracts. Korean J Chem Eng. (2018) 35, 956–963. doi: 10.1007/s11814-018-0001-4 

 73. Jiang Z, Shi R, Chen H, Wang Y. Ultrasonic microwave-assisted extraction coupled with macroporous resin chromatography for the purification of antioxidant phenolics from waste jackfruit (Artocarpus heterophyllus Lam.) peels. J Food Sci Technol Mysore. (2019) 56:3877–86. doi: 10.1007/s13197-019-03858-8

 74. Gu H, Chen F, Zhang Q, Zang J. Application of ionic liquids in vacuum microwave-assisted extraction followed by macroporous resin isolation of three flavonoids rutin, hyperoside and hesperidin from Sorbus tianschanica leaves. J Chromatogr B Anal Technol Biomed Life Sci. (2016) 1014:45–55. doi: 10.1016/j.jchromb.2016.01.045

 75. Riera E, Blanco A, García J, Benedito J, Mulet A, Gallego-Juárez JA, et al. High-power ultrasonic system for the enhancement of mass transfer in supercritical CO2 extraction processes. Ultrasonics. (2010) 50:306–9. doi: 10.1016/j.ultras.2009.09.015

 76. Tang D-M, Zhu C-F, Zhong S-A, Zhou M-D. Extraction of naringin from pomelo peels as dihydrochalcone's precursor. J Sep Sci. (2011) 34:113–7. doi: 10.1002/jssc.201000475

 77. Belwal T, Li L, Yanqun X, Cravotto G, Luo Z. Ultrasonic-assisted modifications of macroporous resin to improve anthocyanin purification from a Pyrus communis var. Starkrimson extract. Ultrason Sonochem. (2020) 62:104853. doi: 10.1016/j.ultsonch.2019.104853

 78. Khadhraoui B, Ummat V, Tiwari BK, Fabiano-Tixier AS, Chemat F. Review of ultrasound combinations with hybrid and innovative techniques for extraction and processing of food and natural products. Ultrason Sonochem. (2021) 76:105625. doi: 10.1016/j.ultsonch.2021.105625

 79. Rice T, Zannini E, Arendt KE, Coffey A. A review of polyols—biotechnological production, food applications, regulation, labeling and health effects. Crit Rev Food Sci Nutr. (2020) 60:2034–51. doi: 10.1080/10408398.2019.1625859

 80. Chen Z, Cai H, Lu F, Du L. High-level expression of a synthetic gene encoding a sweet protein, monellin, in Escherichia coli. Biotechnol Lett. (2005) 27:1745–9. doi: 10.1007/s10529-005-3544-5

 81. Kelada KD, Tusé D, Gleba Y, McDonald KA, Nandi S. Process simulation and techno-economic analysis of large-scale bioproduction of sweet protein thaumatin II. Foods (Basel, Switzerland). (2021) 10:838. doi: 10.3390/foods10040838

 82. Joseph JA, Akkermans S, Nimmegeers P, Van Impe JFM. Bioproduction of the recombinant sweet protein thaumatin: current state of the art and perspectives. Front Microbiol. (2019) 10:695. doi: 10.3389/fmicb.2019.00695

 83. Rzechonek DA, Dobrowolski A, Rymowicz W, Mirończuk AM. Recent advances in biological production of erythritol. Crit Rev Biotechnol. (2018) 38:620–33. doi: 10.1080/07388551.2017.1380598

 84. Salli K, Lehtinen MJ, Tiihonen K, Ouwehand AC. Xylitol's health benefits beyond dental health: a comprehensive review. Nutrients. (2019) 11:1813. doi: 10.3390/nu11081813

 85. Shukla R, Hemansi Kumar G, Shukla S, Saini JK, Kuhad RC. Biorefinery potential of newly isolated yeast Clavispora lusitaniae for co-production of erythritol and ethanol. Biomass Conv Biorefinery. (2021) 2021:1–13. doi: 10.1007/s13399-021-02073-w 

 86. Saha BC, Racine FM. Biotechnological production of mannitol and its applications. Appl Microbiol Biotechnol. (2011) 89:879–91. doi: 10.1007/s00253-010-2979-3

 87. Silveira MM, Jonas R. The biotechnological production of sorbitol. Appl Microbiol Biotechnol. (2002) 59:400–8. doi: 10.1007/s00253-002-1046-0

 88. Daudé D, Remaud-Siméon M, André I. Sucrose analogs: an attractive (bio)source for glycodiversification. Nat Prod Rep. (2012) 29:945. doi: 10.1039/c2np20054f

 89. Arumugam B, Subramaniam A, Alagaraj P. Stevia as a natural sweetener: a review. Cardiovasc Hematol Agents Med Chem. (2020) 18:94–103. doi: 10.2174/1871525718666200207105436

 90. Shivani N, Thakur BK, Mallikarjun CP, Mahajan M, Kapoor P, Malhotra J, et al. Introduction, adaptation and characterization of monk fruit (Siraitia grosvenorii): a non-caloric new natural sweetener. Sci Rep. (2021). 11:6205. doi: 10.1038/s41598-021-85689-2

 91. Mizutani K, Kuramoto T, Tamura Y, Ohtake N, Doi S, Nakaura M, et al. Sweetness of glycyrrhetic acid 3-O-beta-D-monoglucuronide and the related glycosides. Biosci Biotechnol Biochem. (1994) 58:554–5. doi: 10.1271/bbb.58.554

 92. Fry JC, Yurttas N, Biermann KL, Lindley MG, Goulson MJ. The sweetness concentration-response of r,r-monatin, a naturally occurring high-potency sweetener. J Food Sci. (2012) 77:S362–364. doi: 10.1111/j.1750-3841.2012.02885.x

 93. Saraiva A, Carrascosa C, Raheem D, Ramos F, Raposo A. Maltitol: analytical determination methods, applications in the food industry, metabolism and health impacts. Int J Environ Res Public Health. (2020) 17:E5227. doi: 10.3390/ijerph17145227

 94. Chen M, Zhang W, Wu H, Guang C, Mu W. Mannitol: physiological functionalities, determination methods, biotechnological production, and applications. Appl Microbiol Biotechnol. (2020) 104:6941–51. doi: 10.1007/s00253-020-10757-y

 95. Kant R. Sweet proteins—potential replacement for artificial low calorie sweeteners. Nutr J. (2005) 4:5. doi: 10.1186/1475-2891-4-5

 96. Kim H, Kang J, Hong S, Jo S, Noh H, Kang B-H, et al. 3M-Brazzein as a natural sugar substitute attenuates obesity, metabolic disorder, and inflammation. J Agric Food Chem. (2020) 68:2183–92. doi: 10.1021/acs.jafc.0c00317

 97. Plaza-Diaz J, Pastor-Villaescusa B, Rueda-Robles A, Abadia-Molina F, Ruiz-Ojeda FJ. Plausible biological interactions of low- and non-calorie sweeteners with the intestinal microbiota: an update of recent studies. Nutrients. (2020) 12:E1153. doi: 10.3390/nu12041153

 98. Mejia E, Pearlman M. Natural alternative sweeteners and diabetes management. Curr Diab Rep. (2019) 19, 142. doi: 10.1007/s11892-019-1273-8

 99. Carly F, Fickers P. Erythritol production by yeasts: a snapshot of current knowledge. Yeast (Chichester, England). (2018) 35:455–63. doi: 10.1002/yea.3306

 100. Wölnerhanssen BK, Cajacob L, Keller N, Doody A, Rehfeld JF, Drewe J, et al. Gut hormone secretion, gastric emptying, and glycemic responses to erythritol and xylitol in lean and obese subjects. Am J Physiol Endocrinol Metab. (2016) 310:E1053–1061. doi: 10.1152/ajpendo.00037.2016

 101. Wölnerhanssen BK, Drewe J, Verbeure W, Roux CW, Dellatorre-Teixeira L, Rehfeld JF, et al. Gastric emptying of solutions containing the natural sweetener erythritol and effects on gut hormone secretion in humans: a pilot dose-ranging study. Diab Obes Metab. (2021) 23:1311–21. doi: 10.1111/dom.14342

 102. de Cock P. Erythritol functional roles in oral-systemic health. Adv Dent Res. (2018) 29:104–9. doi: 10.1177/0022034517736499

 103. Storey D, Lee A, Bornet F, Brouns F. Gastrointestinal tolerance of erythritol and xylitol ingested in a liquid. Eur J Clin Nutr. (2007) 61:349–54. doi: 10.1038/sj.ejcn.1602532

 104. Wölnerhanssen BK, Meyer-Gerspach AC, Beglinger C, Islam MS. Metabolic effects of the natural sweeteners xylitol and erythritol: a comprehensive review. Crit Rev Food Sci Nutr. (2020) 60:1986–98. doi: 10.1080/10408398.2019.1623757

 105. Mooradian AD, Smith M, Tokuda M. The role of artificial and natural sweeteners in reducing the consumption of table sugar: a narrative review. Clin Nutr ESPEN. (2017) 18:1–8. doi: 10.1016/j.clnesp.2017.01.004

 106. Thabuis C, Rodriguez B, Gala T, Salvi A, Parashuraman M, Wils D, et al. Evaluation of glycemic and insulinemic responses of maltitol in Indian healthy volunteers. Int J Diabetes Dev Ctries. (2015) 35:482–7. doi: 10.1007/s13410-015-0321-4 

 107. Fukahori M, Sakurai H, Akatsu S, Negishi M, Sato H, Goda T, et al. Enhanced absorption of calcium after oral administration of maltitol in the rat intestine. J Pharm Pharmacol. (1998) 50:1227–32. doi: 10.1111/j.2042-7158.1998.tb03338.x

 108. Chatsudthipong V, Muanprasat C. Stevioside and related compounds: therapeutic benefits beyond sweetness. Pharmacol Ther. (2009) 121:41–54. doi: 10.1016/j.pharmthera.2008.09.007

 109. Philippaert K, Pironet A, Mesuere M, Sones W, Vermeiren L, Kerselaers S, et al. Steviol glycosides enhance pancreatic beta-cell function and taste sensation by potentiation of TRPM5 channel activity. Nat Commun. (2017) 8:14733. doi: 10.1038/ncomms14733

 110. Ruiz-Ruiz JC, Moguel-Ordoñez YB, Segura-Campos MR. Biological activity of Stevia rebaudiana Bertoni and their relationship to health. Crit Rev Food Sci Nutr. (2017) 57:2680–90. doi: 10.1080/10408398.2015.1072083

 111. Deenadayalan A, Subramanian V, Paramasivan V, Veeraraghavan VP, Rengasamy G, Coiambatore Sadagopan J, et al. Stevioside attenuates insulin resistance in skeletal muscle by facilitating IR/IRS-1/Akt/GLUT 4 signaling pathways: an in vivo and in silico approach. Molecules. (2021) 26:7689. doi: 10.3390/molecules26247689

 112. Carrera-Lanestosa A, Moguel-Ordóñez Y, Segura-Campos M. Stevia rebaudiana Bertoni: a natural alternative for treating diseases associated with metabolic syndrome. J Med Food. (2017) 20:933–43. doi: 10.1089/jmf.2016.0171

 113. Matsuo T, Suzuki H, Hashiguchi M, Izumori K. D-psicose is a rare sugar that provides no energy to growing rats. J Nutr Sci Vitaminol. (2002) 48:77–80. doi: 10.3177/jnsv.48.77

 114. Zeng Y, Zhang X, Guan Y, Sun Y. Characteristics and antioxidant activity of maillard reaction products from psicose-lysine and fructose-lysine model systems. J. Food Sci. (2011) 76, C398–C403. doi: 10.1111/j.1750-3841.2011.02072.x

 115. Tsukamoto I, Hossain A, Yamaguchi F, Hirata Y, Dong Y, Kamitori K, et al. Intestinal absorption, organ distribution, and urinary excretion of the rare sugar D-psicose. Drug Des Devel Ther. (2014) 8:1955–64. doi: 10.2147/DDDT.S60247

 116. Hossain A, Yamaguchi F, Hirose K, Matsunaga T, Sui L, Hirata Y, et al. Rare sugar D-psicose prevents progression and development of diabetes in T2DM model otsuka long-evans tokushima fatty rats. Drug Des Dev Therapy. (2015) 9:525–35. doi: 10.2147/DDDT.S71289

 117. Murata A, Sekiya K, Watanabe Y, Yamaguchi F, Hatano N, Izumori K, et al. A novel inhibitory effect of D-allose on production of reactive oxygen species from neutrophils. J Biosci Bioeng. (2003) 96:89–91. doi: 10.1016/s1389-1723(03)90104-6

 118. Iwasaki Y, Sendo M, Dezaki K, Hira T, Sato T, Nakata M, et al. GLP-1 release and vagal afferent activation mediate the beneficial metabolic and chronotherapeutic effects of D-allulose. Nat Commun. (2018) 9:113. doi: 10.1038/s41467-017-02488-y

 119. Gong X, Chen N, Ren K, Jia J, Wei K, Zhang L, et al. The fruits of siraitia grosvenorii: a review of a Chinese food-medicine. Front Pharmacol. (2019) 10:1400. doi: 10.3389/fphar.2019.01400

 120. Liu X, Zhang J, Li Y, Sun L, Xiao Y, Gao W, et al. Mogroside derivatives exert hypoglycemics effects by decreasing blood glucose level in HepG2 cells and alleviates insulin resistance in T2DM rats. J Funct Foods. (2019) 63:103566. doi: 10.1016/j.jff.2019.103566 

 121. Chen WJ, Wang J, Qi XY, Xie BJ. The antioxidant activities of natural sweeteners, mogrosides, from fruits of Siraitia grosvenori. Int J Food Sci Nutr. (2007) 58:548–56. doi: 10.1080/09637480701336360

 122. Qi X-Y, Chen W-J, Zhang L-Q, Xie B-J. Mogrosides extract from Siraitia grosvenori scavenges free radicals in vitro and lowers oxidative stress, serum glucose, and lipid levels in alloxan-induced diabetic mice. Nutr Res. (New York, N.Y.). (2008) 28:278–84. doi: 10.1016/j.nutres.2008.02.008

 123. Bai L, Shi G, Yang Y, Chen W, Zhang L. Anti-aging effect of Siraitia grosuenorii by enhancement of hematopoietic stem cell function. Am J Chin Med. (2016) 44:803–15. doi: 10.1142/S0192415X16500440

 124. Amino Y, Kawahara S, Mori K, Hirasawa K, Sakata H, Kashiwagi T. Preparation and characterization of four stereoisomers of monatin. Chem Pharm Bull. (2016) 64:1161–71. doi: 10.1248/cpb.c16-00286

 125. Nelson G, Hoon MA, Chandrashekar J, Zhang Y, Ryba NJ, Zuker CS. Mammalian sweet taste receptors. Cell. (2001) 106:381–90. doi: 10.1016/s0092-8674(01)00451-2

 126. Ota M, Sawa A, Nio N, Ariyoshi Y. Enzymatic ligation for synthesis of single-chain analogue of monellin by transglutaminase. Biopolymers. (1999) 50:193–200. doi: 10.1002/(SICI)1097-0282(199908)50:2<193::AID-BIP8>3.0.CO;2-P

 127. Ogata C, Hatada M, Tomlinson G, Shin WC, Kim SH. Crystal structure of the intensely sweet protein monellin. Nature. (1987) 328:739–42. doi: 10.1038/328739a0

 128. Assadi-Porter FM, Aceti DJ, Markley JL. Sweetness determinant sites of brazzein, a small, heat-stable, sweet-tasting protein. Arch Biochem Biophys. (2000) 376:259–65. doi: 10.1006/abbi.2000.1726

 129. Chung J-H, Kong J-N, Choi H-E, Kong K-H. Antioxidant, anti-inflammatory, and anti-allergic activities of the sweet-tasting protein brazzein. Food Chem. (2018) 267:163–9. doi: 10.1016/j.foodchem.2017.06.084

 130. Wright SM, Aronne LJ. Causes of obesity. Abdomin Radiol. (2012) 37:730–2. doi: 10.1007/s00261-012-9862-x

 131. Ormazabal V, Nair S, Elfeky O, Aguayo C, Salomon C, Zuñiga FA. Association between insulin resistance and the development of cardiovascular disease. Cardiovasc. Diabetol. (2018) 17:122. doi: 10.1186/s12933-018-0762-4

 132. Saltiel AR, Olefsky JM. Inflammatory mechanisms linking obesity and metabolic disease. J Clin Investig. (2017) 127:1–4. doi: 10.1172/jci92035

 133. Ortega FB, Lavie CJ, Blair SN. Obesity and cardiovascular disease. Circ Res. (2016) 118:1752–70. doi: 10.1161/circresaha.115.306883

 134. Ilias N, Hamzah H, Ismail IS, Mohidin TBM, Idris MF, Ajat M. An insight on the future therapeutic application potential of Stevia rebaudiana Bertoni for atherosclerosis and cardiovascular diseases. Biomed Pharmacother. (2021) 143:112207. doi: 10.1016/j.biopha.2021.112207

 135. Han Y, Han HJ, Kim A-H, Choi J-Y, Cho S-J, Park YB, et al. D-Allulose supplementation normalized the body weight and fat-pad mass in diet-induced obese mice via the regulation of lipid metabolism under isocaloric fed condition. Mol Nutr Food Res. (2016) 60:1695–706. doi: 10.1002/mnfr.201500771

 136. Li L, Zheng W, Wang C, Qi J, Li H. Mogroside V Protects against hepatic steatosis in mice on a high-fat diet and LO2 cells treated with free fatty acids via AMPK activation. eCAM. (2020) 2020:7826874. doi: 10.1155/2020/7826874

 137. Carling D. AMPK signalling in health and disease. Curr Opin Cell Biol. (2017) 45:31–7. doi: 10.1016/j.ceb.2017.01.005

 138. Smith BK, Marcinko K, Desjardins EM, Lally JS, Ford RJ, Steinberg GR. Treatment of nonalcoholic fatty liver disease: role of AMPK. Am J Physiol Endocrinol Metab. (2016) 311:E730–40. doi: 10.1152/ajpendo.00225.2016

 139. Shi Z, Lei H, Chen G, Yuan P, Cao Z, Ser H-L, et al. Impaired intestinal akkermansia muciniphila and aryl hydrocarbon receptor ligands contribute to nonalcoholic fatty liver disease in mice. Msystems. (2021) 6:e00985–00920. doi: 10.1128/mSystems.00985-20

 140. Pastorino G, Cornara L, Soares S, Rodrigues F, Oliveira MBPP. Liquorice (Glycyrrhiza glabra): a phytochemical and pharmacological review. Phytotherapy research: PTR. (2018) 32:2323–39. doi: 10.1002/ptr.6178

 141. Zhang Y, Li L, Qi C, Hua S, Fei X, Gong F, et al. Glycyrrhizin alleviates Con A-induced hepatitis by differentially regulating the production of IL-17 and IL-25. Biomed Pharmacother. (2019) 110:692–9. doi: 10.1016/j.biopha.2018.12.025

 142. Tanemoto R, Okuyama T, Matsuo H, Okumura T, Ikeya Y, Nishizawa M. The constituents of licorice (Glycyrrhiza uralensis) differentially suppress nitric oxide production in interleukin-1β-treated hepatocytes. Biochem Biophys Rep. (2015) 2:153–9. doi: 10.1016/j.bbrep.2015.06.004

 143. Shen C-H, Ma Z-Y, Li J-H, Li R-D, Tao Y-F, Zhang Q-B, et al. Glycyrrhizin improves inflammation and apoptosis via suppressing HMGB1 and PI3K/mTOR pathway in lipopolysaccharide-induced acute liver injury. Eur Rev Med Pharmacol Sci. (2020) 24:7122–30. doi: 10.26355/eurrev_202006_21706

 144. Bailly C, Vergoten G. Glycyrrhizin: an alternative drug for the treatment of COVID-19 infection and the associated respiratory syndrome? Pharmacol Ther. (2020) 214:107618. doi: 10.1016/j.pharmthera.2020.107618

 145. Murck H. Symptomatic protective action of glycyrrhizin (Licorice) in COVID-19 infection? Front Immunol. (2020) 11:1239. doi: 10.3389/fimmu.2020.01239

 146. Wang T, Guo M, Song X, Zhang Z, Jiang H, Wang W, et al. Stevioside plays an anti-inflammatory role by regulating the NF-κB and MAPK pathways in S. aureus- infected mouse mammary glands. Inflammation. (2014) 37:1837–46. doi: 10.1007/s10753-014-9915-0

 147. Alavala S, Sangaraju R, Nalban N, Sahu BD, Jerald MK, Kilari EK, et al. Stevioside, a diterpenoid glycoside, shows anti-inflammatory property against dextran sulphate sodium-induced ulcerative colitis in mice. Eur J Pharmacol. (2019) 855:192–201. doi: 10.1016/j.ejphar.2019.05.015

 148. Li Y, Zou L, Li T, Lai D, Wu Y, Qin S. Mogroside V inhibits LPS-induced COX-2 expression/ROS production and overexpression of HO-1 by blocking phosphorylation of AKT1 in RAW264.7 cells. Acta Biochim Biophys Sin. (2019) 51:365–74. doi: 10.1093/abbs/gmz014

 149. Shen J, Shen D, Tang Q, Li Z, Jin X, Li C. Mogroside V exerts anti-inflammatory effects on fine particulate matter-induced inflammation in porcine alveolar macrophages. Toxicology in vitro. (2022) 80:105326. doi: 10.1016/j.tiv.2022.105326

 150. Selwitz RH, Ismail AI, Pitts NB. Dental caries. Lancet (London, England). (2007) 369:51–9. doi: 10.1016/S0140-6736(07)60031-2

 151. Ferracane JL. Models of caries formation around dental composite restorations. J Dent Res. (2017) 96:364–71. doi: 10.1177/0022034516683395

 152. Bourgeois DM, Llodra JC. Global burden of dental condition among children in nine countries participating in an international oral health promotion programme, 2012-2013. Int Dent J. (2014) 64 Suppl 2:27–34. doi: 10.1111/idj.12129

 153. Nagsuwanchart P, Nakornchai S, Thaweboon S, Surarit R. Mogroside, palatinose, erythritol, and xylitol differentially affect dental plaque pH in caries-active and caries-free children: an in vitro study. Pediatric Dental J. (2021) 31:242–7. doi: 10.1016/j.pdj.2021.08.004 

 154. Söderling E, Pienihäkkinen K. Effects of xylitol and erythritol consumption on mutans streptococci and the oral microbiota: a systematic review. Acta Odontol Scand. (2020) 78:599–608. doi: 10.1080/00016357.2020.1788721

 155. Loimaranta V, Mazurel D, Deng D, Söderling E. Xylitol and erythritol inhibit real-time biofilm formation of Streptococcus mutans. BMC Microbiol. (2020) 20:184. doi: 10.1186/s12866-020-01867-8

 156. Prosdocimi EM, Kistler JO, Moazzez R, Thabuis C, Perreau C, Wade WG. Effect of maltitol-containing chewing gum use on the composition of dental plaque microbiota in subjects with active dental caries. J Oral Microbiol. (2017) 9:1374152. doi: 10.1080/20002297.2017.1374152

 157. Ferrazzano GF, Cantile T, Alcidi B, Coda M, Ingenito A, Zarrelli A, et al. Is Stevia rebaudiana Bertoni a non cariogenic sweetener? A review. Molecules. (2016) 21. doi: 10.3390/molecules21010038

 158. Poulsen E. Safety evaluation of substances consumed as technical ingredients (food additives). Food Addit Contam. (1991) 8:125–33. doi: 10.1080/02652039109373963

 159. Lenhart A, Chey WD. A systematic review of the effects of polyols on gastrointestinal health and irritable bowel syndrome. Adv Nutr. (2017) 8:587–96. doi: 10.3945/an.117.015560

 160. Peteliuk V, Rybchuk L, Bayliak M, Storey KB, Lushchak O. Natural sweetener Stevia rebaudiana: functionalities, health benefits and potential risks. EXCLI J. (2021) 20:1412–30. doi: 10.17179/excli2021-4211

 161. Koyama E, Kitazawa K, Ohori Y, Izawa O, Kakegawa K, Fujino A, et al. In vitro metabolism of the glycosidic sweeteners, stevia mixture and enzymatically modified stevia in human intestinal microflora. Food Chem Toxicol. (2003) 41, 359–374. doi: 10.1016/s0278-6915(02)00235-1

 162. Mahalak KK, Firrman J, Tomasula PM, Nuñez A, Lee J-J, Bittinger K, et al. Impact of steviol glycosides and erythritol on the human and cebus apella gut microbiome. J Agric Food Chem. (2020) 68:13093–101. doi: 10.1021/acs.jafc.9b06181

 163. Toskulkao C, Chaturat L, Temcharoen P, Glinsukon T. Acute toxicity of stevioside, a natural sweetener, and its metabolite, steviol, in several animal species. Drug Chem Toxicol. (1997) 20:31–44. doi: 10.3109/01480549709011077

 164. Yang R, Yuan BC, Ma YS, Zhou S, Liu Y. The anti-inflammatory activity of licorice, a widely used Chinese herb. Pharm Biol. (2017) 55. doi: 10.1080/13880209.2016.1225775

 165. Smedegaard SB, Svart MV. Licorice induced pseudohyperaldosteronism, severe hypertension, and long QT endocrinology. Endocrinol Diab Metab Case Reports. (2019) 2019. doi: 10.1530/edm-19-0109

 166. Walker BR, Edwards CR. Licorice-induced hypertension and syndromes of apparent mineralocorticoid excess. Endocrinol Metab Clin North Am. (1994) 23:359–77.

 167. Nazari S, Rameshrad M, Hosseinzadeh H. Toxicological effects of Glycyrrhiza glabra (Licorice): a review. Phytother Res. (2017) 31:1635–50. doi: 10.1002/ptr.5893



OPS/images/fnut-09-952147-t001.jpg
Artificial
sweetener

Acesulfame potassium
Aspartame

Neotame

Saccharin

Sucralose

Advantame

ADI

Sweetness

(mg/kg/BW/day) relative to

15
50

0.021

sucrose

200
160-200
7,000-13,000
300
300
37,000

References

9]
®)
©
©
(10)
an





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Research progress on extraction technology and biomedical function of natural sugar substitutes



		Introduction



		Technologies employed in extraction of NSS



		Solvent extraction method



		Ultrasonic extraction



		Enzyme-catalyzed extraction



		Membrane extraction method



		Improvement of extraction methods







		Biomedical functions of NSS



		Prevention and adjuvant treatment of diabetes



		Prevention and adjuvant treatment of obesity



		Reduce inflammation



		Prevention of dental caries







		Challenges in the application of NSS



		Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		Abbreviations



		References

















OPS/images/fnut-09-952147-g012.gif
The administration to regulate food labeling

o p—

© Motk @ Exi © Seisgheodde ® i @ Ghomhiain @ Vegosdey
O Cotsol A Acosterone ¥ MR <> Mineslocortsid @ omar 5 Iabibiion.





OPS/images/fnut-09-952147-t002.jpg
Natural sugar
substitutes

Sucrose (reference)
Stevia glycoside
Mogroside V'
Glyeyrrhizin
Monatin

Psicose

Erythritol

Maltitol

Sorbitol

Xylitol

Mannitol

Lactitol

Monellin

Thaumatin

Natural source

Various plants
Stevia

Momordica grosvenori
Licorice

Scoreiton ilicifolius
Bioconversion
Yeast fermentation
Starch

Some fruits and
Vegetables

Fruits, vegetables,
berries, oats and
mushrooms

‘The leaves, stems of
plants, algae, fruits
A hydrogenated product
of lactose
Dioscoreaphyllum
cumminsii Diels
Pentadiplandra
brazzeana Baillon

Chlorella Neri fruit

Sweetness by weight

1
250-300
300
170
3,000
07
06-0.8
0.9
05-0.7

05-0.7
04
3,000
2,000

3,500

Caloric value (kcal/g)

24

08

Low calorie

Low calorie

Low calorie

Essence

Glucose

Simple substance
Simple substance
Simple substance
Simple substance
Simple substance
Sugar alcohol
Sugar alcohol

Sugar alcohol

Sugar alcohol

Sugar alcohol

Sugar alcohol

Protein

Protein

Protein

References

(88)
(89)
(90)
o1
92)
(50)
(48)
(48,93)
(48)

(84)

©4)

79

95)

(96)

(82)





OPS/images/fnut-09-952147-g011.gif





OPS/images/fnut-09-952147-g010.gif









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Nutrition





OPS/images/fnut-09-952147-g005.gif





OPS/images/fnut-09-952147-g006.gif





OPS/images/fnut-09-952147-g003.gif





OPS/images/fnut-09-952147-g004.gif





OPS/images/fnut-09-952147-g009.gif
© mown @ Povoe @ Gyomnn @ Cosel





OPS/images/fnut-09-952147-g007.gif





OPS/images/fnut-09-952147-g008.gif





OPS/images/cover.jpg
& frontiers | Frontiers in Nutrition

Research progress on extraction
technology and biomedical
function of natural sugar
substitutes





OPS/images/fnut-09-952147-g001.gif





OPS/images/fnut-09-952147-g002.gif





