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Mycoprotein is a protein-rich fungal-derived sustainable food source that was first discovered in the early 1960's. Since then, a sizeable body of research has investigated the health benefits of mycelium protein. Given this, the present publication aims to systematically review the effects of mycoprotein on human health. A literature search of human studies was conducted using PubMed Central, ClinicalTrials.Gov, Google Scholar and a manual search. Sixteen controlled trials, totaling 432 participants were included – of these 5 studies reported total cholesterol, 5 reported on energy intake, 7 on insulin levels, 8 on glucose levels and 4 studied protein response. Risk of bias showed that 7 studies were good quality although heterogeneity was apparent between studies. Results showed that acute mycoprotein ingestion was associated with reduced total cholesterol levels, particularly amongst those with hyperlipidemia. Evidence was less conclusive for effects on blood glucose and insulin levels. Mycoprotein also appears to be a promising bioavailable source of essential amino acids that could induce muscle protein synthesis. Overall, given growing interest in sustainable proteins and accruing health evidence for mycoprotein, firmer embedment with food-based dietary guidelines is now worthy of consideration.
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INTRODUCTION

There are growing demands for sustainable food proteins which utilize technologies that are both green (eco innovative) and cost-effective (Fasolin et al., 2019). Plant-proteins have received heightened interest in recent years, particularly their ability to improve markers of health such as blood lipid profile and glycaemic control amongst people with diabetes when substituted for animal protein (Viguiliouk et al., 2015; Li et al., 2017). The COVID-19 pandemic has placed a spotlight on meat supply chains and food security across the world, further propelling demands for plant-based alternatives (FutureBridge, 2020). Subsequently, plant-based food proteins are swiftly being embedded within evolving Food-Based Dietary Guidelines (FBDG). For example, a global review of FBDG found that half of the countries with protein food key messages (33 out of 67) included both plant-based and animal-derived sources of protein (Herforth et al., 2019). Unfortunately, other well-established food proteins, such as fungal-derived proteins appear to have been comparatively overlooked.

Fungal-derived mycoproteins are gaining in popularity due to their healthy nutritional profile, ability to be produced at low cost, environmental benefits and resilience to landscape limitations such as flood or drought (Hashempour-Baltork et al., 2020). The production strain used to grow and harvest mycoprotein (Fusarium Venenatum ATCC 2684) was discovered in the 1960's (Finnigan et al., 2019). Some years later in 1984 after rigorous testing mycoprotein was approved for sale as a food protein source by the Ministry of Agriculture, Fisheries and Food in the United Kingdom (Wiebe, 2002) and may now be sold in all member states of the EU. Further regulatory approvals followed in Switzerland, Norway the USA and Australia, and more recently in Japan, Thailand, Malaysia and Canada. Mycoprotein is mainly consumed within the range of vegan and vegetarian foods under the brand name QuornTM (Finnigan et al., 2019). Today, mycoprotein is produced at scale using fermentation, producing high-quality protein with a relatively benign environmental footprint (Finnigan et al., 2019).

However, despite the growing popularity with consumers, many health professionals do not yet fully understand the potential for fungal proteins to provide a healthy new protein with a low environmental impact (Derbyshire, 2020a). A scientific panel comprised of health professionals – predominantly dietitians, identified that most were unaware of what fungal-derived foods proteins were and the fact that these were a separate kingdom themselves – not plants (Derbyshire, 2020a).

The growing demands for healthy and sustainable new protein sources mean that misconceptions about fungal proteins should be addressed. This review therefore collates evidence in this field, focusing on mycoprotein. We first provide background on the origins of fungal-derived mycelium mycoprotein and then systematically review the health evidence, focusing on cholesterol, energy intake, glucose and insulin levels and protein response.



FUNGAL FOUNDATIONS

Fungi are a large and diverse group of eukaryotic organisms that start as microscopic filaments (Alexopoulos et al., 1996). They play fundamental roles in nutrient cycling, acting as predators, pathogens and parasites, and are often found living in symbiotic associations with algae, animals, plants and other organisms (Naranjo-Ortiz and Gabaldon, 2019). Fungi are often considered to be “plant-based” but their cell walls are composed of beta-glucan and chitin rather than cellulose and the absence of chloroplasts makes them distinctly different from plants thus placing them out of this category (Baldauf et al., 2000; Katz et al., 2012).

Mushrooms and truffles are also a type of fungi (Basidiomycetes) but are generally not considered to be suitable meat alternatives due to their lower protein content (Boland et al., 2013; Souza Filho et al., 2019). Mycoprotein is produced from separate member of the fungi family (ascomycetes) and is grown by fermentation (Derbyshire, 2020a). Its overall protein digestibility-corrected amino acid score is 0.996 which has been derived using gold-standard ileostomy methods, demonstrating that it is a high quality protein (Edwards and Cummings, 2010). The filamentous nature of the hyphal creates fibrous bundles that emulate the texture of meat (Figure 1). Recent publications suggest that this structural complexity of the fungal cell wall may provide insights into causal mechanisms for putative benefits to metabolic health (Colosimo et al., 2019, 2020; Colosimoa et al., 2020).
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FIGURE 1. Optimal micrograph of MycoproteinTM filamentous cells (left) and the cell wall/membrane of the filamentous fungi (right). Source: Vega and Kalkum (2012), Colosimo et al. (2019).



Production

A full description of mycoprotein production has been published by Finnigan (2011). The production strain for mycoprotein is first grown using an aerobic fermentation system and carbohydrate and nutrient substrates required for growth (Finnigan, 2011). Next, the mycelium of the fungus is heat-treated to reduce ribonucleic acid content to approved levels. Once the ribonucleic acid levels are lowered, the suspended hyphae are recovered by centrifugation and a supernatant is yielded which is mycoprotein (Gilani and Lee, 2003). During the final phases of production, the processes of steaming, chilling and freezing of mycoprotein result in a meat-like structure, similar to chicken when observed under a microscope. These combined processes along with the final addition of added egg albumen, functional ingredients, flavors, herbs and spices, leads to an end product that mimics the texture of meat (Wiebe, 2002). More recently, plant-based alternatives to egg protein have been discovered that allow vegan products to be produced.




NUTRITIONAL PROPERTIES

Mycoprotein is a sustainably produced, protein-rich, high-fiber, whole food source (Table 1) (Coelho et al., 2019). Mycoprotein products have a higher weight-percentage protein content than other common plant or fungal sources of protein, though lower than meats. The fiber found in the cell walls of mycoprotein is largely insoluble in the small intestine and is comprised of two-thirds β-glucan and one-third chitin, creating a “fibrous chitin–glucan matrix” (Denny et al., 2003; Finnigan et al., 2019). Mycoprotein according to European Commission standards is “high in fiber” i.e., providing at least 6 g of fiber per 100 g (De Gregori et al., 2006; EC, 2008).


Table 1. The nutritional profile of various protein sources.

[image: Table 1]

Regarding micronutrients when compared with the other protein food sources mycoprotein does well for vitamin B9 (folate), vitamin B12, calcium, phosphorous, magnesium and zinc. It has also been analyzed for choline which is reported to be ~180 mg per 100 g thus compares well with other foods such as cooked salmon (90 mg/100 g), pork (103 mg/100 g), dried soybeans (116 mg/100 g), bacon (125 mg/100 g), and wheat germ (152 mg/100 g) which have been reported to have some of the highest choline profiles (Zeisel et al., 2003; Wiedeman et al., 2018).



METHODS


Search Strategy

A search for relevant human studies was undertaken using the US National Library of Medicine National Institutes of Health Database (PubMed Central). The following search terms were applied: (mycoprotein [All Fields] OR myco-protein [All Fields] OR fungi-derived protein [All Fields] OR Fusarium Venenatum [All Fields] OR quorn [All Fields]) AND health [All Fields] OR cholesterol [All Fields] OR lipids [All Fields] OR insulin* OR glucose levels [All Fields] OR glycaemia [All Fields] OR glycemia [All Fields] OR glycaemic [All Fields] OR energy intake [All Fields] OR protein bioavailability [All Fields] OR protein response OR anabolism [All Fields]).

Manual searches of reference lists were also undertaken to identify additional articles of relevance. Further general searches using the term “mycoprotein” were also undertaken using Google Scholar and ClinicalTrials.Gov to identify further human trials. A manual search of reference lists was also conducted. A cut-off date of November 6th 2020 was applied to the searches.



Approach

The search for human trials used the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) approach as illustrated in Figure 1 (Moher et al., 2009). The PICOS criteria (patients, intervention, comparator, outcome, study design) was applied to determine study eligibility (Cochrane, 2019). The population (P) was defined as: adults, aged 17 years and over. The intervention (I) was the consumption of mycoprotein, fungi-derived protein, Fusarium Venenatum or QuornTM. The comparison (C) was a defined control or placebo group and the outcomes of interest (O) were markers of health which included: Total cholesterol, energy intakes, glucose levels, insulin levels and markers of protein response including muscle protein fractional synthesis rate.



Inclusion/Exclusion Criteria

The present review included: human studies comprised of young people or adults (≥17 years) investigating mycoprotein in any form in relation to markers of health. Animal and mechanistic studies were excluded. Those using multi-interventions which could have skewed results were also not used. Studies that did not clearly specify the intervention were also withdrawn, as were studies that did not specify the level of intake in relation to the intervention being tested. Review papers were not included within the present review.



Data Charting

Data charted from the trials included the following: General details of the study (author, year, and location), participants (age, gender, and health status), methods, intervention (type and amount), the comparator group, health outcome(s) and study outcomes with any reported significant p-values.

Studies were identified by authors and screened based on the specified inclusion and exclusion criteria. Studies were initially checked using their title and were then further verified and screened based on their abstract. The procedure of identification, screening, evaluation of eligibility and inclusion is illustrated in Figure 2. The Jadad scale was used to develop quality scores for each study (Jadad et al., 1996). Quality scores were graded between 1 and 5 with higher scores being indicative of higher quality.
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FIGURE 2. PRISMA approach to identifying trials (Moher et al., 2009).





RESULTS

The PubMed Central search yielded 208 publications for screening. Searches through additional databases and reference lists identified a further 11 publications. A total of 219 publications were subsequently screened. Of these a total of 203 publications were excluded - 161 were off topic/irrelevant, 14 were review papers, 10 replica papers, seven were studies that did not include mycoprotein as an intervention, six papers were genome-focused, three did not have a control group, one was a mechanistic study and one focused on industrial production. After screening for eligibility and reviewing the full text a total of 16 human controlled trials were included in the final review.

Among the included 16 studies the majority were conducted in the United Kingdom (14 studies) and two in the United States. The studied populations were predominantly adults (including young, middle aged, and older adults), with most studies recruiting both males and females. Whilst the majority of studies recruited healthy subjects at baseline some studies recruited overweight adults (Bottin, 2011; Bottin E. et al., 2012; Bottin et al., 2016). Ruxton and McMillan (2010) included adults who reported being in good health but some had high cholesterol levels at baseline. Similarly, Turnbull et al. (1990) included adults with slightly raised cholesterol levels (Turnbull et al., 1990).

As shown in Tables 2, 3 the trials identified focused on the specified outcomes, including total cholesterol (Udall et al., 1984; Turnbull et al., 1990, 1992; Ruxton and McMillan, 2010; Coelho et al., 2020b), energy intake (Burley et al., 1993; Turnbull et al., 1993; Williamson et al., 2006; Bottin E. et al., 2012; Bottin et al., 2016), glucose levels (Turnbull and Ward, 1995; Ruxton and McMillan, 2010; Bottin, 2011; Bottin et al., 2016; Coelho et al., 2020a,b), insulin levels (Turnbull and Ward, 1995; Bottin, 2011; Bottin et al., 2016; Dunlop et al., 2017; Coelho et al., 2020a,b; Monteyne et al., 2020a) and protein response (Udall et al., 1984; Dunlop et al., 2017; Monteyne et al., 2020a,b). As shown in Table 4 seven were good quality, scoring 3 or more after the application of the Jadad criteria (Turnbull et al., 1990; Burley et al., 1993; Bottin et al., 2016; Dunlop et al., 2017; Monteyne et al., 2020a,b). Other studies did not fully report randomization and/or blinding methods and some required translation meaning that such finer details could have been missed.


Table 2. Study outcome comparator table.
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Table 3. Fungal protein (mycoprotein) and health: human studies.
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Table 4. Assessment scale used to assess the quality of studies.
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Health Evidence
 
Energy Intake

Five studies considered effects on mycoprotein on energy intake. Evidence of energy reduction was determined at subsequent ad libitum meals and post-24 h (Burley et al., 1993; Turnbull et al., 1993; Williamson et al., 2006; Bottin J. H. et al., 2012; Bottin et al., 2016). Burley et al. (1993) and Turnbull et al. (1993) were some of the first investigators to research this (Burley et al., 1993; Turnbull et al., 1993). Burley et al. (1993) recruited 18 lean adults finding that eating a lunch providing mycoprotein reduced evening ad libitum energy intake by 18% when compared with a chicken control, these findings were particularly prominent in males. Turnbull et al. (1993) also found that energy intake was reduced by 24% after healthy weight females consumed 130 g of mycoprotein or chicken as isoenergetic meals and these effects extended into the next day where energy intake was further reduced by 16.5%.

Bottin E. et al. (2012) and Bottin et al. (2016) extended this research by studying effects in overweight adults (Bottin J. H. et al., 2012; Bottin et al., 2016). In both randomized studies reductions in energy intake were observed with up to 132 g of mycoprotein reducing later ad libitum energy intake by 10% at a later meal. The research at the time was not able to provide clear mechanistic explanations although the metabonomic analysis indicated that certain candidate molecules could be worthy of investigation. Williamson et al. (2006) recruited healthy, pre-menopausal females finding that a pasta preload providing 44.3 g mycoprotein significantly reduced energy intakes at the following meal when compared to the chicken control.

Overall, acute mycoprotein ingestion appears effective at reducing energy intake at later ad libitum meals and 24-h post ingestion in lean, overweight, and obese adults. Longer-term trials would be worthwhile and help to decipher whether effects are sustained and potential underpinning mechanisms behind such actions.




Cholesterol Levels

Incorporating modest amounts of fungal mycoprotein into the diet could reduce total cholesterol levels. Presently five human studies have investigated the effects of fungal protein (mycoprotein) in relation to total cholesterol levels (Udall et al., 1984; Turnbull et al., 1990, 1992; Ruxton and McMillan, 2010; Coelho et al., 2020b). Turnbull undertook two studies (1990; 1992). In the first, subjects receiving 191 g mycoprotein over lunch and dinner over 3-weeks led to a 13% reduction in plasma total cholesterol (Turnbull et al., 1990). In a longer 8-week study Turnbull et al. (1992) observed similar reductions in total cholesterol levels although with the intervention (130 g mycoprotein; wet weight) being delivered as cookies (Turnbull et al., 1992).

In a community setting Ruxton and McMillan (2010) used 88 g of wet weight mycoprotein per day and observed significantly lower cholesterol levels amongst those who had higher levels at baseline. These were interesting findings implying that mycoprotein could be a useful food ingredient for the management of blood cholesterol levels although no blinding or randomization was used in this study which could have influenced habitual diet compliance in the control group (Ruxton and McMillan, 2010).

More recently, Coelho et al. (2020b) provided a diet containing 1.2 g of protein per kilogram of body weight which was supplied from QuornTM, meat or fish observing beneficial effects on the plasma lipidome - certain lipid subfractions decreased which included total plasma cholesterol and free-cholesterol in the mycoprotein compared with the control group. It was proposed that these cholesterol-lowering effects could attributed to the amount or type of fiber present (Coelho et al., 2020b). One theory is that short-chain fatty acids (SCFAs) such as acetate, propionate and butyrate which are primary products of fiber fermentation could underpin some of these effects (Cummings et al., 1987; Coelho et al., 2020b). Ongoing research is needed to clarify such potential mechanisms.



Glucose Levels

Eight studies measured glucose levels as a marker of glycaemia (Udall et al., 1984; Turnbull and Ward, 1995; Ruxton and McMillan, 2010; Bottin, 2011; Bottin et al., 2016; Dunlop et al., 2017; Coelho et al., 2020a,b). Overall, results showed a less clear effect of acute mycoprotein ingestion in relation to blood glucose levels. Early research by Turnbull and Ward (1995), for example, observed reductions in glucose values in both the mycoprotein and control group although glycaemia was found to be significantly reduced at 60 min (13% reduced) after the mycoprotein meal (Turnbull and Ward, 1995). Research by Ruxton and McMillan (2010) showed that glucose levels in the mycoprotein condition reduced over time and increased in the control group. Nevertheless, post-hoc test results were not statistically significant (Ruxton and McMillan, 2010).

Bottin (2011) monitored glucose levels, reporting these as Incremental Area Under the Curve (IAUC) values which were lower amongst overweight adults ingesting 30 g mycoprotein (dry weight) compared with the whey protein control, but not to a statistically significant level. Later work by Bottin et al. (2016) which recruited overweight and obese subject did not observe any significant differences in glucose levels after they were fed low, medium or high mycoprotein or energy equivalent chicken meals (Bottin et al., 2016). Dunlop et al. (2017) determined glucose profiles with some evidence of reduction in late postprandial phases after mycoprotein ingestion, although the statistical analyses were not included or discussed in the main body of the paper (Dunlop et al., 2017). Coelho et al. (2020a,b) has undertaken two studies each measuring glucose levels, with no significant differences being reported when compared against controls.



Insulin Levels

Seven trials have studied the effects of acute mycoprotein ingestion in relation to insulin levels (Turnbull and Ward, 1995; Bottin, 2011; Bottin et al., 2016; Dunlop et al., 2017; Coelho et al., 2020a,b; Monteyne et al., 2020a). Turnbull and Ward (1995) first found that post meal insulinemia was significantly reduced in the mycoprotein compared with the control group at 30 and 60 min post ingestion (Turnbull and Ward, 1995). Bottin (2011) measured the IAUC and post-prandial insulin resistance (PPIR) in 10 healthy, overweight adults observing significant reductions in insulin levels 15, 30-, and 45-min post-ingestion. PPIR significantly improved after mycoprotein compared with whey protein ingestion (Bottin, 2011). A larger study by Bottin et al. (2016) showed that mycoprotein meals containing low (44 g), medium (88 g) or high (132 g) mycoprotein significantly reduced insulin concentrations compared with chicken using IAUC calculations, with these reported to be −8% (IAUC low), −12% (IAUC medium), and −21% (IAUC high), respectively (Bottin E. et al., 2012). Such findings are interesting as they occurred under energy-balanced conditions thus are not a result of lower overall energy intake or weight loss.

Dunlop et al. (2017) demonstrated that mycoprotein ingestion led to slower but more sustained hyperinsulinaemia when compared with protein-match milk (Dunlop et al., 2017). Similarly, Monteyne et al. (2020a) found that mycoprotein ingestion (70 g) resulted in a less rapid but more sustained increase in serum insulin levels, peaking at 30 min after consumption when compared with milk protein (Monteyne et al., 2020a). Coelho et al. (2020a,b) did not report any differences in serum insulin responses after mycoprotein ingestion when compared against meat/fish and nucleotide depleted mycoprotein controls (Coelho et al., 2020a,b).

Mycoprotein consumption may be more effective at regulating insulin levels amongst individuals who are overweight or obese at baseline (Bottin, 2011; Bottin et al., 2016). Larger and longer studies are needed to further investigate such effects. Present studies have been heterogeneous in design and laboratory-based which limits the extrapolation and broader application of findings into community settings.



Protein Response

Four studies examined the bioavailability and muscular synthetic effects of mycoprotein (Udall et al., 1984; Dunlop et al., 2017; Monteyne et al., 2020a,b). Udall et al. (1984) was one of the first studies to investigate the digestibility, biological value and net protein utilization of fungal protein (F. graminearium) finding that this was 78, 84, and 65% compared with 95, 85, and 80% for milk, respectively (Udall et al., 1984). Five separate trials conducted in a single-blind, randomized, cross-over design with 12 healthy young males found mycoprotein to be a bioavailable source of dietary protein that could help to stimulate muscle protein synthesis rates; 40 g mycoprotein (18 g total protein) was sufficient in mounting a robust muscle protein synthetic response whilst 60 g mycoprotein (i.e., 27 g total protein) was regarded as ample for optimal stimulation of muscle protein synthesis rates in healthy young men (Dunlop et al., 2017). It was, however, concluded that further intakes beyond the 60 g administered would be unlikely to confer any further health benefits (Dunlop et al., 2017).

Building on this work Monteyne et al. (2020a) undertook a double-blind, randomized, parallel-group study. This trial recruited a slightly larger sample size - 22 healthy males who ingested either 70 g (31.5 g protein; 2.5 g leucine) mycoprotein or 31 g (26.2 g protein; 2.5 g leucine) milk protein. It was observed that mycoprotein stimulated resting and post-resistance exercise muscle protein synthesis rates to a greater extent than a leucine-matched bolus of milk protein (Monteyne et al., 2020a). Other work related to this study concluded that the ingestion of a lower-dose of BCAA-enriched mycoprotein (35 g BCAA-enriched mycoprotein; 18.7 g protein) was effective at stimulating resting and post-exercise muscle protein synthesis but to a lesser extent than the BCAA-matched 70-g mycoprotein bolus (Monteyne et al., 2020b).




DISCUSSION/PERSPECTIVES AND CONCLUSION

The present review demonstrates that fungal mycoprotein is a well-established food source with potential benefits for health. Sixteen human trials have studied inter-relationships between fungal mycoprotein consumption and markers of health (Udall et al., 1984; Turnbull et al., 1990, 1992, 1993; Burley et al., 1993; Turnbull and Ward, 1995; Williamson et al., 2006; Ruxton and McMillan, 2010; Bottin, 2011; Bottin E. et al., 2012; Bottin et al., 2016; Dunlop et al., 2017; Coelho et al., 2020a,b; Monteyne et al., 2020a,b).

Overall, acute ingestion of mycoprotein appears to have promising effects on the reduction of total cholesterol levels (Udall et al., 1984; Turnbull et al., 1990, 1992; Ruxton and McMillan, 2010), particularly amongst those with slightly raised cholesterol levels or hyperlipidemia (Turnbull et al., 1990; Ruxton and McMillan, 2010). Further benefits are apparent for energy intake – acute mycoprotein ingestion appears to consistently lower later ad libitum meal and 24-h energy intake. The extended effects on energy intakes in the longer-term in community settings would also be worthy of investigation. Regarding protein response, mycoprotein appears to be a promising food source providing bioavailable essential amino acids that improve muscle protein fractional synthesis rates (Udall et al., 1984; Dunlop et al., 2017; Monteyne et al., 2020a,b)

Findings were less conclusive for glucose and insulin levels. For the former, whilst lower blood glucose levels were reported in some studies, findings were not reported to be statistically significant (Ruxton and McMillan, 2010; Bottin, 2011; Bottin et al., 2016; Coelho et al., 2020a,b). Studying the effects of mycoprotein ingestion amongst those with glucose dysregulation i.e., diabetic patients could help to further determine whether any potential effects exist. Changes in insulin levels were variable between studies although it has been reported elsewhere that there could be benefits for reduced insulinaemia (Cherta-Murillo et al., 2020). Heterogeneity between studies is likely to account for variable differences between trials. Studies need to report study outcomes for both intervention and control groups and apply statistical methods comparing the two so that future comparisons can be made with consistency and clarity. Meta-analytical analysis would also be worthy in the future.

Fungi such as mycoprotein are examples of foods that provide protein, intrinsic fiber, micronutrients and potential bioactive compounds (Coelho et al., 2019; Derbyshire and Ayoob, 2019). Research shows that the structural complexity of the fungal cell wall could contribute to causal mechanisms behind some of its observed physiological benefits (Colosimo et al., 2019; Colosimoa et al., 2020). Work has demonstrated that the presence of fungal cell walls in mycoprotein slows down the kinetics of sugar release during digestion when compared against no cell walls (Colosimoa et al., 2020). Mechanistically, the porosity of mycoprotein fungal cell wall appears to permit the diffusion of α-amylase into the cells which, in turn, results in the entrapment of the enzyme within the hyphal matrix and then subsequent reduced enzymatic activity and starch hydrolysis (Colosimoa et al., 2020). These effects are thought to be potential underpinning mechanisms that could be responsible for mycoproteins ability to potentially modulate postprandial glycaemia/insulinemia (Colosimoa et al., 2020). Other work shows that digestive enzymes are able to diffuse through the cell wall of mycoprotein (due to its porosity), facilitating protein hydrolysis – a process central to digestion and protein release (Colosimo et al., 2019, 2020).

Alongside these health studies the bioactive profiles of specific fungi and their separate health effects are worthy of future investigation. Bioactive compounds are becoming increasingly valuable in the fields of medicine, food and health (Prakash and Namasivayam, 2014). Filamentous fungi are known to produce an array of secondary metabolites which can predominantly be divided into four groups: alkaloids, terpenes, non-ribosomal peptides and polyketides (Liu and Liu, 2018). Fungal lectins also represent an enormous unexplored source of potentially useful and novel lectins (Hassan et al., 2015). These non-immunoglobulin proteins can bind diverse sugar structures with a high degree of selectivity and are gaining interest for their potential antitumor, antiproliferative and immunomodulatory activities (Hassan et al., 2015). So far an analysis of Fusarium Venenatum revealed that this contained diverse compounds with potential pharmacological activities, although further research needs to specify what these are (Prakash and Namasivayam, 2014). The role of fungi in gut health is also gaining interest, with many species of fungi being found in healthy human gastrointestinal systems (Hallen-Adams and Suhr, 2017).

Pigments found in fungi such as ankaflavins, anthraquinone, flavins, melanins, naphthoquinone, and quinones are also growing in interest due to their potential medicinal and food properties (Akilandeswari and Pradeep, 2016; Lagashetti et al., 2019). The production of mycelium with a high ergothioneine content is also attracting growing interest (Liang et al., 2013; Lin et al., 2015). Ergothioneine from a health perspective is defined as a thiol/thione molecule that is synthesized by certain fungi and is a useful diet-derived antioxidant, with reduced blood/plasma levels of ergothioneine being observed in certain diseases e.g., in cases of cognitive impairment and Parkinson disease (Cheah et al., 2016; Hatano et al., 2016; Halliwell et al., 2018). Glutathione, another low molecular-weight thiol has been found to be present in high concentrations in filamentous fungi and yeasts and plays a role in basic cellular functions, cell development, differentiation, mitochondrial structure and membrane integrity (Pócsi et al., 2004; Wu et al., 2004). Glutathione deficiency contributes to oxidative stress which has been attributed to the etiology of certain diseases including Alzheimer's disease, Parkinson's disease, stroke and diabetes, amongst others (Wu et al., 2004).



FUTURE PERSPECTIVES

From a broader perspective expanding populations are placing unprecedented pressures on the world's food resources – intensified production of animal-based protein increases GHGEs, land and water use – indeed a “perform storm” accentuating the need for alternative sources (Henchion et al., 2017). Mycoprotein is more efficient in land and water use than animal-derived proteins and has GHGEs lower than beef production (Smetana et al., 2018; The Carbon Trust, 2019). Plant-based diets are less taxing on the environment and thus have rightly been receiving growing interest and gradual incorporation within FBDG, although such messages are not yet universally echoed across countries (Sabaté and Soret, 2014; Herforth et al., 2019). Vegan diets have also been associated with lower serum total cholesterol levels, compared with meat-eaters, fish-eaters and vegetarians, which may be attributed to certain dietary differences (Bradbury et al., 2015). Nevertheless, confusions remain to exist with some health professionals perceiving fungal protein to be “plant-based” which is not the case (Derbyshire, 2020a,b).

Health and mechanistic evidence for fungal mycoprotein has been building. Thus, greater awareness of this alternative whole-food protein is needed from a public and health professional stance. One way to improve this would be to formally embed fungal protein within FBDG, alongside animal and plant-derived proteins (Derbyshire, 2020b). This would help health professionals and consumers to better understand the array of food proteins that are available. Public perceptions appear to be changing about the consumption of fungal protein. For example, changing demographics means that older consumers are now willing to accept alternative, more sustainable protein sources (Grasso et al., 2019). It is also predicted that Asian countries will also become major market sectors with an interest in meat analogs (Ismail et al., 2020).

Lastly, fungal biotechnology has the ability to transform organic materials into nutritious food protein, helping to tackle the urgent global challenges that are becoming increasingly apparent (Finnigan et al., 2019; Meyer et al., 2020). Humans have been tapping into biodiversity for hundreds of thousands of years, yet at no time in history has it been more vital to advance the exploration of how we can utilize these as a means of healthy and sustainable food protein (Antonelli et al., 2019).

Other food production platforms for fungi are also emerging in the accelerating alternative food space which are anticipated to add to this body of evidence in the future. For example, the use of the filamentous fungi belonging to the genus Aspergillus species is advancing within the fields of biotechnology and recombinant protein production (Ntana et al., 2020). Elsewhere, a novel fungi product has been produced from the filamentous fungus Neurospora intermedia, grown on widely available bread waste (Hellwig et al., 2020). A pea-processing by-product has also been found to be an effective medium for filamentous fungi production, enabling production of a vegan-protein concentrate (Souza Filho et al., 2018).

Whilst soy and wheat proteins have had long and established shares of the protein market, additional protein ingredients are advancing with rapidity – especially from plants and fungi, emphasizing the need for protein diversification within modern-day diets (Schweiggert-Weisz et al., 2020). Taking these points into consideration, the time has come to re-assess FBDG and the valuable roles of producing food protein from fungi, which includes mycelium mycoprotein, which has established benefits from a health and environmental stance (Matassa et al., 2016; Fasolin et al., 2019).



CONCLUSIONS

In conclusion, the health evidence for the fungal protein mycoprotein has been building over the last half of the century. Sixteen human studies were identified in the present review, with strongest evidence supporting mycoproteins role in reducing total cholesterol levels and short-term energy intake. Its role in the regulation of glucose and insulin levels was less conclusive but mycoprotein shows great promise as a bioavailable protein that can facilitate muscle protein synthesis. Given the advancement of health evidence in this field, coupled with rising concerns about food production and planetary health, now appears to be the ideal time to better consider fungal protein within FBDG.
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5.02 mmol/L.

Control group: Inital cholesterol levels were 5.75 decining to
529 mmol/L.

‘The absolute change and difference between groups was 0.88
and 0.46 mmol/L for 0-8 weeks.

MYC group: Energy intake during the MYC test day meal was
3.1 raising to 5.9 MJ/d the day after.

Control group: Energy intake during the chicken test day meal
was 4.1 raising to 7.2 MJ/d the day after.

Energy intake was 236 kcal less after the MYC meal vs. the
control chicken meal on the test day (P < 0.01). Effects
persisted and were 2883 kcal less on the day after the test meal
in the MYC compared vs. the control group (P < 0.05)

MYC group: Initial glucose values were 6.23 at 30 min, deciining
t0.4.20 mmol/L at 120 min

Control group: Initial glucose levels were 5.7 at 0min declining
10 4.54 mmol/L at 120 min

The serum response was significantly lower throughout the
120 min after MYC ingestion compared with the control (P
<0.08).

MYC group: Insulin levels were 406, declining to 182 pmol/L at
120 min.

Control group: Insulin levels were 330, declining to 145 pmol/L
at 120 min.

The serum insulin response was significantly lower at 30 and
60min in the MYC group postprandially compared with the
control (P < 0.01).

MYP and tofu energy intakes at lunch after the preload were
significantly lower (1,181 and 1,151 kJ) compared with the
chicken control intervention (1,347 k) (P < 0.05)

MYC group: Initial cholesterol values were 5.28 declining to 3.4
mmolLp < 0.001.

Control group: Initial cholesterol levels were 4.7 declining to 4.38
mmolL (P > 0.05).

The decline in cholesterol was significant for those in the MYC
condition (P < 0.001) but not for those in the control condition
(P> 0:08).

MYC group: Initial glucose values were 5.74 declining to

521 mmollL

Control group: Initial glucose levels were 5.84 rising to

.64 mmol/L. Neither the reduction in glucose among those in
the MYC condition, nor the increase in glucose among those the
control condition was significant (P > 0.06).

MYC group: The IAUC for glucose was 42.9 mmol/L/min.
Control group: The IAUC for whey protein was 55.3 mmol/L/min
MYC group: The IAUC for insulin was 4,034 mU/L/min
{significantly lower than the control p = 0.008)

Control group: The IAUC for whey protein was 5,834 mU/U/min.
MYC group: Energy intake at a subsequent meal in the high
MYC protein group was significantly lower than the control
group (616 keal; p = 0.006).

Control group: Energy intake in the high chicken group was
676 keal.

MYC reduced energy intake by 10% (67 kcal) compared with
control chicken at the high content (P = 0.009).

Al MYC meals lowered insulin levels vs. chicken control.

There was no significant difference in glucose values.

When comparing postprandial insulin response as IAUC MYC20
was lower compared with all other conditions (P < 0.05).
MLK20 was not diferent compared with MYC40, and MYC60 (P
< 0.01) and MYCB0 (P < 0.01) showed greater responses
compared with MLK20.

The IAUG of the essential amino acid response showed a
dose-response relationship with MYC60 and MYCBO being
significantly greater than MYC20 (P < 0.05)

Glucose levels showed some evidence of deciine in the late
postprandial phases after MYG ingestion, but a detailed
statistical analysis was not included in the main publication.

Blood glucose IAUC and serum insulin IAUG during the oral
glucose tolerance test were not different between conditions (P
>005)

There were no changes within or between groups in blood
glucose or serum insulin responses, nor for insulin sensitivity.
Total plasma cholesterol, free-C, LDL-C, HDL2-G, DHA and
omega-3 fatty acids decreased to a larger degree in MYC
(14-19%) compared with the control group (3-11%; P < 0.05).
MYC induced a less rapid more sustained increase in serum
insulin concentrations that peaked at 30min post ingestion (36
4 4 mU L") and returned to baseline more slowly compared to
the mik protein control (60min; P < 0.0001).

Postprandial FSRs were greater in MYG vs. MILK (0.065
compared with 0.054 %-h~"; P = 0.093) and the postprandial
rise in FSRs was greater in MYG vs. MILK (Delta 0.040
compared with Delta 0.018%h~"; P < 0.01).

Mixed muscle FSR increased with protein ingestion (P<0.05) to
agreater extent following MYG (from 0.025 to 0.057%h~" in
rested, and from 0.024 to 0.072%h™" in exercised muscle; P <
0.0001) compared with ENR (from 0.031 to 0.043%-h~" in
rested, and 0.027 to 0.052%h~" in exercised muscle; P < 0.01)
ingestion.
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