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Abstract

:

Insects are the most diverse organisms on earth, accounting for ~80% of all animals. They are valuable as model organisms, particularly in the context of genetics, development, behavior, neurobiology and evolutionary biology. Compared to other laboratory animals, insects are advantageous because they are inexpensive to house and breed in large numbers, making them suitable for high-throughput testing. They also have a short life cycle, facilitating the analysis of generational effects, and they fulfil the 3R principle (replacement, reduction and refinement). Many insect genomes have now been sequenced, highlighting their genetic and physiological similarities with humans. These factors also make insects favorable as whole-animal high-throughput models in nutritional research. In this review, we discuss the impact of insect models in nutritional science, focusing on studies investigating the role of nutrition in metabolic diseases and aging/longevity. We also consider food toxicology and the use of insects to study the gut microbiome. The benefits of insects as models to study the relationship between nutrition and biological markers of fitness and longevity can be exploited to improve human health.
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1. Introduction


Mammalian model organisms have contributed to our understanding of many biological processes, diseases and treatments. They are favored as disease models because they share ~95% of human genes. However, mammals are expensive to house and breed in large numbers, and can be too complex for the analysis of some biological processes [1]. Moreover, the extensive use of mammals raises safety and ethical issues [2] which has resulted in the 3R principle (replacement, reduction and refinement) to limit the use of mammals in research. A suitable alternative must be comparable to mammals (including humans) but must overcome the limitations of mammals in terms of space, cost and ethical restrictions.



Insects are well established as model organisms for genetics, development, behavior and neurobiology, but are increasingly considered suitable in medical research because of their genetic and physiological similarities to mammals coupled with only limited ethical restrictions and the ease with which they can be housed and bred in large numbers without sophisticated equipment [3]. Their relatively short life cycle and high reproductive rate also facilitate trans-generational studies and high-throughput screening [4]. The similarities between insects and mammals could allow the widespread use of insects particularly for early-stage preclinical research: for example, ~80% of pathogen infection experiments in mammals could be replaced with insects [5]. The most widely used insect model organisms are the fruit fly Drosophila melanogaster, larvae of the greater wax moth Galleria mellonella and the silk moth Bombyx mori, and the red flour beetle Tribolium castaneum [3,6,7,8,9]. Others, used less frequently, include the tobacco hornworm Manduca sexta, the seven-spotted ladybeetle Coccinella septempunctata, and the common mealworm Tenebrio molitor [10,11,12,13,14,15,16]. Comparative genomics has shown that insect genomes contain many homologs of human genes encoding proteins involved in conserved biological mechanisms and pathways. Insects and humans also possess equivalent organs (Figure 1) and similar biological systems (Figure 2).



The conserved features at the levels of anatomy, physiology, genetics and molecular biology mean that insects are also suitable models for nutritional research. Accordingly, insects have been used to show how macronutrients and micronutrients are transported and metabolized in vivo, reflecting the similar physiology of the insect and mammalian gastro-intestinal systems [17]. Insects and mammals also share an evolutionarily conserved innate immune system, providing an opportunity to better understand innate immune responses to food. Insects reared in captivity are often fed on solid diets consisting of complex nutritional sources such as oatmeal or yeast, but holidic diets are increasingly used to allow the precise and reproducible manipulation of food composition [18]. Many factors, including food intake, nutritional composition, locomotor activity, microbiome diversity, fertility, aging and life span can be systematically determined in response to dietary factors [19,20].



In this review, we discuss the value of insects as animal models for the testing of nutrients and dietary components, especially for their effect on lifespan, metabolic and age-related diseases, and aging [21]. Insects can also be used to screen for the health benefits and toxicity of dietary components before testing them in more complex model organisms, and ultimately humans.




2. Model Insects for Nutrition Research


2.1. Drosophila Melanogaster (Diptera: Drosophilidae)


The 1.32 × 109 bp genome of the fruit fly D. melanogaster [22] is ~20 times smaller than the human genome and contains ~14,000 genes on four chromosome pairs, compared to ~22,000 genes on 23 chromosome pairs in humans. Even so, >60% of human disease genes have homologs or even orthologs in the fruit fly genome [23]. Drosophila mutants can be produced by chemical mutagenesis, irradiation, or the insertion of transposons such as P-elements, targeting more than 80% of its genome [24] and allowing the recovery of mutants within a few weeks [1].



The fruit fly has been a laboratory model for more than a century because it was among the first multicellular organisms used for genetic analysis, most notably in the laboratory of Thomas Hunt Morgan in the early 1900s. Its widespread use has been facilitated, among other properties, by the availability of a large range of genetic markers with easily identified phenotypes, the absence of meiotic recombination in males, and the availability of recessive lethal balancer chromosomes carrying visible markers and multiple inversions to keep stocks of heterozygous lethal alleles. The early use of Drosophila for genetic analysis led to its development as a model for developmental biology, neurobiology, behavioral biology and (most recently) the study of human diseases [25,26]. The latter includes metabolic diseases such as obesity, diabetes and hyperglycemia, as well as diseases associated with aging and longevity, encouraging the use of Drosophila in nutritional research [27]. Although Drosophila has a short lifespan, many of its physiological and molecular aging processes are similar to those in mammals [25]. For example, fruit flies show an age-related decline in motor skills, learning and memory which can be used to study processes related to dementia, Alzheimer’s disease (AD) and Parkinson’s disease (PD) in humans [28].



The calorific intake of fruit flies and their consumption of particular nutrients has a significant effect on their lifespan [29,30]. For example, the supplementation of fly food with 200 μM ellagic acid significantly extended the mean and maximum lifespan of male flies compared to those on a control diet, but female flies laid fewer eggs and the time to eclosion fell from 235 to 185 h [31]. Resveratrol, a well-known polyphenolic stilbenoid found in grapes, berries, rhubarb and peanuts [32,33], increased the lifespan and locomotor activity of flies by inducing longevity-associated gene expression [34,35]. Flies fed on a diet containing curcumin were better able to withstand heat stress, increasing their survival [36].



In Drosophila, food is digested and absorbed in the crop and midgut, which are equivalent to the human stomach and intestine [26,37]. Indeed, the digestive and neuroendocrine systems of fruit flies are highly conserved in vertebrates and all the key organs in flies that control metabolism have counterparts in humans (Figure 1). For example, the fat bodies are similar to human white fat tissue and liver, Malpighian tubules are similar to human kidneys, oenocytes are similar to human hepatocytes, insulin-producing cells in the pars intercerebralis are similar to islets in the human pancreas, and the corpus cardiacum system is similar to the human hypothalamus-pituitary system [38,39,40]. Accordingly, the Drosophila digestive tract is now at the cutting edge of research [41] and is important for the analysis of obesity-related diseases in humans [42]. There are also biochemical similarities between Drosophila and humans based on a highly conserved set of enzymes that facilitate carbohydrate and lipid metabolism, and hormones that regulate lipogenesis and lipolysis [43]. The energy-sensing and endocrine signaling networks of mammals are also conserved in flies, providing an excellent model for metabolic and diet-associated diseases [44].



The use of Drosophila as a model of obesity began in the early 1960s with the isolation of the first obese fly mutant (adipose) from a Nigerian wild population. The adipose mutants were characterized by excess fat storage and low carbohydrate reserves [45,46]. The adipose gene was identified 40 years later [47] and the corresponding protein was found to be structurally and functionally conserved in mammals [48,49]. Drosophila is therefore used as a model to study the effects of high-sugar diets (HSD) and high-fat diets (HFD) on metabolism, gut function, behavior, and aging [50]. Long-term feeding on a HSD and/or HFD leads to obesity in flies, with pathophysiological complications similar to those observed in humans [43,51]. Obesity in flies induced by HFD/HSD is associated with hyperglycemia, cardiomyopathy and a shorter lifespan [27]. Obese flies accumulate triacylglycerols (TAGs), which are the main lipid storage form in flies and humans [43]. The TAGs are stored in the fat body [43] and can be measured in lipids extracted from the fat body or whole fly homogenates [52,53].



Glycolysis is the fundamental pathway for sugar metabolism in all animals [54]. Pyruvate plays a key role in glycolysis and also links to other metabolic pathways in insects and humans (Figure 3). Drosophila fat bodies store glycogen in addition to lipids [39]. The regulation of sugar and fat storage is very similar in flies and humans. The corpus cardiacum secretes adipokinetic hormone (AKH) which is similar to human glucagon [38]. In flies, the pars intercerebralis-corpus cardiacum system manages the physiological activities of numerous peripheral organs [38]. Drosophila can therefore be used as a model to study energy balance, lipid metabolism and glycometabolism [26].



Insulin resistance is a common feature of obesity and type 2 diabetes mellitus (T2DM), which is a complex disease influenced by genetics, the diet and the environment [55]. A Drosophila model of T2DM has been developed with similar pathophysiology to human T2DM, helping to identify gene products and drugs that may improve the outcome for T2DM patients [56]. Drosophila larvae reared on a HSD become hyperglycemic, insulin resistant, and accumulate fat (all indicators of T2DM) when compared with larvae raised on a normal diet [56]. In a recent study, the effects of HSD (30% sucrose) and HFD (15% coconut oil) treatments were linked to the symptoms of obesity and T2DM, including weight gain, the accumulation of glucose and triglycerides, and the abundance of Drosophila insulin-like peptides [51]. The study revealed clear differences in the effects of each diet on survival, glucose and triglyceride levels, and the expression of insulin-like peptides, but both diets induced an obese fly phenotype with linked diseases [51]. Similarly, normal fly food (e.g., yeast and corn starch) with 30% coconut oil (HFD) causes high levels of fat deposition and disrupts insulin/glucose homeostasis [57]. A HFD not only induced obesity but also caused heart dysfunction, which was found to be regulated by the TOR pathway [57,58]. HSD and HFD treatments increase fat storage in flies and also affect carbohydrate-insulin homeostasis, lifespan, locomotor activity, and stress tolerance [59].



A HFD also reduces the lifespan and fecundity of flies, and long-term exposure increases AKH transcript levels and enlarges the crop, which stores the excess lipids [50]. Extension of the Drosophila lifespan by dietary restriction (DR) has also been demonstrated [60]. Indeed, DR extends the lifespan of many species, including yeast, nematode, Daphnia, and mammals, in addition to insects [61,62]. Even moderate restriction of nutrients drastically alters the mortality of adult Drosophila [62]. Yeast-rich diets inhibit learning performance in old age, whereas low-yeast diets inhibit short-term (5 min) memory in middle age [61]. Conversely, DR enhances the 60-min memory of young flies, and increases their lifespan [61].



The composition of the diet for nutritional studies in flies is important because some natural plant-derived compounds affect longevity [29]. For example, rutin (quercetin-3-rutinoside) is a natural flavonol glycoside present in apple, buckwheat, black tea and green tea, and is known for its antioxidant, anti-inflammatory, and anti-diabetic activities [63,64,65,66]. The hormetic efficacy (low-dose effect) of rutin improves longevity and other physiological parameters in Drosophila as part of a standard diet [29]. The presence of 200 or 400 µM rutin significantly improved survival in female and male flies on a HFD, and concentrations > 200 µM significantly improved the climbing efficiency of both sexes and also improved their resistance to heat shock, cold shock, and starvation stress [29]. Black soybean, jaboticaba fruit, many berries, and purple sweet potatoes are rich in antioxidants such as anthocyanin that alter metabolic and inflammatory markers [67,68]. Purple sweet potato anthocyanin (PSPA) reduced the mortality of fruit flies when they were fed a HFD [68]. Real-time PCR revealed that the PSPA supplement upregulated the superoxide dismutase (SOD), catalase (CAT), and Rpn11 (ubiquitin carboxyl-terminal hydrolase) genes compared to the control diet, suggesting that PSPA increases the lifespan of flies by protecting them from oxidative stress [68].



Plant phenols also increase longevity and ameliorate metabolic diseases in insects [69,70,71]. Palm fruit juice (PFJ) from Elaeis guineensis contains palm oil phenolics [70,72,73] with beneficial health properties including anti-diabetic activity in mammals by slowing glucose absorption, decreasing insulin resistance and/or improving insulin secretion [70,74]. Different concentrations of PFJ and its fractions were used to assess growth dynamics and anti-aging effects in Drosophila [70]. The study revealed that PFJ extended the growth stages of larvae and increased the lifespan of adult flies [70]. Naringenin is a flavonoid found in grapefruit and tomato that has anti-carcinogenic, anti-inflammatory, anti-estrogenic, anti-hyperlipidemic and anti-hyperglycemic effects in mice, thus inhibiting the formation of fatty deposits in the arteries [75,76,77]. Naringenin also affects longevity, fecundity, resistance to starvation stress, and body weight in male and female fruit flies [75]. The mean lifespan increased in flies fed on a standard diet and a HFD supplemented with up to 400 µM naringenin, whereas concentrations greater than 600 µM were lethal [75]. Female flies on a regular diet supplemented with up to 400 µM naringenin were more resistant to starvation stress than males [75]. Taken together, these results showed that the dose-dependent hormetic efficacy of naringenin varied by sex, diet, and life cycle stage [75].



The testing of several carbohydrates in fruit flies (fructose, glucose and sucrose) revealed that 2–20% sucrose in the diet reduced the lifespan by 13–27%, accompanied by an increase in mortality regardless of age and a significant decline in fecundity [78]. Sucrose is commonly used in Drosophila laboratory food but may shorten the lifespan and, when combined with a low dietary protein content, also reduce egg-laying capability [78]. A lower protein to carbohydrate (P:C) ratio increased the life span of the flies. Increasing the P:C ratio shortened the lifespan by inducing an age-dependent increase in mortality, whereas the effect was weaker when the P:C ratio was reduced [79].



A balanced diet must contain sufficient quantities of vitamins (essential organic micronutrients) and minerals (essential inorganic nutrients) to maintain health [80]. A lack of micronutrients caused by an unbalanced diet, malabsorption or other factors such as pregnancy may lead to deficiency-related diseases [81,82,83] but excess vitamin consumption can also be harmful [80]. Several studies have addressed the effects of vitamins using insect models [84,85,86,87,88]. For example, insufficient amounts of the water-soluble vitamin B7 (biotin) are associated with fetal malformation and neurological disorders in humans [89,90,91,92]. Propionyl-CoA carboxylase (PCC) catalyzes the carboxylation of propionyl-CoA to methylmalonyl-CoA, and loss of function leads to inherited metabolic disorders in humans due to biotin deficiency [93]. The effect of biotin on lifespan, stress tolerance and fertility was studied in Drosophila, revealing lower PCC activity and biotin levels in males than females when they were fed on biotin-deficient diets [90]. The lifespan of both sexes was reduced by ~30% due to biotin deficiency, which also reduced fertility as shown by the lower egg hatching rate [90].



Nutrigenomics (nutritional genomics) is the study of gene-nutrient interactions and how they affect the health and metabolism of an organism, which may facilitate the development of personalized nutritional interventions [94,95]. The combination of nutrigenomics with longevity studies helps to determine the impact of nutrients on aging and life span [96]. Drosophila larvae and adults were fed on control diets or diets containing high levels of saturated fat palmitic acid, soy or 95% lean ground beef [96]. Remarkably, triglyceride and total protein levels declined in adult flies on the beef diet, and total protein levels were higher in males fed on the soy diet, but all diets significantly decreased the longevity of male and female flies [96]. Microarray analysis of adult flies on the different diets showed that only 2–3% of the ~18,000 genes were influenced by the diet [96]. Drosophila is therefore a valuable model in which to combine nutrigenomics with the analysis of longevity and metabolic diseases in relation to nutrition [59,96].




2.2. Tribolium Castaneum (Coleoptera: Tenebrionidae)


The red flour beetle is a cosmopolitan insect pest of stored grains, which has evolved to utilize food sources varying in nutritional quality [97]. Tribolium is therefore used to study nutritional genomics, particularly with regard to longevity and stress tolerance [98]. The beetles can be reared on flour in small containers at 30 °C without an external water supply [8,99]. The developmental cycle is completed within 4 weeks, and adults can live up to 3 years [99]. The T. castaneum genome has been sequenced [100], revealing a greater degree of conservation between Tribolium and human genes than is the case for other model insects [98].



Tribolium beetles are ideal to study the impact of complex diets on longevity, allowing the identification of food–gene interactions that affect stress tolerance [101]. For example, 1% lyophilized broccoli added to flour increased the lifespan of beetles reared at 32 °C and also protected them from heat stress (42 °C) compared to beetles on a control diet of normal flour [101]. The genes involved in stress tolerance included homologs of Nrf-2, Jnk-1 and Foxo-1, which were shown by RNA interference (RNAi) to be responsible for the effects on longevity [101]. Tribolium has also been used to investigate the effect of complex nutrition on lifespan by assessing the survival of the beetles under heat stress (42 °C) when fed on different diets. The addition of environmental carcinogens and the food contaminant benz(a)pyrene to flour reduced the lifespan of the beetles [102], whereas the addition of a red wine extract extended the lifespan [98].



Tribolium beetles have also been used as a model to explore the impact of nutritional quality on male development and reproduction. Males developed faster and their body size was larger on a higher-quality diet, but mating, insemination rate, and reproductive success in a population context were unaffected [97]. The diet quality therefore affected male larval development but not adult reproductive performance [97]. The addition of nutrient-free fillers to the diet affected synthesis of the pheromone 4,8-dimethyldecanal (DMD), a condition-dependent mating signal that increases the olfactory attractiveness of adult males [103]. Males on a high-quality diet produced three times more DMD than those on a low-quality diet. The authors proposed that DMD production rates depend on the nutritional quality of food, although it was not clear whether there was any overall effect on the ability of males to attract females [103].



Probiotics are live microorganisms that, when consumed in appropriate amounts, promote health by modulating the immune system [104,105]. The most common probiotics are the bacterial genera Lactobacillus, Bifidobacterium and Streptococcus, as well as the yeast genus Saccharomyces [105]. Tribolium beetles have been used as a model organism to characterize in vivo the probiotic Enterococcus mundtii isolated from the larval feces of the Mediterranean flour moth Ephestia kuehniella [106]. Tribolium larvae were fed with the probiotic isolate or the corresponding supernatant before infection with an entomopathogen: Bacillus thuringiensis or Pseudomonas entomophila [106]. Larvae exposed to the isolate/supernatant were more likely to survive following infection with B. thuringiensis, but not with P. entomophila [106]. These results suggest that Tribolium beetles could be suitable for the pre-screening of probiotics [106]. Tribolium beetles are already used for food safety and functionality studies, which are needed to reduce both economic losses and the threat to consumer health [107].




2.3. Galleria Mellonella (Lepidoptera: Pyralidae)


The development of the greater wax moth is regulated by the ambient temperature and takes only 8–12 weeks under optimum conditions [108,109,110]. Females can lay ~1500 eggs [3,109]. The larvae have several features in common with mammals and accordingly they have been used in many studies as alternatives to mammalian models [3,111,112,113,114,115,116]. The G. mellonella genome has also been sequenced, making it easier to find genes associated with nutrition [117].



Given the association between food quantity/quality and health [118], Galleria larvae have been used to study the impact of (i) a poor-quality diet and (ii) an artificial parasite-like immune challenge on pupal development, growth and adult immunity. A hostile nutritional environment can increase the risk of infection, thus provoking more frequent and robust immune responses, ultimately leading to greater fitness [119]. Categories of food differing in nutritional quality therefore affect the life history traits of Galleria [120]. For example, larvae fed on a low-quality diet were more susceptible to infection by the yeast Candida albicans, and the abundance of several antimicrobial peptides (AMPs) in the hemolymph declined [121]. This clearly showed that a poor diet inhibits the immune response and increases susceptibility to infection. Importantly, larvae provided with high-energy food grew rapidly, but had weak immunity and the highest mortality rates, whereas those provided with average nutrition took longer to develop but had a stronger immune system. The group provided with low-energy food also took longer to develop but they had strong immunity and the lowest mortality rates [120]. Maternal nutrition was also shown to directly influence the immunity of Galleria larvae [122].



Probiotic microbes stimulate the immune system and protect against pathogens [123,124,125]. Several studies highlight the use of Galleria larvae to screen the probiotic activity of bacteria and also the importance of probiotics in the response to bacterial infections [123,124,126,127,128,129,130].




2.4. Other Insects


Although Drosophila, Tribolium and Galleria are the most widely used insect models for nutritional studies, other species have been used when they are suitable for the investigation of specific compounds. For example, the effect of lifetime astaxanthin supplementation on longevity was studied using the mealworm beetle Tenebrio molitor (Coleoptera: Tenebrionidae) [131]. Astaxanthin is a red-orange carotenoid pigment that is mostly found in fresh water microalgae and seafood [132,133,134]. It is a powerful antioxidant that has been used to treat metabolic, neurodegenerative, inflammatory, and age-related diseases [131,135]. Astaxanthin reduced the growth rate, immunity and survival of larvae that were not challenged with a pathogen, but limited the immunopathological cost of survival [131].



The effect of different diets on longevity has also been tested in the Mediterranean medfly Ceratitis capitate (Diptera: Tephritidae) [136]. DR affected the cost of reproduction in both sexes. Female medflies lived longer than male medflies regardless of the diet, revealing no significant interaction between diet and sex in the determination of lifespan [136]. The effects of DR on the lifespan of the oriental fruit fly Bactrocera dorsalis (Diptera: Tephritidae) were investigated by feeding them on different ratios of yeast and sugar at 6-day intervals [137]. The lifespan of the flies was extended by DR, and lifespan was also affected by the carbohydrate content of the diet [137]. Female flies lived longer than males regardless of the diet, again suggesting there is no significant interaction between diet and sex in the determination of lifespan, at least for the diets tested in this study [137].



Caloric restriction (CR) is defined as the restriction of energy intake without malnutrition, and is widely associated with health and longevity [138,139]. The influence of calories and nutrients on lifespan and fecundity was tested in unmated females of the Queensland fruit fly Bactocera tryoni (Diptera: Tephritidae) using diets varying in P:C ratios and concentrations. The study revealed that nutrients rather than CR have the main impact on lifespan [140].



Early studies investigated the importance of nutrition on the reproductive system, for example in male bush crickets (Orthoptera: Tettigoniidae: Requena verticalis Walker). Male crickets fed on a low-quality diet showed fewer mating trials than those provided with a high-quality diet [141]. Similarly, the male reproductive system of the Hawaiian fly Drosophila grimshawi Oldenberg (Diptera: Drosophilidae) was directly affected by the diet [142]. When males of the black blow fly (Diptera: Calliphoridae: Phormia regina Meigen) were fed on a low-protein diet, they inseminated fewer females [143]. Finally, a study of the scorpionfly Panorpa nuptialis Gerstaecker (Mecoptera: Panorpidae) showed that well-fed males copulated more frequently than those provided with a poor diet [144].





3. Comparison of the Vertebrate and Invertebrate Gut Microbiome


Gut bacteria have a direct impact on the development, fecundity, immunity, and lifespan of their host, and a healthy microbiome is therefore beneficial [145,146,147,148,149,150]. The human gut microbiome varies from person to person, but the core bacterial taxa are relatively stable. Even so, the composition, abundance and function of different bacteria change during aging [146,151], and the age-related disruption of the gut microbiome can affect health and lead to a shorter lifespan [152]. The underlying mechanisms are unclear, and better models are therefore required [153]. Drosophila is a valuable insect model to study the interaction between gut microbes, the immune system and aging in humans because the Drosophila gastrointestinal tract is similar to its mammalian counterpart [146,151]. Impressively, the characterization of microbes and regenerative stem cells in the Drosophila gut has led to the use of Drosophila as a model to study the regulation of the gut epithelium and its microbiome [154]. Although Drosophila gut microbes do not mimic the human gut microbiome directly, they are sufficient to investigate how the microbiome affects health and behavior [155,156], facilitated by the genetic tools and resources available in Drosophila [153]. For example, Drosophila hosts only a small number of bacterial populations in its gut, including species also present in the human microbiome [157]. This provides a simplified model to study host–microbiome interactions [158]. In insects, the gut microbiome plays a key role in host nutritional physiology [159]. The gut microbiome regulates gut homeostasis in Drosophila to maintain fitness and a normal lifespan, whereas changes in microbial composition promote aging [158]. Insects can therefore be used as tools to determine how to manipulate the gut microbiome and maintain health [160,161]. The gut microbiome contributes to age-associated cellular and physiological changes in the intestine and, also to age-related changes in the gut microbiome itself which may affect the health of older fruit flies [160]. Interestingly, the removal of commensal microbes increased the lifespan of Drosophila, suggesting that there is a cost associated with the normal bacterial load [149].



Neurodegenerative disorders including AD and PD are the main causes of dementia in the elderly human population [162,163,164,165]. The gut microbiome is involved not only in nutrient metabolism but also in the onset and progression of neurodegenerative diseases [155,166]. Dysbiosis in the Drosophila gut reduces the lifespan, inhibits motor function, and causes neurodegeneration in AD and PD models [155]. The potential of Lactobacillus probiotics to reverse the progression of AD has been demonstrated in a Drosophila AD model [166]. The gut microbiome in the AD model is characterized by a greater abundance of Wolbachia than normal flies [166]. However, the administration of Lactobacillus plantarum DR7 improved the diversity of the microbiome and reduced the abundance of Wolbachia [166]. This may be a promising therapeutic approach because the abundance of Wolbachia is positively correlated with neurodegenerative disorders in the fruit fly, including PD, AD and Huntington’s disease [166]. The analysis of transgenic GMR-Aβ42 flies, which mimic AD, showed the potential of Lactobacillus spp. to prevent or delay the onset and development of neurodegenerative diseases [167].



The dysregulation of gut–microbe interactions also causes gut inflammation [168] that can progress to chronic inflammatory diseases or even gastrointestinal cancer [169]. However, the molecular mechanisms that underlie gut–microbe homeostasis and pathogenesis are poorly understood [168,169]. Drosophila has also been used as a model of inflammatory diseases [169]. The interactions between gut bacteria and host immunity have been investigated in the context of bacteria that can activate the intestinal dual oxidase system in Drosophila, which may lead to a better understanding of the biology of inflammatory diseases in humans [168].



Other insects have also been used to study diet–microbiome interactions. For example, the Tribolium gut microbiome is derived from flour-acquired microbes, and varies depending on the nature of the flour resource and the population density [170]. The microbiome confers fitness benefits such as higher fecundity/egg survival and a greater lifespan, while reducing the frequency of cannibalism. Importantly, the microbiome was not required for beetle development or survival under any of the tested conditions [170]. The induction of obesity and other metabolic disorders by a HFD is also associated with an alteration of the gut microbiome, as recently demonstrated in the honey bee Apis mellifera [171]. Excess dietary fat (mainly palm oil) and the resulting weight gain shortened the lifespan, induced hyperglycemia and caused the accumulation of fat in the bees, but the absence of a microbiome did not have a significant effect; the HFD also increased the relative abundance of Gilliamella at the expense of Bartonella [171]. In another study, 16S rRNA amplicon sequencing in different Galleria tissues showed very little diversity, supporting the potential of the larvae as a model host system to study host–microbiome interactions in detail [172].




4. Insects in Food Toxicological Studies


The toxicological analysis of food additives and ingredients is necessary to avoid human exposure to potentially harmful compounds in food [173,174,175]. Although mammals are traditionally used for this purpose, several studies have evaluated the toxicity of food-borne toxins in insect models. For example, acrylamide can form when food is heated [176], causing the amino group of asparagine to react with the carbonyl group of a sugar via the Maillard reaction [177]. Acrylamide is hepatoxic, carcinogenic and neurotoxic [178,179,180,181,182,183]. EU regulations mandate the monitoring of foods for acrylamide, contributing to significant reductions throughout the food chain [184,185]. Tribolium beetles have been used as a model to assess the effects of acrylamide on fitness and survival, and their influence on transcription factors Nrf-2 and Ahr, which regulate genes involved in phase I and II xenobiotic metabolism [186]. Acrylamide (0.5–10%) was added to the standard flour diet and the beetles were maintained on the diet at 32 °C for more than 2 weeks, resulting in a significant dose-dependent decrease in fitness and survival, which was exacerbated when RNAi was used to knock down the Ahr and Nrf-2 genes [186].



In a similar study, the beetles were tested for survival under heat stress after feeding on charred toast [180]. Beetles fed solely on charred toast died much earlier than beetles fed on control flour, whereas beetles fed on flour enriched with 5% charred toast survived significantly longer than the controls [180]. Knocking down the Ahr and Nrf-2 genes increased the susceptibility of beetles when they were fed solely on charred toast [180].



Numerous studies show the effects of food-borne toxins on insects. Okadaic acid is a potent polyether marine toxin produced mainly by mollusks and fish, which causes diarrheic shellfish poisoning in humans [187,188,189]. The cellular and biochemical effects of okadaic acid on Galleria were tested by feeding or injecting larvae with okadaic acid [190]. The injection of ≥75 ng okadaic acid per larva reduced larval survival by more than 65%, and was associated with a >50% decrease in the number of circulating hemocytes [190]. Force-feeding Galleria with okadaic acid also increased oxidative damage in the midgut. Eight common food preservatives (potassium nitrate, potassium nitrite, potassium sorbate, sodium benzoate, sodium nitrate, sodium chloride, sodium nitrite, and sodium acetate) were also administered to Galleria larvae by injection and force-feeding to measure the toxicity of these compounds [191].



The filamentous fungus Aspergillus fumigatus is the most important life-threatening opportunistic fungal pathogen of humans and animals [192,193]. The presence of this fungus or its toxin (fumagillin) in food can be fatal for immunocompromised individuals [192,194]. There are several studies showing A. fumigatus toxicity in insect models [195,196,197]. Galleria larvae were used to evaluate the toxicity of fumagillin, which increased their susceptibility to subsequent infections with A. fumigatus conidia by reducing the ability of hemocytes to kill opsonized Candida albicans cells and to phagocytose A. fumigatus conidia. This work demonstrated that fumagillin suppresses the immune response of Galleria larvae [198].



The regular consumption of ethanol in alcoholic beverages and as a solvent in herbal medicines has a negative effect on humans, causing liver disorders, cardiovascular disorders, neuropsychic disorders and reprotoxicity [199,200]. Ethanol behaves like a toxin, affecting behavior and the host microbiome [201]. The effect of ethanol was studied in a Drosophila model of chronic, non-intoxicating ethanol ingestion, and was shown to affect feeding behavior and triglyceride levels among other factors [201].



Drosophila has also been used to evaluate the toxicity of nanoparticles [202], which are widely used in medicine and food preservation but can have harmful effects [203,204]. In this context, Drosophila is favored as an in vivo toxicity model for high-throughput testing [203,205,206,207,208,209,210]. In one study, several types of nanoparticles were shown to delay development, reduce the number of pupae and hatched eggs, and to cause weight loss [204]. Adult flies treated with nanoparticles as larvae showed sensory and locomotor defects that altered their behavioral phenotypes [204]. Another study assessed the toxicity of orally-delivered titanium dioxide nanoparticles on the survival, life cycle and mechanosensory behavior of Drosophila, and the structure of various mechanosensory organs [211]. These nanoparticles promoted the generation of reactive oxygen species, which influenced signaling pathways controlling the development and behavior of the flies [211]. Drosophila was also used to evaluate the toxicity of food-grade titanium dioxide (E171) by exposing larvae to different concentrations of the nanoparticles and then assessing parameters such as survival, fecundity, and pupation time. Titanium dioxide did not affect survival or fecundity, but significantly increased the time to pupation. Ultimately, titanium dioxide showed limited toxicity to Drosophila at concentrations relevant to human oral exposure [212].




5. Conclusions


The use of mammals as research models is expensive and subject to strict ethical regulations that reduce the number of individuals used in any experiment to the absolute minimum required to achieve sufficient statistical power during data analysis. Insects overcome these drawbacks because they are inexpensive to rear and maintain under laboratory conditions, and they are not subject to ethical limitations according to the animal protection law. The genetic and physiological properties of insects are also similar enough to mammals to allow the replacement of mammals in many experiments, particularly those in the early stages of preclinical development. Insects are particularly suitable for the investigation of molecular mechanisms that contribute to longevity and its correlation with the aging process and nutrition. They can also be used to screen dietary additives and contaminants to establish their health benefits or toxicities. Although insects provide a high-throughput in vivo model, it is still essential to combine them with mammalian models and human studies. Overall, these small organisms provide robust model systems that serve as a foundation to reveal conserved aspects related to human nutrition, including the link with metabolic, age-related and neurodegenerative diseases, and the function of the gut microbiome.
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	AD
	Alzheimer’s disease



	AKH
	adipokinetic hormone



	AMP
	antimicrobial peptide



	BS
	brain stem



	CAT
	catalase



	CR
	caloric restriction



	DMD
	pheromone 4,8-dimethyl decanal



	DR
	dietary restriction



	H
	hypothalamus



	HFD
	high fat diet



	HSD
	high sugar diet



	P:C
	protein:carbohydrate



	PCC
	propionyl-CoA carboxylase



	PD
	Parkinson’s disease



	PFJ
	palm fruit juice



	PG
	pituitary gland



	PI
	pars intercerebralis



	PL
	pars lateralis



	PSPA
	purple sweet potato anthocyanin



	RG
	ring gland



	RNAi
	RNA interference



	Rpn11
	ubiquitin carboxyl-terminal hydrolase



	SC
	spinal cord



	SOD
	superoxide dismutase



	SZ
	subesophageal zone



	TAG
	triacylglycerol



	T2DM
	type 2 diabetes mellitus



	VNC
	ventral nerve cord
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Figure 1. (A) Comparison of insect and human brains to show equivalent structures. (B) Endocrine pathway in insects and humans (VNC—ventral nerve cord; SZ—subesophageal zone; PI—pars intercerebralis; PL—pars lateralis; RG—ring gland; SC—spinal cord; BS—brainstem; H—hypothalamus; PG—pituitary gland). (C) Comparison of insect and human guts to show similar structures. The same colored text represents equivalent organs in insects and humans. * The ring gland is found only in some Dipterans e.g., Drosophila. 
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Figure 2. Conserved biological systems in insects and humans. 
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Figure 3. (A) Gluconeogenesis pathways in insects and humans (black text indicates the same pathway in both organisms). (B) Gluconeogenesis pathway diagram to show interactions between human liver, muscle, intestine and adipose tissues. 
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