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Abstract

:

The purpose of this review is to summarize the current acquiredknowledge of Candida overgrowth in the intestine as a possible etiology of autism spectrum disorder (ASD). The influence of Candida sp. on the immune system, brain, and behavior of children with ASD isdescribed. The benefits of interventions such as a carbohydrates-exclusion diet, probiotic supplementation, antifungal agents, fecal microbiota transplantation (FMT), and microbiota transfer therapy (MTT) will be also discussed. Our literature query showed that the results of most studies do not fully support the hypothesis that Candida overgrowth is correlated with gastrointestinal (GI) problems and contributes to autism behavioral symptoms occurrence. On the one hand, it was reported that the modulation of microbiota composition in the gut may decrease Candida overgrowth, help reduce GI problems and autism symptoms. On the other hand, studies on humans suggesting the beneficial effects of a sugar-free diet, probiotic supplementation, FMT and MTT treatment in ASD are limited and inconclusive. Due to the increasing prevalence of ASD, studies on the etiology of this disorder are extremely needed and valuable. However, to elucidate the possible involvement of Candida in the pathophysiology of ASD, more reliable and well-designed research is certainly required.
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1. Introduction


Autism spectrum disorder (ASD) is a neurodevelopmental disorder, which occurs in early childhood and persists into adulthood, and is manifested by a high level of social interaction insufficiency, language impairment, and repetitive behavior [1]. The etiology of autism has not been clearly defined yet. However, maternal infection during pregnancy [2,3]; maternal obesity and diabetes [4]; excessive early childhood vaccination [5,6]; heavy metal toxicity [7,8]; severe infection in the first 2 years of life [9]; involvement of bacteria, viruses and fungi [10,11]; long-term exposure to antibiotics in early life [12,13]; intestinal microbial dysbiosis [14,15]; gastrointestinal (GI) problems [16,17]; leaky gut syndrome [18,19]; allergies [20,21]; immune dysfunction [22,23,24]; neuroinflammation [25,26]; developmental abnormalities of the nervous system [27]; neurotransmitter imbalances (serotonin, dopamine, GABA, noradrenaline) [28]; metabolic factors deficiency [29,30]; genetic background [31,32,33]; environmental factors [34] and oxidative stress [35] may be involved in the development of autism. Moreover, the estimated prevalence of ASD is higher in males than in females (ratio 3:1) [36]. The higher autistic phenotypes in males compared with females could be attributed to the protective effect of estrogen, the higher diversity and predominance of probiotics in females, the lower liability of females to develop leaky gut, neuroinflammation, and excitotoxicity [37]. Children with ASD are very selective eaters (“picky eaters”), and most of them show aversions to specific food colors, textures, smells, or other foods’ characteristics [38]. Indeed, children with ASD are at increased risk of a broad spectrum of concomitant medical issues; the most prevalent are sleeping problems, epilepsy, immune dysregulation, disruption of gut microbial balance (dysbiosis), and GI disturbances [39,40]. Dysbiosis refers to an imbalance in the microbial community of the human body. In this case, pathogenic bacteria can outnumber the beneficial ones, leading to complicated disorders in the host GI tract [41]; therefore, small intestinal bacterial overgrowth (SIBO) is one of the consequences [42]. Diet-derived carbohydrates that are not fully digested in the upper gut are metabolized by bacteria in the human large intestine. These non-digestible carbohydrates influence microbial fermentation and total bacterial number in the colon [43]. High growth rates of Clostridium histolyticum, Clostridium perfringens, and Sutterella; a high ratio of Escherichia/Shigella; and a low ratio of Bacteroidetes/Firmicutes were generally related to GI problems [44,45,46], while the relative abundance of Desulfovibrio, Clostridium spp., and Bacteroides vulgatus were associated with behavior disorders [47,48,49]. In turn, the studies on gut mycobiome are still in their infancy; numerous sources reported its potential role in host homeostasis and disease development [50]. The actual role of gut fungal microbiota in ASD children has not been clearly elucidated and more studies are needed [51,52]. In this paper, the current knowledge acquired on Candida overgrowth in the intestine of children with ASD is summarized based on several electronic databases and hand-searched references. Moreover, the yeast influence on the immune system, brain, and behavior of children with ASD is also described. The benefits of interventions such as a carbohydrates exclusion diet, probiotic supplementation, antifungal agents, fecal microbiota transplantation (FMT), and microbiota transfer therapy (MTT) are also discussed.




2. Literature Search Strategy


The Scopus, PubMed, and Google Scholar databases were searched for articles. Search terms included “autism and Candida”, “ASD and Candida”, “autism and candidiasis” and “Candida metabolites and autism”. References from reviews concerning Candida sp. in ASD were searched for additional articles and case reports. A manual search was also conducted based on citations in the published literature.



2.1. Inclusion and Exclusion Criteria


Selection criteria excluded articles that examined bacterial gut microbiota in ASD, animal studies, and review articles. Additionally, publications in languages other than English were excluded.




2.2. Study Selection


Overall, 58,628 articles were found via the search of the databases. Of these, 57,135 articles were excluded at the title level, as well as duplicates and unrelated articles. Further, 1484 articles were excluded for not meeting the inclusion criteria. Finally, nine articles were used for the review (Figure 1).





3. Candida and Their Metabolites Isolated from Stool, Urine, andBlood Samples from Children with ASD


The detection of clinically significant intestinal fungi growth is challenging. The early diagnosis of fungi infection remains problematic due to the poor sensitivity and specificity of current diagnostic modalities. Advances in sequencing technologies hold promise in addressing these shortcomings and for improved fungi detection and identification. Candida albicans germ tube antibody assay, mannan-Ag and mannan-Ab PCR, histopathology, culture, serum beta-glucan contrasted with methylene blue are successfully used [53]. The most popular tests used to diagnose Candida overgrowth in the gut of children with ASD (stool, urine, blood) are based on culture method, microscopic examination with staining, determination of fungi metabolites or immunoglobulins, etc., but none of these tests is completely reliable; therefore, the correct detection of the infection of candidiasis in ASD children is difficult [54].



3.1. Candida Isolated from Stool Samples from Children with ASD


Some studies showed that stools observed in ASD children, in comparison with those from healthy children, have different gut fungal communities [52,55]. Many studies showed that Candida sp. was isolated more frequently from stools from autistic patients than healthy ones (Table 1).



The genus Candida was identified up to twice as frequently in ASD children than in the control population [46]. However, Kantarcioglu et al. [61] reported the presence of Candida sp. in a large percentage of ASD patients (81.4%) compared to controls (19.6%). Emam et al. [63] also showed an increased rate of infection by yeast in the autisticgroup (81.9%) versus the control group (28%). Moreover, there was a significant relationship between autistic children and the heavy growth of C. albicans in stool cultures [63]. Similarly, El-Shouny et al. [64] found a heavy growth of yeast in the autistic group in comparison with the control group. Iovene et al. [59] also identified aggressive forms (pseudohyphae) of Candida spp. in the stools from 57% ASD children and not in age-matched healthy controls. The overgrowth of Candida sp. may lead to the morphological transition from budding yeast to hyphae, as well as biofilm formation; this is a key determinant in the C. albicans pathogenesis [65,66]. The ability of C. albicans to attach and disseminate from the GI tract is associated with its capacity to undergo a morphological transition from yeast to hyphae, which allows the organism to attach, invade and perpetuate the disease [67,68].



Unfortunately, although the abundance of the fungal genus Candida sp. was greater in autistic children than neurotypical subjects, the statistical differences in most studies were not significant [46,55,57,58,60,62] or researchers did not provide this data [56,61]. Furthermore, the methodology and degree of detection of Candida sp. in the stool from children with ASD affects results and statistical significance. Some literature data show that yeast were more commonly observed microscopically and only rarely observed by culture in the autistic or control groups, but the difference between these two groups was also not significant [60].



The most commonly isolated Candida sp. from stool samples of children with diagnosed or suspected ASD were: C. albicans (57.4%), fluconazole-resistant C. krusei (19.8%) and C. glabrata (14.8%) [61]. Moreover, C. albicans was the most prevalent species in both groups, while C. krusei and C. glabrata were only isolated in ASD samples [61]. Additionally, Iovene et al. [59] showed that C. albicans was the most frequently isolated (16 times/27 total cases) yeast from ASD patients. In turn, Ahmed et al. [57] showed that C. glabrata (43.1%) was the most commonly isolated from ASD patients, followed by C. parapsilosis(19.6%), C. tropicalis (17.7%), C. albicans (9.8%), and C. krusei (9.8%). El-shouny et al. [64] reported that C. krusei was the most commonly isolated, while Colombo et al. [69], stated that the nonalbicans Candida sp., such as C. krusei, C. tropicalis, were observed in their ASD cases.



Some studies attempted to link the presence of Candida sp. to GI dysfunction and the severity of autism symptoms (Table 1). The strong correlation of Candida sp. with GI symptoms and autism severity indicates that children with more severe autism are likely to have more severe GI symptoms and vice versa [46,60]. However, most of the studies showed that increased colonization with Candida sp. did not affect the severity of symptoms in ASD children and was not correlated with GI symptoms [55,57,58,59,62]. Moreover, the latest data showed that mycobiome dysbiosis was more pronounced in neurodevelopmental disorders, such as ASD, than in GI disorders [70]. Interestingly, probiotic intake, diet, and antibiotic exposure had a greater effect on fungal abundances than bacterial abundances, suggesting that the presence of strong interactions between dysbiosis caused by a disruption in the microbiota homeostasis and neurodevelopmental disorders, while GI disorders seemed to be associated rather with an imbalance in the bacterial community.




3.2. Candida Metabolites Isolated from Urine Samplesfrom Children with ASD


Some studies showed that fungi growing in the gut produced many metabolites, which affect the behavior of ASD children [52,55]. Candida sp. growing in the gut release many metabolites, such as arabinose [56,71], D-arabinitol [72,73], and tartaric acid [71], which are thought to contribute to autistic behaviors. Unfortunately, the association of urinary arabinose as a biomarker of intestinal yeast overgrowth is questionable. This simple sugar (aldose) is a substrate from dietary carbohydrates that, under the anaerobic conditions in the human intestinal tract, are reduced (consumed) by rapidly growing yeast to arabinitol (five-carbon sugar alcohol). This is the biochemical rationale that arabinitol, but not arabinose, is characteristic of yeast growth [74,75,76]. Furthermore, it was shown that arabinose had a little or marginal impact on C. albicans growth [77], and arabinose was never reported to be a metabolic product of any strain of yeast or fungus [78]. Moreover, some investigators report the ratio of D- to L-arabinitol as a biomarker of yeast overgrowth [72], but the enantiomer, L-arabinitol, is not produced by yeast but comes from the diet [74]. However, with proper calibration procedures, the measurement of D-arabinitol concentrations without the calculation of the D/L ratio is at least as sensitive as the ratio method for the detection of yeast overgrowth [74]. It was also shown that elevated levels of D-arabinitol in urine are a positive indication of Candida overgrowth, even if invasive candidiasis is not present [74]. Similarly, tartaric acid can be a substrate for the growth of fungi [79,80] but no literature data showed that any type of yeast or fungus could produce tartaric acid as a metabolite. To summarize, significant amounts of arabinose or tartaric acid found in urine do not confirm evidence of yeast overgrowth.




3.3. Candida Isolated from Blood Samples from Children with ASD


Some studies confirm the presence of filamentous fungi on blood culture or increased levels of immunoglobulins (Ig)s that target fungal antigen in the blood of ASD children. Markova et al. [81] observed cell-wall-deficient variants from the life-cycle of filamentous fungi of Candida parapsilosis, Cryptococcus albidus and Rhodotorulamucilaginosa, as well increased IgG, IgM, and IgA proving the presence of Aspergillus fumigatus in the blood of almost all autistic children in the study. The anti-Candida IgG was found in about half of the ASD children with GI dysfunction [82]. This suggests that dysbiosis could occur even with the absence of GI symptoms. Moreover, the production of IgG antibodies indicates the current or previous overgrowth of Candida sp. [83]. Therefore, the test for anti-Candida IgG does not clearly explain whether Candida sp. is present in the gut of the children with ASD at this moment, and it is not known if the treatment with antifungal drugs should be initiated. Additionally, blood cultures were assumed to be positive for Candida sp. in only 24 to 60% of cases [84].





4. The Influence Candida Overgrowth on the Immune System, Brain, and Behavior of ASD Children—Mechanisms of Action


In the 1980s some researchers suggested that yeasts are playing a significant role in behavior and learning problems in ASD children [85,86]. It was noted that excessive and long-term exposure to antibiotics (e.g., middle ear infection) led to gut dysbiosis and caused the overgrowth of the yeast C. albicans in the intestinal tract. Candida released many toxins into the bloodstream, which disrupted the immune system and couldinfluence the functioning of the brain, contributing to autistic behaviors. However, not all children with ASD have an overgrowth of Candida sp. in the gut; therefore, it is difficult to conclude that Candida causes autism.



4.1. The Dysregulation of the Immune System


Many autism susceptibility genes are localized in the immune system and are related to immune/infection pathways. They are enriched in the host–pathogen interactions of microbes (bacteria, viruses, and fungi) and to the genes regulated by bacterial toxins, mycotoxins, and Toll-like receptor ligands [87]. C. albicans can cause lesion formation in the gut by degrading the protective mucin layer through the action of mucolytic enzymes [88]. Simultaneously, some fatty acid metabolites secreted by gut bacterial flora modulate C. albicans germination [89] and hyphal growth through the target of the rapamycin (TOR) signaling pathway [90], which leads to adverse effects on the host via proinflammatory cytokines secretion [91]. Candida sp. colonization in the intestinal tract delays healing of inflammatory lesions [92]. These effects may create a vicious cycle where low-level inflammation promotes fungal colonization and fungal colonization promotes further inflammation. The cell wall of commensal fungi, such as S. cerevisiae and C. albicans, contains various ligands (e.g., β-glucans and chitin) for the receptors of innate immune cells [93]. The most important pathogen recognition receptors are C-type lectin receptors such as Dectin-1 and Dectin-2, mainly expressed in dendritic cells and macrophages to recognize commensal fungi [94]. After the ligand is linked to receptors, nuclear factor-kappa B (NF-κB) and mitogen-activated protein kinase (MAPKs) are activated via the CARD9-BCL10-MALT1 complex, which modulates pro-inflammatory cytokines and reactive oxygen species (ROS) production, finally restricting the growth of fungi [94]. It was shown that fungi such as C. albicans, S. cerevisiae, and A. fumigatus can modulate cytokine expression, particularly IL-6 [95]. The GI Candida colonization is associated with elevated levels of the pro-inflammatory cytokine IL-17 and enhanced inflammation [96]. It was also found that β-glucan derived from C. albicans can stimulate canonical inflammasomes of innate immune cells, leading to the cleavage of proinflammatory cytokines, especially IL-1β and IL-18 [97]. Moreover, it was shown that changes in IL-1β/IL-10 ratios and monocyte cytokine profiles under β-glucan-stimulated cultures indicated that changes in innate immune responses were not limited to Toll-like receptor (TLR) pathways [24]. It was also observed that autistic children with GI disease had myeloperoxidase (MPO) deficiency resulting in the exaggeration of an inflammatory response [98]. The production of MPO is the main way for neutrophils to be involved in antifungal defense, and so its deficiency may be associated with the increased fungal infection seen in many of these children. In vitro studies showed that C. albicans, C. krusei, C. stellatoidea, and C. tropicalis cannot be killed by MPO-deficient polymorphonuclear leucocytes [99]. This leads to the conclusion that killing fungi may be difficult, depending on the severity of the MPO deficiency; however, bacterial killing may not necessarily be a problem for patients with MPO deficiency [100]. On the contrary, the latest research found that serum MPO activity was significantly higher in ASD cases than in the control subjects [101]. Neutrophil levels and neutrophil/lymphocyte ratio (NLR) were also higher in ASD groups compared with healthy children [102]. Moreover, NLR significantly correlated with social interaction problems in ASD children. These findings implicated MPO as an important therapeutic target in the treatment of inflammatory conditions [103]. Therefore, curing inflammation could improve the difficult behavior and social interactions in children with ASD.



Some fungi produce toxins that regulate host immune responses. Aspergillus fumigatus releases gliotoxin to suppress the immune system. Gliotoxin is an inhibitor of T-cell activation and macrophage phagocytosis and induces apoptosis in monocytes and monocyte-derived dendritic cells [104,105]. Aspergillus-induced immune suppression in children can lead to secondary polymicrobial invasion of opportunistic bacteria and other fungal species, such as C. parapsilosis or Cryptococcus albidus. Additionally, isolates of C. albicans produce gliotoxins [106], immunotoxins [107,108], candidalysin [109,110], and farnesol [111] to regulate host immune responses. Moreover, candidalysin utilizes NLRP3 inflammasome-dependent cytolysis to evade phagocytic clearance [112,113], while farnesol acts as a vital virulence factor to impair the ability of immature DCs (iDC) to induce T cell differentiation and the expression of pro-inflammatory cytokines, therebyaffecting pro-inflammatory and Th1 responses [114]. Notably, fungi also secrete prostaglandins (PGs) or convert exogenous arachidonic acid into PGs [115,116] to affect the functions of phagocytes, which contribute to the continuous colonization of C. albicans [117]. Therefore, scientists suggest that C. albicans overgrowth in intestines causes higher toxin levels which are thought to contribute to autistic behaviors [118].




4.2. The Influence on Brain and Behavior in ASD Children


Some research suggested that Candida sp. are cancausenot only severe, long-term disruptions of the immune system but also attack the brain [63]. Candida has evolved the capacity to cross the blood–brain barrier and adhere to brain tissue [119,120]. MRI imaging using the extracellular vascular contrast agent Gd-DTPA demonstrated that the integrity of the blood–brain barrier is lost during disseminated candidiasis and both yeast and filamentous forms of the pathogen were found in the meninges and brain parenchyma in mice [121]. Moreover, it was shown that intra-amniotic exposure to C. albicans (107 colony-forming units) caused severe systemic inflammatory and neuroinflammatory responses, illustrated by a robust increase in plasma IL-6 concentrations and concomitant white matter injury in the fetal ovine brain [122]. The cerebrospinal fluid cultures were positive for C. albicans in the majority of the 3-day, C. albicans-exposed animals, whereas no positive cultures were present in the 5-day, C. albicans-exposed and fluconazole-treated animals. Although C. albicans was not detected in the brain parenchyma, a neuroinflammatory response in the hippocampus and white matter was seen and was characterized by increased microglial and astrocyte activation. These neuroinflammatory changes were accompanied by structural white matter injury. Unfortunately, intra-amniotic fluconazole reduced fetal mortality but did not attenuate neuroinflammation and white matter injury. Immune system alterations in ASD may be implicated in the severity of behavioral impairment and other developmental outcomes. The study analyzing cytokines concentration in human blood samples showed that the concentration of IL-1β was most significantly increased in ASD patients compared with the healthy controls [123]. The studies on animal models showed that IL-1β may be responsible for the induction of some disorders which commonly accompany ASD, including reduced melatonin secretion [124] and cognitive dysfunction [125]. It is well known that C. albicans infection influences the secretion of IL-1 family cytokines, which are associated with acute and chronic inflammation and are essential for the innate response to infection, particularly stimulating IL-1α/β and IL-33 synthesis [126]. This may partly explain why Candida infections can cause or worsen the disorders associated with ASD.



Reichelt and Knivsberg [127] hypothesized that the overgrowth of C. albicans can be correlated with autism because yeast cells produce ammonia (NH3), which in combination with propionic acid, presents in the GI tract and canbe converted to β-alanine (C3H9NO2). β-alanine is structurally similar to the inhibitory neurotransmitter gamma-aminobutyric acid (GABA, C4H9NO2), which is present in higher quantities in autistic patients. The final structure for β-alanine is almost identical to GABA, except for an additional carbon atom present in GABA. The β-alanine can cross the blood–brain barrier and canbe used in the brain as a partial antagonist, blocking the receptor sites for GABA, thus facilitating the production of more GABA to achieve equilibrium [118]. An excess of GABA [128] and reduced GABAA receptors in brain regions [129] was proposed as a possible contributor to autism. Unfortunately, confirmation of this hypothesis through a biochemical analysis of the reaction between propionic acid and ammonia in the context of the human body, as well as further research in terms of the dependency of β-alanine and GABA in the brain patients with autism, should be conducted.



Researchers report that Candida sp. may increaseintestinal production of serotonin (5-hydroxytryptamine, 5-HT) at the expense of a lower synthesis in the brain (due to consumption of its precursor tryptophan), leading to hyperserotoninemia and behavioral outcomes in ASD children [15]. Elevated whole-blood serotonin or hyperserotonemia were present in more than 25% of ASD children [130]. On the contrary, plasma 5-HT levels in autistic mothers and their ASD children were significantly lower than in mothers of normal children and differed between autistic children and their fathers and siblings [131]. Low maternal plasma 5-HT may be a risk factor for autism through effects on fetal brain development [131], and at least affect social and stereotyped behavior, sleep problems, aggression, and anxiety in ASD children [132]. Moreover, it is known that the altered metabolism of the serotonin precursor, tryptophan, occurs in autism and epilepsy, a disease very often diagnosed in children with ASD [133].





5. Treatment


Some interventions, i.e., diet, probiotic supplementation, antifungal agents, FMT, and MTT could alter the gut microbiota and improve behavioral symptoms among ASD patients [134,135].



5.1. Diet Intervention against Candida Overgrowth


Children with autism are picky eaters, and their diet is usually limited to a very narrow range of foods depending on their type, texture, or appearance [136]. These children prefer starchy and fatty foods, simple carbohydrates, snacks, and processed foods over fruits, vegetables, and proteins (meat, fish, or eggs) [137,138]. It was also shown that a carbohydrate-rich diet correlates positively with the abundance of gut Candida [139], while diets with high levels of protein correlate negatively with the abundance of Candida in healthy volunteers [140]. Carbohydrates, including glucose and mannose, had the largest impact on C. albicans growth and significantly increased the growth of yeast by more than 1000% in comparison with controls [77]. Furthermore, mannitol, sorbitol, xylose, adonitol, and xylitol also significantly increased the growth of C. albicans (100–200%) compared with vehicle control. Other metabolites including raffinose, arabinose, trehalose, lactose, galactinol, galactitol, and arabitol had a little or marginal impact on C. albicans growth [77]. Therefore, carbohydrates reduction is one of the main elements of anti-candida diets andbecame very popular over the last few decades. An anti-candida diet involves reducing or avoiding added sugars (including honey, jam, and candy), highly-refined carbohydrates (especially any products made with flour), red and cured meats, and dairy products [141]. These diets were suggested for their potential benefits to ASD children, but to date, strong empirical evidence of their effect on Candida growth and gut health is lacking. There is insufficient information about their efficacy to make recommendations for their use. No clinical trials to date examined these treatments for ASD.




5.2. Probiotic Intervention against Candida Overgrowth


Processed sugars and antibiotics lead to an imbalance in intestinal microbes as well as an increase in the growth of yeast. Therefore, the use of probiotics was suggested as a treatment for ASD children to reduce GI disturbances and the overgrowth of Candida [142,143,144]. Indeed, probiotics may improve behavioral symptoms in children with ASD [72]. Unfortunately, only two studies focused on determining the effect of probiotics on the growth of Candida sp. in the GI tract. The prospective study was conducted for up to 12 months on preterm newborns (249 objects) treated with Lactobacillus reuteri (ATCC 55730; fivedrops daily; 1 × 108 CFU) or Lactobacillus rhamnosus (ATCC 53103; one capsule daily; 6 × 109 CFU), and reported the reduction in Candida in stools, as well as lower GI symptoms after L. reuteri administration [142]. Moreover, infants treated with probiotics showed a statistically significant lower incidence of abnormal neurological outcomes than the control group. Unfortunately, the number of invasive Candida infections between the control and probiotic groups was not statistically different. The use of probiotics appears to be effective in the prevention of GI colonization by Candida, but not necessarily in the protection from mycotic infections. The oral treatment with Lactobacillus acidophilus (strain Rosell-11, 5 × 109 CFU) for 2 months (twice daily) reduced Candida colonization in the intestines of 22 children with ASD (45% of participants were on a “sugar-free diet”) [72]. The probiotic supplementation led to a significant decrease in D-arabinitol and the ratio of D-/L-arabinitol in the urine of children with autism, as well as a significant improvement in the ability of ASD children to concentrate and carry out orders [72]. However, while the level of concentration ability and carrying out of orders, was improved in autistic children, the response to emotions was not varied. This study provides only suggestive, not conclusive, evidence regarding the efficacy of probiotics on GI and behavioral symptoms among ASD patients. There is insufficient information regarding the efficacy to make recommendations for their use.



The therapeutic potentials of probiotics in ASD disorder remains controversial [143]. It was shown that some Lactobacillus sp. produce a small molecule(1-acetyl-β-carboline, 1-ethoxycarbonyl-β-carboline) that blocks the C. albicans yeast-to-filament transition and biofilm formation, an important virulence trait through Yak1, a DYRK1-family kinase [144]. The study byMurzyn et al. [145] documented the effect of capric acid produced by S. boulardii in inducing adhesion, yeast-to-hyphae transition, and biofilm formation. Probiotics may manipulate intestinal microbial communities and suppress the growth of pathogens by inducing the host’s production of β-defensin and IgA. Probiotics may be able to fortify the intestinal barrier by maintaining tight junctions and inducing mucin production. Probiotic-mediated immunomodulation may occur through the mediation of cytokine secretion through signaling pathways such as NFκB (nuclear factor kappa-light-chain-enhancer of activated B cells) and MAPK (mitogen-activated protein kinase), which can also affect proliferation and differentiation of immune cells (such as T cells) or epithelial cells. Gut motility may be modulated through the regulation of pain receptor expression and the secretion of neurotransmitters [146].




5.3. Antifungal Agents against Candida Overgrowth


The detection of high levels of Candida during diagnosis generally requires specific anti-Candida treatment. Nystatin and/or fluconazole are the most often used to restore the proper balance of microbiota or to treat Candida overgrowth in the intestines of children with ASD [61]. It was shown that all C. albicans isolated from the stoolsofchildren with ASD were sensitive to nystatin, fluconazole, and voriconazole, while non-albicans Candida showed different sensitivity patterns to the tested antifungals [57]. These results indicate that nystatin, fluconazole, or voriconazole cannot be used as empiric treatment for children with Candida overgrowth, but instead a culture of stool samples followed by identification and sensitivity testing should be mandatory for the treatment of ASD patients. Children with ASD after oral nystatin treatment at a dose of 100,000 units, 4 times a day for 70 days improved significantly with regard to the childhood autism rating scale, an indicator of the severity of autism [147]. The concentration of several urine markers for Candida growth in the intestine (5-hydroxymethyl 2-furoic acid, furan-2,5-dicarboxylic acid, and arabinose) of autistic children decreased after antifungal treatment [147]. Moreover, the parents and teachers of autistic children observed a decreased hyperactivity, increased eye contact and vocalization, better sleep patterns and concentration, increased imaginative play, reduced stereotypical behaviors such as spinning objects, and better academic performance. Unfortunately, nystatin was never proven to be safe when taken for months or years, and no studies support its use in the treatment of autistic behaviors [148]. Some research demonstrates that combination therapy with antimycotic agents and probiotics showed efficacy in the prevention of GI colonization by Candida sp. and in reducing GI symptoms [142]. Infants with Candida infections, who treated with antimycotic agents (liposomal Amphotericin B at the initial dose of 1 mgkg−1 per day, with a gradual increase up to a maximum of 6 mgkg−1 per day, 7 days) and probiotic supplementation (L. reuteri or L. rhamnosus),experienced fast clinical improvements, with fewer days of treatment in both probiotic groups compared with the control group [142].



On the other hand, antibiotic-treatment-induced gut metabolome and microbiome alterations increase the susceptibility to C. albicans colonization and morphogenesis in the GI tract [77]. The alterations at the level of gut metabolites resulting from antibiotics treatment correlate with the increased growth and hyphae formation of C. albicans in the GI tract [68,77]. Moreover, fungal species, for example Saccharomyces boulardii, C. albicans, and S. cerevisiae may secrete molecules, such as farnesol, fusel alcohols, tyrosol, and fatty acids, which are autoregulatory molecules for the growth of yeast [149]. These molecules enable fungal cells to regulate adhesion, yeast-to-hyphae transition, and biofilm formation themselves, which in turn facilitate the colonization, invasion, and dissemination of the host. Therefore, understanding numerous signals that regulate C. albicans growth and morphogenesis would provide an insight into the balance between commensalism and invasive fungal infection in the GI tract [77].




5.4. Fecal Microbiota Transplantation (FMT) and Microbiota Transfer Therapy (MTT) against Candida Overgrowth


The potential use of FMT and itsmodified protocol, MTT, is considered a promising therapy in the treatment of microbiota dysbiosis and GI disorders in ASD children [150,151]. Some research showed that commensal bacteriain the intestine of adult mice, especially the Bacteroidetes and Firmicutes species, are major resisters for C. albicans colonization [152], while Escherichia coli super-infection promotes C. albicans virulence under certain circumstances [153]. Therefore, it seems that modulating the gut microbiome could alleviate GI symptoms and ASD-related behaviors, but the efficacy of FMT and MTT in ASD is poorly understood and questionable. Only three studies describe the effects of FMT and MTT on children with autism [151,154,155]. An open-label, randomized waitlist-controlled trial confirmed the efficacy and safety of FMT for patients with ASD [154]. The application of FMT (fresh fecal suspension from one anonymous healthy donor), via colonoscopy and gastroscopy under anesthesia three times every 3 months, statistically improved behavioral ASD symptoms (CARS) and shifted the microbiome of ASD patients to a healthy state [154]. MTT-modifiedFMT therapy consisting of 2-week vancomycin treatment followed by a bowel cleanse, and then high dose FMT for 1–2 days and 7–8 weeks of daily maintenance doses, as well as a stomach-acid suppressantadministered for 10weeks to children with ASD, showed an 80% reduction in GI symptoms and a slow but steady improvement in core ASD symptoms [155]. The 2 years after MTT treatment stopped, the authors of the publication verified the long-term effects of these therapies on ASD children [151]. Significant improvements both in GI and behavior symptoms since the end of treatment were noted. Changes in gut microbiota persisted for two years, including overall community diversity and relative abundances of Bifidobacteria and Prevotella. Unfortunately, none of them described the effect of these therapies on Candida overgrowth in the GI tract and a possible improvement in the behavior of children with autism. Only one study showed a decrease in Candida and a positive outcome on intestinal inflammation post-FMT in meliorated ulcerative colitis [156]. While FMT appears to be beneficial for patients with meliorated ulcerative colitis, it is not known whether it would also work for the treatment of autistic children with Candida overgrowth.



Furthermore, the FDA’s 2020 statement about FMT warns against the use of the colon microbiota transplant procedure due to serious infections caused by multidrug-resistant organisms from the fecal suspension of donors (FDA In Brief: FDA warns about the potential risk of serious infections caused by multidrug-resistant organisms related to the investigational use of Fecal Microbiota for Transplantation). Additionally, due to the possibility of transmission of infectious diseases with transplanted material (e.g., implantation of cancer cells of colon carcinoma [157] or other cancerogenic factors, such as HPV virus [158]), thescreening for pathogens and other risks should be performed before the FMT and MTT procedure. However, these few studies do not provide information about the fecal material characteristic, its donors, methods of its preparation, and standardization. Therefore, treating with FMT and MTT can be quite risky. At this moment, in clinical practice, FMT was only used in the treatment of recurrent Clostridium difficile (rCDIs) [159] and restricted to patients not responding positively to standard treatment procedures [160]. Clinical trials to increase the understanding of the benefits of FMT and TMM in autism are still needed.





6. Conclusions


It is important to realize that the etiology of autism is still unknown. Although, some interventions may be effective in alleviating some symptoms and improving skills that may help autistic persons lead more productive lives, so far, people suffering from ASD do not have access to an effective cure or a completely effective therapy. Therefore, new scientific discoveries regarding the etiology of ASD and the potential treatment options for this disorder are enthusiastically received by people with autism and their care providers. Candida overgrowth in the intestines is suggested to be one of many possible causes of autism. Unfortunately, the few studies available do not lead to clear conclusions. The presence of Candida sp. in stool samples from children with ASD and healthy controls in most studies are not significant (6/9), or no data are available (2/9) (Table 1). No significant differences between groups do not allow a confirmation that Candida overgrowth refers to children with autism or that it may cause autism. The size of the groups (test vs. control) is too small (ranging from 1 to 58 ASD children), which probably affects the statistical insignificance of the results. Moreover, the results of most studies do not fully support the hypothesis that Candida overgrowth is correlated with GI problems and affects ASD behavioral symptoms. Furthermore, it would seem that modulatingthe microbiota composition in the gut may decrease Candida overgrowth, help reduce GI problems and autism symptoms, but evidence from human studies suggesting beneficial effects of a sugar-free diet, probiotic supplementation, FMT and MTT treatment in ASD is limited and inconclusive. Current data should not encourage the use of these modalities in the therapy of ASD, and making such changes to the nutrition of autistic children could have a potentially negative impact on their development. Surely, furtherdetailed and better-designed clinical studies are required to elucidate the possible involvement of Candida in the pathophysiology of ASD.
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Figure 1. Search strategy used to identify relevant articles. 
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Table 1. Candida sp. in stool samples from children with ASD.
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Study Groups

	
Candida sp. Identified in a Stool Samples

	
Statistical Significance

(ASD vs. Control)

	
Impact on Children with ASD

	
Ref.






	

	-

	
35 children with ASD (32M/3F)




	-

	
37 neurotypical children (28M/9F)







	
Candida

	
Not statistically significant

	

	-

	
Not significantly correlated with GI scores;







	
[55]




	

	

	

	-

	
Significantly higher ATEC scores;







	




	

	

	

	-

	
Effect on ASD behavioral symptoms.







	




	

	-

	
1 male with ASD







	
C. parapsilosis

	
No data

	

	-

	
Significant increase in eye contact and use of spontaneous language, decrease in self-stimulatory behavior shortly after beginning antifungal therapy (100,000 Units nystatin 4 times a day + alternating weeks of Nizoral or Diflucan (2 mg/kg)) and gluten- and casein-free diet for 5 months;




	-

	
Increased learning speed in the schooling program, increased verbal labeling, and increased spontaneous verbal initiations;







	
[56]




	

	

	

	-

	
Decreased CARS score rating from 43 (severely autistic) to a value of 29 (nonautistic).







	




	

	-

	
50 children with ASD




	-

	
36 children controls (brother/sister)




	-

	
50 healthy children







	
C. glabrata

C. parapsilosis

	
Not statistically significant

	

	-

	
Presence of Candida sp. did not affect the severity of symptoms in ASD children;







	
[57]




	
C. tropicalis

	

	

	-

	
No significant differences in GI symptoms.







	




	
C. albicans

	

	

	




	
C. krusei

	

	

	




	

	-

	
28 children with ASD (22M/6F)




	-

	
25 neurotypical children







	
Candida

	
Not statistically significant

	

	-

	
No significant differences in GI symptoms;







	
[58]




	

	

	

	-

	
Lack of associations between GI microflora population levels and autism severity.







	




	

	-

	
40 children with ASD (31M/9F)




	-

	
40 neurotypical children (28M/12F)







	
Candida

	
Partially significant

	

	-

	
An expansion of Candida in the gut mycobiota of autistic individuals may negatively impact GI abnormalities.







	
[46]




	

	-

	
47 children with ASD (40M/7F)




	-

	
33 healthy children (24M/9F)







	
Candida

	
Statistically significant

	

	-

	
Presence of Candida spp.in 57.5% of ASDs (27/47) and none in the control group;




	-

	
C. albicans was the most frequently isolated (16 times/27 total cases) yeast;







	
[59]




	

	

	

	

	-

	
Identification of aggressive form (pseudohyphae) of Candida spp.;







	




	

	

	

	

	-

	
Increased counts of Candida spp. was observed even in the absence of GI symptoms;







	




	

	

	

	

	-

	
Low–mild gut inflammation and augmented intestinal permeability were confirmed;







	




	

	

	

	

	-

	
Inflammation correlated to disease severity (CARS) and intestinal permeability impairment was related to GI symptom type.







	




	

	-

	
58 children with ASD




	-

	
39 healthy typical children







	
Candida

	
Not statistically significant

	

	-

	
No differences of yeast infection among stools from ASDs and healthy controls;




	-

	
The strong correlation of GI symptoms with autism severity indicates that children with more severe autism are likely to have more severe GI symptoms and vice versa.







	
[60]




	

	-

	
1 child







	
C. albicans

C.krusei

C. glabrata

	
No data

	

	-

	
C. albicans growth in intestines may cause lower absorption of carbohydrates and minerals, and higher toxin levels, which are thought to contribute to autistic behaviors.







	
[61]




	

	-

	
33 children with ASD




	-

	
16 healthy children







	
Candida

	
Not statistically significant

	

	-

	
No significant differences between groups;




	-

	
The results of study do not fully support the hypothesis that the composition of the GI microbiota or significantly altered ratios of these microbes change susceptibility to ASD development in children.







	
[62]








Legends: M—male;F—female;ATEC—Autism Treatment Evaluation Checklist; CARS—Childhood Autism Rating Scale; GI—gastrointestinal.
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