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The microbiota plays a crucial role in individuals’ early and long-term health. Previous studies indicated that the microbial regulation of health may start before birth. As the in utero environment is (nearly) sterile, the regulation is probably be originated from maternal microbiota and mediated by their metabolites transferred across the placenta. After the birth, various metabolites are continuously delivered to offspring through human milk feeding. Meanwhile, some components, for example, human milk oligosaccharides, in human milk can only be fermented by microbes, which brings beneficial effects on offspring health. Hence, we speculated that human milk-derived metabolites may also play roles in microbial regulation. However, reports between maternal-associated microbial metabolites and offspring diseases are still lacking and sparsely distributed in several fields. Also, the definition of the maternal-associated microbial metabolite is still unclear. Thus, it would be beneficial to comb through the current knowledge of these metabolites related to diseases for assisting our goals of early prediction, early diagnosis, early prevention, or early treatment through actions only on mothers. Therefore, this review aims to present studies showing how researchers came to the path of investigating these metabolites and then to present studies linking them to the development of offspring asthma, type 1 diabetes mellitus, food allergy, neonatal necrotizing enterocolitis, or autism spectrum disorder. Potential English articles were collected from PubMed by searching terms of disease(s), maternal, and a list of microbial metabolites. Articles published within 5 years were preferred.
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Introduction

The microbiota plays a crucial role in individuals’ early and long-term health via activating and developing the immune system, developing the central nervous system, and digesting and metabolizing food (Yao et al., 2021). When in utero, offspring are protected by maternal immunity and meanwhile they develop their own immunity. The initial development may be partly stimulated by maternal microbiota. Compared with the germ-free group, transiently gestational colonization maternal mice have given birth to germ-free neonates with altered intestinal mucosal innate immune composition and intestinal mucosal transcriptional signatures (Gomez de Agüero et al., 2016). Although the in utero environment is sterile or may carry a very tiny number of microbes, various microbial metabolites have been detected in animal umbilical cord blood, placenta, fetal intestine, fetal brain (Vuong et al., 2020; Bi et al., 2021), and human fetal intestine (Li et al., 2020), which sheds us a light that influences of maternal microbiota on fetal health development might be mediated by their metabolites. Macpherson et al. (2017) and Ganal-Vonarburg et al. (2020) have also supported the fact that the development of the fetal immune system was driven by microbial metabolites rather than live micro-organisms.

After birth, mothers can continuously strongly influence their offspring’s health through human milk feeding. In the first 6 months, human milk, containing nutrients, antibodies, bioactive components, microbiota, metabolites, and human milk oligosaccharides (HMOs), fully covers an infant’s needs for nutrition, energy, and protection (Singh et al., 2021). Also, bacterial metabolites in milk, such as short-chain fatty acids (SCFAs), indoles, 12, 13-dihydroxy-9Z-octadecenoic acid (12, 13-DiHOME), and methylamines, have been reported to impact offspring health (Gao et al., 2021; Stinson and Geddes, 2022). As the third most abundant solid component in human milk, HMOs are believed to provide nutrition not to infants but to infant microbiota (Sanchez et al., 2021). Lack of gut bifidobacteria or HMO-utilization genes was related to systemic inflammation in breastfed individuals that have been mitigated by the supplementation of Bifidobacterium infantis EVC001 fermenting HMOs into the metabolite indole-3-lactic acid (ILA) (Henrick et al., 2021). Conceptually, the HMOs-derived metabolites probably produced in the infant gut belong to infant metabolites, but HMOs intake by breastfed infants are from human milk, so they can also be considered maternal-associated microbiota metabolites. In general, we could say during pregnancy and lactation stage maternal-associated microbial metabolites may influence offspring health.

Previous studies collectively supported the hypothesis of Developmental Origins of Health and Disease (DOHaD) (Waterland and Michels, 2007). This hypothesis proposes that a critical window during prenatal and postnatal exists for stimuli to influence developmental pathways causing permanent changes in certain diseases’ susceptibility. Since late-postnatal interventions or treatments cannot cure certain diseases but only reduce the syndromes, increasing researchers have speculated that their critical window may appear during very early life, i.e., prenatal stage and lactation stage. For example, supplementation with fish oil during pregnancy has reduced offspring asthma risk (Bisgaard et al., 2016). Current pieces of evidences also supported that maternal diet showed strong impacts on maternal gut microbial composition and further influenced fetal immune development, which was probably mediated by microbial metabolites (Gray et al., 2017; Alsharairi, 2020a).

These metabolites or milk-derived substrates could be detected in maternal blood or human milk, so they are promising indicators or biomarkers to guide us if maternal microbial intervention to regulate offspring diseases is in a good direction or at a sufficient level, which will assist our goal of early prediction, early diagnosis, early prevention, or early treatment through actions only on mothers. And the relevant metabolites from milk-derived substrates will improve our understanding of disease development. But reports between maternal-associated microbial metabolites and offspring diseases are still lacking and sparsely distributed in several fields. Also, the definition of the maternal-associated microbial metabolite is still unclear. Thus, it would be beneficial to comb through the current relevant knowledge for future investigations. We selected immune-mediated, metabolic, and neurodevelopmental diseases, namely asthma, type 1 diabetes mellitus (T1DM), food allergy (FA), neonatal necrotizing enterocolitis (NEC), and autism spectrum disorder (ASD). The exact causes of these diseases are still largely unknown, but both genetic and environmental factors, specifically microbiota, are believed as contributors to their development.

Therefore, this review aims to present studies showing how researchers came to the path of investigating maternal-associated microbial metabolites and then to present studies linking them to the development of offspring asthma, T1DM, FA, NEC, and ASD.



Search strategy

We identified potential relevant articles from PubMed utilizing the following terms: (asthma/type 1 diabetes/food allergy/necrotizing enterocolitis/autism) AND (maternal) AND (microbiota/microbial/bacterial/fungal metabolite OR microbiota/microbial/bacterial/fungal molecule OR branched-chain fatty acids OR tryptophan OR aromatic amino acid OR other microbial metabolites from the list summarized by Nicholson et al. (2012), except vitamins, glucose, or urea in the list) NOT (review [Publication Type]) AND (English [Language]) (see Supplementary material). The inclusion criteria were original articles, written in English, and published in the last 5 years through 1 September 2022, including mainly animal and human studies. Articles not related to one of the five diseases, maternal, and microbial metabolites/milk-derived substrates were excluded. Additional articles were found from the reference lists of already retrieved publications.



Asthma

Asthma is one of the most common and non-communicable diseases affecting both children and adults with variable respiratory symptoms and variable airflow limitation, like cough, wheezing, shortness of breath, and chest tightness. The current treatment goals are only to minimize the symptom burden and the risk of adverse asthma outcomes (Ducharme et al., 2014; Papi et al., 2018).

Increasing studies have demonstrated that asthma is associated with the environmental indoor microbiome (Fu et al., 2020; Vandenborght et al., 2021) and human nasopharyngeal-, respiratory-, and gastrointestinal microbiome (Huang, 2015; Teo et al., 2015; Frati et al., 2019; Tang et al., 2021; Lee-Sarwar et al., 2022). However, the addition of antibiotics to the conventional treatment of oral corticosteroids has shown rather limited clinical benefits to control asthma exacerbations in both children and adults (Murray et al., 2021). Antibiotic exposure during childhood can reduce the microbial diversity of the host, increase the risk of asthma development, and prolong the symptoms (Toivonen et al., 2021; Kama et al., 2022). On the contrary, the intervention of probiotic Lacticaseibacillus rhamnosus GG (LGG) in infants with a high risk of asthma has gained beneficial effects, although the effects last temporarily (Durack et al., 2018). Recently, Alsharairi (2020b) has summarized that various probiotic strains of specific species of Bifidobacterium, Lactobacillus, Bacteroides, Enterococcus, Streptococcus, Blautia, Ruminococcus, and Faecalibacterium prausnitzii could be strongly impacted by diet and may have the potential to reduce the risk of allergic asthma development. These studies imply that to reduce asthma risk, adding/increasing suitable probiotics or increasing microbial diversity appears more beneficial than erasing microbes without bias.

Recent studies have further indicated that offspring asthma was strongly associated with prenatal micro-organisms exposure. Maternal usage of antibiotics has a dose-related association with offspring asthma risk (Stokholm et al., 2014; Alhasan et al., 2020). Ingestion with probiotic Bifidobacterium breve M-16V during pregnancy changed the composition of fecal microbiota in neonates and protected the neonates against allergic airway inflammation accelerated by prenatal exposure to an air pollutant aerosol (Terada-Ikeda et al., 2020). In addition, maternal oral intake of an endotoxin-low lyophilized extract containing multiple toll-like receptor (TLR) ligands derived from a mixture of eight major respiratory tract bacterial pathogens has markedly reduced the susceptibility to allergic airway inflammatory disease in offspring (Mincham et al., 2018).

The above beneficial effects might not directly result from the microbes but be mediated by their microbial products, such as acetate. Acetate is one type of SCFA that is produced by the fermentation of dietary fiber or fermentable fiber, besides other types of fibers and carbohydrates, such as resistant starches or HMOs, collectively termed microbiota-accessible carbohydrates (Gray et al., 2017). The maternal gut microbiota-generated acetate was able to transfer to the fetus across the placenta and led the offspring being more resistant to asthma later in life (Thorburn et al., 2015). Acetate was capable of altering certain gene expressions in the fetal lung, such as the downregulation of gene Nppa expression, which suppressed the production of atrial natriuretic peptide, a molecule that participated in epithelial biology and immune regulation. They further demonstrated that maternal intake of a high-fiber diet or acetate protected offspring mice against induced allergic airway disease; however, this effect was failed to see when such intake was given to offspring after birth and throughout lactation. Indirectly, maternal gut bacteria-derived SCFAs, such as butyrate and propionate, separately have shown the ability to reduce stimulation of T lymphocytes via regulating dendritic cell function, and then generated a tolerogenic immune feature and enhanced a T-helper 1 (Th1) phenotype protective against asthma development, as asthma is linked to Th2 phenotype dominant (Singh et al., 2010; Singh et al., 2014; Gray et al., 2017). Furthermore, Alsharairi (2020b) has suggested that a very low-calorie ketogenic diet, i.e., an extremely low carbohydrate, high fat, and moderate protein diet, during pregnancy and lactation directly increased the abundance of SCFA-producing microbiota in maternal and infant gut and increased the amount of SCFAs in human milk via the entero-mammary pathway, which may contribute to an anti-inflammatory environment and may reduce the risk of infant asthma.

Also, supplementation with fish-oil-derived n-3 long-chain polyunsaturated fatty acids during pregnancy week 22–26 until one week after delivery has led to a 31% reduced risk of asthma in offspring at age of 5 years old (Bisgaard et al., 2016), which may be related to the elevated level of metabolite hydroxy-3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (hydroxy-CMPF) estimated at age 0 (Rago et al., 2019). The furan fatty acid metabolite CMPFs, a result of microbiome activity, are generally beneficial to human health (Xu et al., 2017) and can be vertically transferred to offspring (Olarini et al., 2022); however, their clinical efficacy and mechanisms in reducing asthma still remain unclear.

Hence, exposure to microbial metabolites, such as acetate and hydroxy-CMPFs, during pregnancy and lactation may be associated with a reduction of offspring asthma risk, whereas more comprehensive studies are required.



Type 1 diabetes mellitus

Type 1 diabetes mellitus is an autoimmune disease that leads to the destruction of pancreatic β-cells that secret insulin (Lucier and Weinstock, 2022). The exact etiology is still largely unknown. Gene factors have well-explained that individuals with a family history of T1DM are more likely to develop T1DM (Ilonen et al., 2019). However, a large increase in the incidence of T1DM has appeared in children in genetically stable populations (Patterson et al., 2019), which supported that environmental factors may also play etiological roles in its development.

Among the environmental factors, microbiota exposure in recent decades has attracted increasing attention due to their capability to mature the immune system (Ilonen et al., 2019). In longitudinal studies, T1DM patients were associated with a decrease in microbial diversity along with an increased abundance of Bacteroides, Bifidobacterium pseudocatenulatum, Roseburia hominis, Alistipes shahii, Parabacteroides, Blautia, and Ruminococcus and with a decreased abundance of Lactococcus and Akkermansia (Dedrick et al., 2020). And Bacteroides-derived lipopolysaccharides have shown notably less ability to activate innate immunity and to elicit endotoxin tolerance than lipopolysaccharides from Escherichia coli, a common species in a population with a low incidence of T1DM (Vatanen et al., 2016).

Modification of gut microbiota or ingestion of microbial metabolites might be of interest to prevent T1DM. As an adjunct to insulin therapy, an intake of multispecies probiotics for 6 months has alleviated glycemic levels and inflammatory cytokines in T1DM patients aged 6–18 years old (Wang et al., 2022). The Environmental Determinants of Diabetes in the Young (TEDDY) study has demonstrated that a microbiome with more genes related to fermenting and biosynthesizing SCFAs, such as butyrate, showed protective effects on early-onset human T1DM (Vatanen et al., 2018). In addition, bacterial metabolite acetate or butyrate or consumption of acetate- and butyrate-yielding diet showed the ability to dampen T1DM progression in mouse models (Gao et al., 2009; Sun et al., 2015; Marino et al., 2017; Jacob et al., 2020). However, oral butyrate supplementation has failed to significantly affect innate or adaptive immunity in patients with long-standing T1DM, which may be attributed to differences in details of interventional design or physiology, pathology, and microbiology between humans and animals (de Groot et al., 2020).

Therefore, researchers have speculated that the microbial-related intervention may be better to be performed in early life or even during pregnancy before irreversible influences were formed. Early probiotic intervention only within the age of 27 days has exhibited a 60% reduction in the risk of islet autoimmunity in children in the group with the highest genetic risk of T1DM (Uusitalo et al., 2016). Adjunctive SCFAs, including formate, propionate, and butyrate, administration to maternal rats beginning before pregnancy combined with the administration to offspring after weaning successfully protected against the development of virus-induced T1DM in offspring, but administration to offspring beginning at weaning failed (Needell et al., 2017). Jia et al. (2020) have demonstrated that butyrate treatment during pregnancy and nursing dampened T1DM progression in the female mice offspring, which might be due to butyrate-induced inhibition of the activation of pancreatic dendritic cells in the offspring. Six-week feeding of 1% HMOs that was purified from pooled mature human milk from healthy donors has delayed and reduced T1DM incidence in non-obese diabetic mice and reduced the development of severe pancreatic insulitis in later life along with increased fecal SCFAs (Xiao et al., 2018). Moreover, several clinical studies have investigated whether maternal metabolites in cord blood played roles in offspring T1DM. Specifically, relating to microbial metabolites, lower levels of Trp and succinic acid in cord blood have been associated with later T1DM in the offspring (Oresic et al., 2008). Although the taurine/glycine-conjugated bile acid ratio and kynurenine/tryptophan ratio in cord blood have not been related to offspring T1DM (Vistnes et al., 2018; Tapia et al., 2021), the latter has been linked to carry the T1DM high-risk human leukocyte antigen genotype (heterozygous DQ2/DQ8) (Vistnes et al., 2018).

In summary, exposure to SCFAs, Trp, kynurenine, succinic acid before birth and HMOs-derived metabolites after birth may have influences on T1DM development in offspring.



Food allergy

Food allergy is defined as “an adverse health effect arising from a specific immune response that occurs reproducibly on exposure to a given food” (Boyce et al., 2010), which can trigger clinical symptoms ranging in severity from mild to life-threatening (Yu et al., 2016). The pathogenesis of FA is still not fully understood, but risk factors include increased hygiene, obesity, nutrition, timing and route of exposure to foods, and microbiome (Sicherer and Sampson, 2018; Childs et al., 2022).

The association between microbiota and FA was investigated only recently. Noval Rivas et al. (2013) first reported that the gut microbiota in mice with food allergy displayed a unique feature and may contribute to the pathogenesis of FA by influencing food antigen-specific regulatory T cells. Thereafter, increasing human cohorts have displayed the possible links between gut microbiota dysbiosis and the pathogenesis of FA (Lee et al., 2020). Probiotic LGG-supplemented formula has been reported to improve tolerance acquisition in infants with cow’s milk allergy, which might be attributed to the increased gut microbial diversity and increased microbial-derived butyrate (Berni Canani et al., 2016). In addition, findings of cohort studies have supported the association between low levels of fecal butyrate at 1 year of age and questionnaire-reported food allergy at 4 years and up to 6 years of age (Sandin et al., 2009; Roduit et al., 2019).

Human milk feeding possesses a long history of being related to reduce FA risk in the general population and high-risk children. But mother’s milk with lower abundance, evenness, and a number of differential bacteria, less butyrate-producing bacteria, high levels of Trp/tyrosine/fatty acid metabolism in the predicted functional pathways of microbiota, or lower levels of butyrate have been related to infants with FA (Stinson et al., 2020; Wang et al., 2021). The concentration of butyrate in mature milk around 0.75 mM may show a protective effect against FA development (Paparo et al., 2021).

The presence of maternal gut commensal genus Prevotella may have a protective role in offspring FA development. A lower relative abundance of Prevotella has been detected in mothers’ breastmilk of infants with FA (Wang et al., 2021). Moreover, Vuillermin et al. (2020) have suggested that maternal carriage during pregnancy rather than offspring carriage during the infancy of Prevotella copri has been positively associated with the absence of offspring FA. Although members of genus Prevotella are able to ferment dietary fiber into metabolite SCFA acetate and to ferment fat and fiber into SCFAs and succinate, they have only found an independent relationship between maternal high fat and fiber intake and either fecal succinate or lower risk of offspring FA. Therefore, they have deduced that the reduced risk of offspring FA was mediated not by microbial metabolite SCFA but by succinate during pregnancy. Succinate has been reported to enhance immunity (Rubic et al., 2008; Connors et al., 2018). However, carriage of P. copri or augmented fecal and serum succinate levels may associate with diseases, like rheumatoid arthritis, cardiovascular diseases, and inflammatory bowel diseases (Chu et al., 2021; Cui et al., 2021; Fremder et al., 2021). Future studies evaluating the influences of P. copri or succinate on offspring FA should also consider their impacts on other relevant diseases.

In summary, butyrate may be a crucial factor in human milk to reduce the risk of offspring FA, and maternal gut P. copri-derived succinate may also participate in the regulation of offspring FA risk.



Neonatal necrotizing enterocolitis

Neonatal necrotizing enterocolitis is one of the most common and devastating acquired diseases in neonates with a spectrum of various intestinal conditions (Neu and Walker, 2011). The pathophysiology is poorly understood; however, the pertinent factors may be prematurity, abnormal microbial colonization, and formula feeding (Alganabi et al., 2019; Quigley et al., 2019; Masi et al., 2021; Huang et al., 2022).

Consistent results have proven that human breast milk-fed infants developed far less NEC than exclusive formula-fed infants did (Miller et al., 2018). This beneficial effect could be derived from HMOs (Bode, 2012). Jantscher-Krenn et al. (2012) have demonstrated that a specific HMO type, disialyllacto-N-tetraose (DSLNT), exerted NEC-protective effects. Likewise, in a multicenter clinical cohort study, Autran et al. (2018) analyzed that NEC appeared in infants, who mostly received human milk with a significantly low concentration of DSLNT. Furthermore, Masi et al. (2021) have suggested that 241 nmol/ml could be an optimal threshold level for DSLNT to predict infants to develop NEC (91% accuracy) and to be healthy infants (86% accuracy). Also, intake of milk containing DSLNT below this threshold has exhibited abnormal microbiome development, i.e., with a low abundance of Bifidobacterium longum and a high abundance of Enterobacter cloacae, which indicated that DSLNT might be prebiotic for B. longum. Also, the usage of another two types of HMOs, 2′fucosyllactose and 6′-sialyllactose, alone or in combination showed the capability to inhibit TLR 4 signaling, thus protecting against mice or piglet NEC development (Sodhi et al., 2021). However, the identifications and roles of the above HMOs-derived metabolites in NEC prevention remain unclear.

Branched-chain fatty acids (BCFAs) have been associated with reducing the risk of NEC development and improving intestinal disease conditions (Ran-Ressler et al., 2011; Ran-Ressler et al., 2013). BCFAs are mainly saturated fatty acids with one or more methyl branches on the carbon chain. They could be produced by gut microbes from fermenting branched-chain amino acids. They are major components of the cell membranes of various bacteria species, such as Lactobacillus and Bifidobacterium, and crucial microbial components in the gastrointestinal tract of neonates. Individuals are greatly exposed to BCFAs during their life in utero or breastfeeding period (Ran-Ressler et al., 2008; Jie et al., 2018). In the last month of gestation, the gastrointestinal tract of a full-term infant has been estimated to absorb and metabolize BCFAs from swallowing vernix caseosa (Ran-Ressler et al., 2008); however, the intestinal organs of preterm infants miss such exposure. In addition, preterm-infant human milk contained lower levels BCFAs than term-infant human milk did (Jie et al., 2018). Lack exposure of BCFAs might be a possible reason for a less matured gut in preterm infants.

The effects of SCFAs on NEC development are controversial. The establishment of normal microbiota is delayed in preterm infants, which may result in a deficiency of SCFAs in the gut and further impair the intestinal barrier function (Smith et al., 2013). A recent study has shown that fecal microbiota transplantation with samples from NEC patients resulted in NEC-like intestinal injury in germ-free mice, which may result from the transplanted less-butyrate-producing microbiota downregulating anti-inflammatory regulatory T cells (He et al., 2021). Short-term intervention with probiotic bifidobacteria has reduced the dysbiosis of NEC in extremely preterm infants (gestational age < 28 weeks) and simultaneously increased levels of propionate and butyrate (Athalye-Jape et al., 2022). Also, butyrate in breastmilk has been reported to improve the fetal immature intestinal inflammatory response (Gao et al., 2021; Huang et al., 2022). The above studies have supported that SCFAs may be a new therapeutic agent for NEC. However, SCFAs have been conversely related to intestinal mucosal injury and played a role in the pathogenesis of NEC (Thymann et al., 2009; Roy et al., 2018). Four-week administration of B. breve has been effective to promote the establishment of normal intestinal microbial composition in extremely low-birth-weight infants, along with reduced production of butyric acid (Wang et al., 2007). Although the reasons for previous inconsistent results are unclear, the gestational age at birth, postnatal age, microbiota composition, and concentration of metabolites may influence the roles of SCFAs in the gastrointestinal tract. For example, a low concentration of butyrate (2 mM) has enhanced intestinal barrier function and decreased inulin permeability, whereas a high concentration of butyrate (8 mM) has caused severe intestinal epithelial cell apoptosis and disrupted the intestinal barrier (Peng et al., 2007).

Previous studies have mainly focused on investigations of NEC development and possible treatments after birth but until now without leading any effective way to cure it. Lu et al. (2021) have hypothesized that it may be possible to modulate the development of NEC in utero. Their mice study has indicated that maternal delivery of aryl hydrocarbon receptor (AHR) ligands, namely tested ligand indole-3-carbinole and “A18,” to the fetus showed the capability to prevent the development of NEC by reducing TLR 4 signaling in the offspring gut. Indole and its derivates are natural AHR ligands and can be transformed into Trp by gut microbiota (Bosi et al., 2020). Through binding them, AHR could be activated and thereby enhance intestinal epithelial barrier function and regulate the immune response in the gut (Gasaly et al., 2021). Similarly, ILA, a metabolite produced by probiotic B. infantis fermenting human milk Trp, has also shown anti-inflammatory effects on intestinal epithelial cells by activating AHR (Meng et al., 2020). This anti-inflammatory feature of ILA was found only in the fetal mouse intestines, not in the mature ones. The underlined mechanism remains unclear. Moreover, a recent study has uncovered that not only Trp but also other aromatic amino acids can be metabolized by breastmilk-promoted Bifidobacterium species to respective aromatic lactic acids to further impact immune function in early life (Laursen et al., 2021).

In summary, maternal microbial-derived AHR ligands during pregnancy, butyrate, and BCFAs in milk, ILA derived from human milk Trp, and unknown metabolites derived from HMOs may have roles in NEC prevention.



Autism spectrum disorder

Autism spectrum disorder, also known as autism, is a highly heterogeneous neurodevelopmental disability that is characterized by persistent deficits in social communication and social interaction with the presence of restricted, repetitive patterns of behaviors, interests, or activities (American Psychiatric Association, 2013). Current medical treatments can only mitigate the associated symptoms or co-occurring diagnoses in a short term (Lord et al., 2020). The exact underlying mechanisms of ASD remain unclear, however, both genetic and environmental factors are believed as contributors to its development.

In recent years, the gut microbiota has shown communications with the brain to influence the development/syndromes of diseases like ASD via bidirectional brain-gut axis, including the enteric nervous system, immune system, the vagus nerve, aromatic amino acid Trp metabolism, and other various microbial byproducts (Cryan et al., 2019; Chernikova et al., 2021; Needham et al., 2021). Gut microbiota-derived metabolite 4-ethylphenylsulfate (4-EPS) has been indicated to cause ASD-related behavioral abnormalities in naïve wild-type mice (Hsiao et al., 2013; Santamaria et al., 2018). Hsiao et al. (2013) have further demonstrated that oral supplementation with Bacteroides fragilis restored the gastrointestinal microbial composition, enhanced the intestinal barrier integrity, reduced the intestinal permeability, improved the leakage of 4-EPS into the bloodstream, completely restored the level of serum metabolite 4-EPS, and finally reduced impairments in communicative, stereotypic, anxiety-like, and sensorimotor behaviors in maternal immune activation offspring who proved features of ASD.

Moreover, increasing reports have suggested that maternal factors, including overweight before pregnancy, prenatal high-fat diet, excessive gestational weight gain, maternal inflammation, and others, are associated with an increased likelihood of offspring ASD (Kim et al., 2017; Windham et al., 2019; Fernandes et al., 2021). Also, recent studies have indicated that maternal microbiota and the associated metabolites could influence fetal neurodevelopment in utero. For example, prenatal stress-caused reduction of maternal gut microbiota, including Parasutterella excrementihominis and Bifidobacterium, dysregulated the metabolic pathways of Trp, a well-studied precursor for multiple metabolites and showing crucial roles in proper immune- and neuro-development, reduced transportation of Trp and its derivative serotonin to fetus across the placenta, and thereby induced aberrant fetal neurodevelopment (Antonson et al., 2020; Chen et al., 2020; Galley et al., 2021). Also, maternal administration of kynurenine, another Trp derivative, has rapidly increased levels of kynurenine in fetal plasma and brain and caused offspring featured with ASD-like behavioral abnormalities (Murakami et al., 2021).

In addition, Vuong et al. (2020) have explored that even without environmental challenges maternal gut microbiota, particularly including Clostridia-dominant spore-forming bacteria, were able to restore the thalamocortical axonogenesis in fetuses of antibiotic-treated dams. This was probably mediated by maternal microbiota-derived or -modulated metabolites, such as trimethylamine-N-oxide (TMAO) and imidazole propionate, existing both in maternal blood and in the fetal brain. Also, low levels of fecal butyrate and accumulated propionic acid have been reported to be associated with ASD children (Liu et al., 2019; Cotrina et al., 2020). Prenatal administration of propionic acid may contribute to offspring ASD by altering development and behavior during adolescence (Foley et al., 2014). In a clinical screening, untargeted metabolomics in mid-pregnancy maternal serum, bile acid pathways have been associated with offspring ASD (Ritz et al., 2020).

In summary, during pregnancy maternal Trp derivatives, TMAO, imidazole propionate, propionic acid, and bile acid derivatives may participate in the regulation of fetal neurodevelopment diseases, like ASD.



Discussion

Micro-organisms and substrates are two basic factors for a microbial metabolite, so in the present review, maternal-associated microbial metabolites can be produced or modulated by maternal microbiota or can be fermented from maternal-derived substrates. Based on collected studies, they could involve metabolites that are generated or modulated (1) within the maternal body and transferred to offspring via the placental transportation or breastmilk feeding; (2) within the offspring body in the fermentation of substrates obtained from mothers. Figure 1 shows how the included maternal-associated metabolites in this review can be exposed to offspring. Compared with the metabolites in the former group, substrates-derived metabolites in the latter group and their possible roles were seldomly reported, however, the well-studied substrates, for example, HMOs, in the function of offspring health maintenance will provide a good background for future investigations of their metabolites. About the microbiota obtained from mothers via natural birth or human milk feeding, after exposure, they become infant early microbial colonizers, so this kind of metabolite was not included in the present study.


[image: image]

FIGURE 1
Maternal-associated microbial metabolites generated within maternal body or offspring body in this review. CMPF, 3-carboxy-4-methyl- 5-propyl-2-furanpropanoic acid; TMAO, trimethylamine-N-oxide; SCFAs, short-chain fatty acids; HMO, human milk oligosaccharide.


Table 1 shows the main findings of selected publications and lists the maternal-associated metabolites, microbiomes, and substrates or diets. The metabolites included SCFAs, BCFAs, succinate, Trp derivatives, indole derivatives, bile acids derivatives, hydroxy-CMPF, TMAO, and imidazole propionate. Within the limited number of studies, the potential mechanisms of these metabolites on offspring health maintenance may include (1) altering gene expressions encoding molecules that can participate in immune regulation; (2) activating AHR or succinate receptors; (3) enhancing intestinal epithelial barrier function; (4) inhibiting activation of dendritic cells.


TABLE 1    Main results of maternal-associated microbial metabolites and offspring diseases mentioned in this review.
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Although plenty of studies have linked microbial SCFAs to several disease preventions or treatments, they were considered to relate to intestinal mucosal injury and contribute to the pathogenesis of NEC, which emphasizes the importance of concentration. It reminds researchers that metabolite concentration is a non-negligible detail when evaluating or interpreting the effects. Also, the relevant studies were mainly about bacterial metabolites and seldom involved fungal or other microbial metabolites.



Conclusion

Generally, previous researchers have first revealed the possible associations between changes in the microbiota, particularly in the gut, and risks of diverse diseases in the host, and following studies have moved it forward and indicated that the associations may be mediated by the microbial metabolites, especially during pregnancy and lactation maternal-associated microbial metabolites may have crucial roles in participating the microbial regulation of offspring diseases development.

However, studies relevant to the functions of maternal-associated metabolites are still scarce. Before we can carry out metabolite-associated early prediction, early diagnosis, early prevention, or early treatment through actions on mothers, high-quality animal and clinical trials are needed. Also, studies comprehensively evaluating the effects of altered maternal-associated metabolites on overall maternal and infant health maintenance are required.
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