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Abstract

:

The intestinal microbiota consists of trillions of bacteria, viruses, and fungi that achieve a perfect symbiosis with the host. They perform immunological, metabolic, and endocrine functions in the body. The microbiota is formed intrauterine. Dysbiosis is a microbiome disorder characterized by an imbalance in the composition of the microbiota, as well as changes in their functional and metabolic activities. The causes of dysbiosis include improper nutrition in pregnant women, hormone therapy, the use of drugs, especially antibiotics, and a lack of exposure to the mother’s vaginal microbiota during natural birth. Changes in the intestinal microbiota are increasingly being identified in various diseases, starting in the early neonatal period into the adult period. Conclusions: In recent years, it has become more and more obvious that the components of the intestinal microbiota are crucial for the proper development of the immune system, and its disruption leads to disease.
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1. Introduction


The human microbiota consists of different types of microorganisms that include bacteria, viruses, and fungi. They achieve symbiosis with the host and have important metabolic, immunological, and endocrine functions in the human body. The composition of the gut microbiota differs between individuals, varies during growth, and depends on host-environment interactions. The gut microbiota is constantly exposed to various external influences [1]. In the intestinal tract, bacteria, viruses, and fungi are in dynamic balance. The existence of viruses as part of the intestinal microbiome has been neglected for a long time; 90% of them are in the form of bacteriophages, and approximately 10% of viruses are plant or animal viruses that are ingested with food. A community of bacteria, viruses, and fungi colonize the intestinal tract before birth, contributing to nutrient metabolism, stimulating the immune system, and protecting the host from pathogens [2].



By comparing the intestinal microbiota of full-term and premature infants, a significant difference in the colonization of the intestinal microbiota was determined. Bacteroides is present in full-term infants in the first year, Parabacteroides and Christensenellaceae in the second year, and Lactobacillus, Streptococcus (second year), and Carnobacterium (fourth year) in premature infants in the first year. These differences disappear after the fourth year of life [3].



The violation of this balance, when the “good bacteria” are unable to control the “bad” bacteria, is called dysbiosis. Dysbiosis of the intestinal tract is associated with pathology in the early neonatal period, as well as in adulthood (gluten enteropathy, intolerance to food ingredients, allergies, asthma, metabolic disorders, autism, cancers, and many other autoimmune diseases) [4]. Newborns adapt to the extrauterine environmental conditions by developing intestinal immunological homeostasis. In order to achieve the adequate development of intestinal immunological homeostasis, appropriate bacterial colonization is needed. The most important factor for proper colonization is breastfeeding, as close contact with the mother’s breast provides emotional security to the newborn, especially those who are sick and prematurely born. In addition, breast milk contains various substances, including simple sugars and complex hormones, which, due to their pronounced biological activity in the infant, are called the bioactive complex of breast milk. Human milk mostly consists of water and nutrients dissolved in it: proteins, fats, carbohydrates, vitamins, minerals, and trace elements. It is known that there are other factors with specific immune functions. The discovery of the mother’s broncho-mammary and intramammary circulation showed that the pathogenic microorganisms that endanger the mother through the digestive or respiratory tract produce specific antibodies in the mother’s milk. The mother’s milk also contains virus fragments without the ability to reproduce, but are antigenically potent enough to cause the creation of specific antibodies in the infant. In this way, they participate in the maturation of the infant’s immune system [5].



The formation and multiplication of the gut microbiome start from birth, while the modification of their composition depends mainly on various genetic, nutritional, and environmental factors. The primary obstacle to the proper development of intestinal microbiota is improper nutrition (excessive consumption of processed food of animal origin, insufficient intake of fresh fruit and especially vegetables, as well as vegetable juices, unnecessary overuse of antibiotics, and insufficient intake of breast milk or a short period of breastfeeding), which increases the inflammatory potential of intestinal microbiota [6]. The microbiota of the intestine, vagina, and breast milk influence the colonization of newborns. The composition of the mother’s gut before delivery affects the creation of fetal immunity. Although the function of the placental microbiome is not clear, it is known that the gut microbiota during pregnancy is the most important factor in the health of the offspring [7]. The passage of bacteria from the intestines of pregnant women and its colonization in extraintestinal places during pregnancy explains the presence of bacteria in breast milk. The transfer of antibodies through breastfeeding provides immune protection to the newborn; however, IgG-related bacteria can also be transferred after birth, as well as the transplacental IgG-mediated transfer of bacteria that can affect the developing immune system. This suggests that fetal immune programming in utero depends in part on the IgG-mediated transfer of bacterial components. Transplacental immune regulation can also be mediated by cytokines and hormones, as well as bacterial components such as lipopolysaccharides [8] (Figure 1).




2. Intestinal Microbiome of Newborns


The gastrointestinal tract (GI) is undoubtedly the largest and most important organ of the immune system in the body, having a central role in the immune response of the organism. The intestinal epithelial barrier is in constant interaction with the intestinal microbiome and the cells of the immune system. The communication between epithelial cells, immune cells, and the microbiome is the most important as the specific immune responses to antigens depend on this communication. A change in the intestinal microorganisms (dysbiosis) induces the immune response and increases the body’s sensitivity to most diseases in early and adult life [9].



Upon birth, the intestinal microbiota of the newborn is dominated by the genera Enterobacteriaceae and Staphylococcus. Following that, lactic acid bacteria and Bifidobacterium are dominant. Bacteria from the genus Bifidobacterium prevail until the introduction of solid food. After the weaning period, the Bacteroides, Prevotella, Ruminococcus, Clostridium, and Veillonella genera dominate. The microbiota prior to the weaning period is rich in the bacteria that facilitate the use of lactate, while after the weaning period, solid food promotes the growth of bacteria that contain genes that code for carbohydrate breakdown, vitamin synthesis, and xenobiotic degradation [10]. The type of birth is one of the factors that influence the development of the microbiota in early childhood. In children born vaginally, the gut microbiota is similar to the mother’s vaginal microbiota, where Lactobacillus, Prevotella, and Sneathia genera predominate, while the gut microbiota of children born by cesarean section is similar to the skin microbiota, where Staphylococcus, Corynebacterium and Propionibacterium genera predominate. Some studies have shown that the colonization by the Bacteroides and Bifidobacterium genera starts one month after birth, while the concentration of Clostridium difficile is very high. A decrease in the presence of Bacteroides after three to four months in children born by cesarean section has also been reported, and the microbiota of these children was less diverse [11].



The gut microbiota develops intensively from the second to the third year of life. After the third year of life, it is similar to the microbiota of an adult. The establishment of stable gut microbiota is accompanied by two important changes in childhood. The first occurs shortly after birth, during breastfeeding, when the dominant microbes are the genus Bifidobacterium. Another change occurs during the period of introducing solid food into the child’s diet. In this period, bacteria from the genus Bacteroides and Firmicutes dominate [12].



Between approximately 5 and 18% of newborns are born prematurely, and 0.5% are children with extremely small body weights and with <25 gestational weeks (GW) [3]. The intestinal microbiota of newborns with very low birth weight is made up of an abundance of bacilli from gammaproteobacteria to clostridia [13]. Children who developed early NEC (within ten days of life) showed a predominance of Firmicutes. Various bacteria from the class Clostridia have also been associated with early NEC. Along with this increase in Firmicutes, a decrease in Gammaproteobacteria was observed in these early cases. Late-onset NEC (after ten days of life) was associated with an increase in Gammaproteobacteria with a concomitant decrease in Firmicutes (especially Negativicutes) [14,15]. Children who received antibiotics showed an increased relative amount of Proteobacteria and a decreased relative abundance of Firmicutes and Actinobacteria. This may explain the increased risk of NEC after antibiotic administration in preterm infants. The mode of delivery leads to differences in microbiota, but these were not associated with NEC. The relative abundance of Firmicutes was higher after cesarean section, and that of Bacteroides was higher after vaginal delivery. Formula-fed infants showed higher amounts of Firmicutes and breast-fed infants showed higher relative amounts of Proteobacteria, but this was not associated with the development of NEC [16]. Preterm infants receiving breast milk show less interindividual variance in microbiota compared to formula-fed infants [17]. Breastfed preterm infants have a lower risk of NEC; this may be based on the fact that, in addition to breast milk containing specific macronutrients, polyunsaturated fatty acids, lactoferrin, immune cells, and immunoglobulins, it also contains microbes that appear to be personalized for each maternal pair-child [18].



A healthy intestinal flora is essential for the health of the host. The normal human microbiome consists of two bacterial phyla, Bacteroidetes and Firmicutes. The intestinal microbiota of neonates is developed by the end of the third year of life. The total number of bacteria is significantly lower in newborns than in adults and the elderly. In the fecal microbiota of newborns, bifidobacteria are the dominant microbial group. The number of Firmicutes/Bacteroidetes increases in later life and continues to change with age [19]. The Firmicutes/Bacteroidetes ratio (F/B ratio) is an indicator of inflammatory bowel disease [4]. Prematurely born children of pregnant women who received antibiotics have an increase in Enterobacteriaceae (microorganisms belonging to the type Proteobacteria), as well as a decrease in the amount of the Bacteroidaceae family [20].



Normal intestinal microbiota participates in the proper nutrient and drug metabolism, maintaining the structural integrity of the intestinal mucosa barrier, immunomodulation, and protection against pathogens [21].



The factors that change the intestinal microbiota are diverse and act in different periods of life. They include the method of delivery (vaginal or cesarean section); nutrition after birth (mother’s milk or adapted food); nutrition later in life (vegan, vegetarian, or diet including large quantities of meat or meat products); as well as antibiotics or molecules similar to the antibiotics that most often originate from food [22]. The mother’s diet during pregnancy has a great influence on the formation of the intestinal microbiota of neonates. A diet rich in dietary fibers and proteins affects the creation of short-chain fatty acids (SCFA), which are known to be the main metabolites produced by the gut microbiota [23].



The intestines and brain are the boundaries of newborns with the fastest changes during intrauterine development and the postnatal period, and disturbances in the colonization process can cause consequences in behavioral disorders, as well as disturbances in the cognitive functions of newborns, motor activities, anxiety, and social behavior disorders [24,25].



Short-chain fatty acids play a role in the development of intestinal immunity by stimulating the development of memory CD4+ and CD8+ lymphocyte T cells and preserving the integrity of the intestinal epithelium [26]. In addition, bacterial metabolites are potentially transferred from the maternal gut during pregnancy to the mammary glands and may influence postnatal immune development during breastfeeding. Butyric acid stimulates the expression of brain-derived neurotrophic factor (BDNF), which is involved in neurogenesis [27]. Propionic acid has an impact on brain development, cognition, and behavior [28].



The Role of Bacteria from Breast Milk in the Intestines of Newborns


Breast milk bacteria influence the frequency and severity of infections in breastfed infants through various mechanisms of antimicrobial metabolite production or by improving the intestinal barrier through increased mucin secretion and decreased permeability. The administration of a Lactobacillus strain isolated from breast milk to infants over six months resulted in a 46% reduction in gastrointestinal infections, 27% in upper respiratory tract infections, and 30% in other infections [29].



Coagulase-negative staphylococci and viridans streptococci may be particularly useful in reducing the unwanted pathogens to which infants are exposed in the hospital environment. Some Staphilococcus epidermidis strains that inhibit the in vivo colonization of Staphylococcus aureus have been proposed as a future strategy to eradicate this pathogen from the mucosal surfaces. Similarly, Viridans group streptococci (VGS) have been shown to inhibit the oral colonization of methicillin-resistant Staphylococcus aureus (MRSA) in infants exposed to the hospital environment. The bacteria in breast milk also affect the proper maturation of the immune system. Their function has a certain level of flexibility, depending on the conditions found in the intestinal environment. For example, Lactobacillus salivarius and Lactobacillus fermentum enhance the Th1 macrophage production of cytokines, such as IL-2 and IL-12, and the inflammatory mediator TNF-alpha, in the absence of inflammatory stimuli. However, both strains led to a reduction in Th1 cytokines when the cells were incubated in the presence of lipopolysaccharide [30,31].



Breast milk bacteria have a metabolic role in infants. The glycome of some lactobacilli and bifidobacteria can help create healthy intestinal microbiota in infants. The same microorganisms play a role in the breakdown of sugar and protein, and it should be emphasized that the passage of food through a child’s digestive tract is shorter than in adults and that the pH of the stomach is higher in infants. In this context, the lactobacilli strains from breast milk are metabolically active in the intestines of infants and increase the production of functional metabolites, such as butyrate, which is the main source of energy for colonocytes and an important factor in establishing the functionality of the digestive system. As a result, they improve bowel function by increasing the number, consistency, and volume of bowel movements [32].





3. Impact of Antibiotics on Gut Microbiota


Considering the disruption of intestinal microbiota in infants who received antibiotics, the question arises: at which age antibiotics are the oldest? Several studies have investigated how antibiotics work when given immediately after delivery (to the child) or before delivery (to the mother) [33].



In a study of 15 premature infants, a short treatment (≤3 days) with antibiotics led to a reduction in bifidobacteria in the gut of the infants immediately after treatment until the third week after birth [34].



Long treatment (≥5 days) caused the number of bifidobacteria to remain reduced until the sixth postnatal week. Children who received only short-term antibiotics had a gut microbiota that was similar to that of healthy babies, and their microbiota eventually recovered despite the initial changes in composition. In conclusion, the duration of antibiotic use was the main factor responsible for the change in microbiota [35,36,37]. In early neonatal life, the bacterial community of infants of intrapartum antibiotic prophylaxis (IAP) mothers for Group B Streptococcus (GBS) differed from unexposed infants [38]. Within an hour of antibiotic administration during natural childbirth, there was a 7.2% reduction in bifidobacteria and a positive growth of clostridia. In addition, there were low numbers of Actinobacteria and Bacteroidetes, as well as an overabundance of Proteobacteria [39].



The type and duration of antibiotic administration during pregnancy change the bacterial composition of the amniotic fluid, as well as the vagina, which can affect the microbiological composition of the baby at birth [40].



The number of babies born by cesarean section (SC) has increased significantly in recent years. In developed countries, they account for over 27% of births, while in underdeveloped countries, it exceeds 50%. Antibiotics are given in one dose before CS, most often Penicillin; in cases of the mother being allergic to Penicillin, a cephalosporin antibiotic is given. Newborns born through CS have delayed intestinal colonization compared to children born vaginally because there is no contact with the vaginal and fecal microbiota of the mother and the skin of the perineum. In addition, they have reduced microbial diversity, which can last until the second year of life. In neonates born through SC in developed countries, a delay or absence of Bacteroides has been registered, while in developing countries, the early colonization of Bacteroides is attributed to the fecal bacteria in the surrounding environment. Premature children exposed to antibiotics have a reduced number of Bacteroides and Bifidobacterium bacteria [41]. The use of antibiotics intrapartum or in the early neonatal period, as well as the infections themselves, also affect the acquisition of microbiota. The use of antibiotics reduces the biodiversity of the microbiota and increases the growth of potentially pathogenic bacteria, which are resistant to antibiotics. However, it seems that these microbiota changes are not permanent. When the fecal samples of infants exposed to antibiotics were compared with the fecal samples of the same children after infancy, despite this previous use of antibiotics, the overall resistance of the microbiota to antibiotics was reduced and there was an increased diversity of microorganisms. This suggests that the changes in the microbiota caused by the use of antibiotics are not always permanent [42]. Exposure to antibiotics, as well as to infections, during the first six months of life, affects excessive weight gain and obesity in later childhood. Antibiotics such as vancomycin, often used in Staphylococcus positive and coagulase-negative sepsis, have a greater effect on increasing body fat than penicillin antibiotics. The use of antibiotics at birth has a greater impact than later in life. More importantly, even after the antibiotic-induced dysbiosis was regulated, the exposed mice had a metabolically obese phenotype. Considering the current knowledge, in addition to the usual preventive measures, reducing the use of antibiotics in early childhood should be underlined and pregnant women should be encouraged to have a vaginal birth and breastfeed when possible [43].



The SARS-CoV-2 virus infects all age groups, including infants and pregnant women. The placental tissue of pregnant women with COVID-19 infection is associated with histological changes, which may compromise the fetal environment, and this may later lead to adverse neonatal outcomes [44]. Despite the viral nature of the disease, antibiotics are often prescribed to patients with COVID-19, mainly because of suspected bacterial coinfection [45]. The prevalence of bacterial coinfection and secondary infection in hospitalized patients with COVID-19 is relatively low, ranging between 3.5% and 14.3% [46]. Recognizing bacterial co-infections in pregnant women with COVID-19 is crucial for adequate treatment, reducing the routine use of antibiotics, and minimizing the negative consequences of excessive use, primarily the development of antimicrobial resistance (AMR) [47]. During the COVID-19 pandemic, the use of multiple antibiotics together, as well as the administration of ineffective antimicrobial drugs, led to an increase in drug-resistant infections. As a result, multidrug resistance (MDR) among microorganisms to conventional antimicrobial agents is a consequence that humanity is yet to face [48]. The irrational use of antibiotics from the carbapenem group has led to resistance in the Klebsiella pneumoniae that produce β-lactamase (ESBL), Enterobacterales that produce carbapenem-resistant New Delhi metallo-β-lactamase (NDM), Acinetobacter baumannii, and methicillin-resistant Staphylococcus aureus (MRSA), Staphylococcus aureus, Enterococcus faecium, Klebsiella pneumoniae, Pseudomonas aeruginosa, Acinetobacter baumanni and Enterobacter species [49]. The mechanisms of antibiotic resistance are enzymatic destruction or the inactivation of the drug, an alteration of the target enzyme, alteration of the permeability of cell membranes, alteration of the ribosome structure, and alteration of the metabolic pathway [50]. Plasmids and transposons are responsible for the rapid development of drug resistance, as well as the transfer of resistance between different strains of bacteria [51].




4. Consequences of the Use of Antibiotics on Diseases of Neonates and Adult Diseases


The effects of antibiotics on the host by changing the intestinal microbiome are enormous and have an impact on various functions of the body, including changes in the immune system and metabolic activities, creating the basis for the development of many diseases in both the neonatal and infant periods, as well as in adulthood [52].



Trillions of bacteria inhabit the gastrointestinal (GI) tract, and the main role is played by commensals, which protect against the unwanted effects of pathogens. Clostridium difficile is a bacterium that occurs most often in hospitalized patients treated with antibiotics in the form of long-term, debilitating diarrhea that causes dehydration of the patient. The therapy of choice is the transfer of healthy microbiota to treat patients with recurrent infections. In addition, commensal bacteria C. scindens can inhibit the growth of C. difficile by producing bile acids, deoxycholic acid (DCA), and lithocholic acid (LCA) [38]. Dendritic cells (DC) respond to microbes by secreting cytokines that trigger inflammation and stimulate the adaptive immune response by producing Tregs and sIgA by secreting IL-10. Parts of bacteria, such as short-chain fatty acids (SCFA), induce T lymphocytes and B lymphocytes to produce gamma interferon (IFN-γ) from CD8+ T cells. Microbiota, SCFA, and IL-21 secreted from T follicular helper cells (Tfh) in Peyer’s patches (PP) contribute to the secretion of bacteria-specific sIgA. Sequestered fragments of bacteria (SFB) induce the production of Th17 cells. Tregs modulate the anti-inflammatory action of Transforming Growth Factor-β (TGF-β)-mediated DC and T helper 17 cells (Th17). DC and sIgA negatively regulate the pro-inflammatory function of Th17 cells by down-regulating synthesis 17 (IL17) [53] (Figure 2).



The consumption of food with artificial sweeteners leads to the deregulation of the intestinal microbiota, with an altered capacity to break down the glycans that affect reduced glucose tolerance, which is a pre-diabetes condition. Obese people have an altered microbiota enriched with clostridia that produce large amounts of DCA, contributing to liver inflammation and increasing the risk of developing liver cancer [54,55].



The pervasive developmental disorder includes a group of neurodevelopmental disorders of unknown etiology. Autism, which belongs to the group of pervasive developmental disorders, is the most common disorder from that group and appears no later than the third year of a child’s life. Genetic and environmental factors are considered to play an important role in the etiopathogenesis of the disease. This group of disorders is linked by characteristics such as difficulties in communication and social interaction and the presence of stereotyped actions. They are present in all patients and can be more or less pronounced. Children who have pervasive developmental disorders often also have symptoms of digestive system diseases, which indicates a possible role of the microbiota in the development of these disorders via the microbiota-intestine-brain axis. The increased permeability of the intestinal mucosa results in the presence of cytokines in the blood, such as interleukin-1b, interleukin-6, and interferon-g, but also parts of bacteria such as the lipopolysaccharide of gram-negative bacteria. By crossing the blood-brain barrier, they can activate an immune response in the brain and cause some of the behavioral symptoms of this spectrum of disorders. Differences in the microbiota of children with pervasive developmental disabilities compared to children without them exist. Children with this disorder have a less diverse microbiota, a smaller amount of Bifidobacterium spp. and Firmicutes spp., and higher levels of Lactobacillus, Clostridium, and Bacteroidetes. Despite this knowledge, a specific pattern of microbiota changes that could be used in the diagnosis or monitoring of individuals with pervasive developmental disorders has not yet been determined. Animal models have shown that mice born by cesarean section more often show signs of anxiety, worse social functioning, and repetitive actions, which has been confirmed by some human studies. In addition, their microbiota is disrupted and they show signs of increased intestinal permeability, which is a common comorbidity of pervasive developmental disorders [56].



One of the biggest public health problems today is obesity. It is thought that the prevalence of obesity will be 20% by 2025, which means that more than a billion people will be directly at risk from the metabolic consequences of obesity. The risk group among obese people is children, in whom the prevalence of obesity is growing at the same rate as in adults. Obesity is accompanied by complications such as type 2 diabetes, arterial hypertension, non-alcoholic fatty liver disease, metabolic syndrome, and many other conditions. Recent research focuses on the microbiota as a factor in the etiopathogenesis of the development of obesity [57].



Allergic diseases are increasingly prevalent in children and can persist as a problem even in adulthood. Improvements in hygiene and changes in diet are considered to be the main cause of the increase in the frequency of allergic diseases. This hypothesis is called the “hygiene hypothesis” and is thought to also influence changes in the development of the microbiota. The microbiota affects the host’s immune response, including the development of the immune system at an early age, and because the pathogenesis of allergic diseases is directly related to the immune system, the role of the microbiota as a cofactor in the development of allergic diseases is obvious [58]. Intestinal microorganisms, also in addition to all other microorganisms with which the newborn comes in contact, direct the development of this predominantly Th2 immune response into an immune response, which is more similar to adults and the maturation of regulatory T lymphocytes. This “immature” Th2 immune response causes an increased production of immunoglobulin E to various external antigens and the development of allergic reactions. By disrupting the normal development of the establishment of the intestinal microbiota, there is an increased risk for the development of allergic diseases, such as eczema, allergic rhinitis, and asthma. The use of antibiotics causes changes in the microbiota in children that create a predisposition to the development of allergic diseases. Taking antibiotics in the first year of life is associated with an increased frequency of asthma, as well as more severe forms. Stronger symptoms of rhinoconjunctivitis and eczema at ages six and seven are also associated with receiving antibiotics in infancy [59]. Newborns born by caesarean section have a different intestinal microbiota compared to children born vaginally. It is interesting that elective caesarean section carries a higher risk of developing allergic diseases than emergency caesarean section, which is explained by the fact that, in most emergency caesarean sections, the rupture of the amniotic membrane occurs prior to the decision to have the procedure. It is believed that breastfeeding protects the child from the development of allergic diseases with its probiotic and prebiotic components [60].



A change in the composition of the microbiota occurs before the development of the symptoms of allergic diseases, which could be used for the purpose of early diagnosis in the future. Clostridium difficile was found in greater numbers in children who later developed allergic diseases. For the development of allergic diseases, eczema, and asthma, the fact that there is dysbiosis is more important than the composition of the microbiota itself. These findings open up the possibility of early intervention and prevention of the development of allergic diseases in infants with increased risk. It has been shown that the use of preparations containing Lactobacillus rhamnosus GG (LGG) and Lactobacillus fermentum during pregnancy and in the early life of the child leads to a reduction in the risk of allergic dermatitis and a reduction in the severity of the symptoms of the disease [61].



Biomarkers of Inflammation Associated with Gut Microbiota as a Potential for Giagnosing Diseases


Neutrophils or polymorphonuclears are the most numerous leukocytes in the blood, their creation is stimulated by removed CSF (Colony stimulating factors), and the amount increases in response to some bacterial and fungal infections [62]. CRP is not only a marker of infection and inflammation, but also has a protective role against bacterial infections by activating the complementary and opsonizing bacteria. Although it is not a specific marker, elevated values are found in all inflammatory conditions, as well as infections. Its clinical importance is reflected in its easy performance and clinical variability in all population groups [63]. A study performed in patients with IBD, ulcerative colitis (UC), and Crohn’s disease (CD) showed that the serum calprotectin levels are directly related to the fecal calprotectin levels and are a more accurate diagnostic parameter of IBD compared to CRP. This study also showed that the combination of serum calprotectin with CRP or albumin may be helpful in predicting treatment escalation, especially in patients with CD. In patients with IBD who are in clinical remission, the measurement of the FC concentration can be used as a biological marker for the presence of inflammation of the mucous membrane [64,65]. The fecal calprotectin concentration reflects the degree of the pathological neutrophilic infiltration of the intestinal wall. As this is a non-invasive test, it has become popular in clinical practice for monitoring disease activity and adjusting anti-inflammatory treatment. Multicenter prospective clinical studies with larger numbers of patients and a separation of UC from the CD population are needed to define the exact role of FC in IBD diagnostic and therapeutic algorithms [66]. Zonulin is a human protein that increases permeability in the epithelial layer of the small intestine. Its proper functioning is crucial for the maintenance of the physiological processes in the intestines [67]. In the first study that included patients over 18 years of age, by Szymanska et al. [68], increased serum zonulin concentrations were found in various immunopathological diseases, such as food allergies, gastrointestinal tract infections, systemic autoimmune diseases, and inflammatory bowel diseases, although there are discrepancies in the concentration of zonulin in plasma and the concentration of fecal zonulin [69]. The limitation of zonulin as a parameter of intestinal inflammation is the small number of studies examining the neonatological population. In the study by Sochaczewska D et al. [70], the concentration of zonulin, occludin, and lipopolysaccharide in the stool of newborns was determined as the parameter of dysbiosis and intestinal permeability. The limitations of the study are that the results depend on the method of delivery, the intake of probiotics, or the diet of the mother, so this marker cannot currently be used in the diagnostics of inflammatory bowel diseases [71]. In inflammatory bowel disease, the concentration of leptin increases, while the level of adiponectin decreases. Resistin, produced by the immune system, is elevated in chronic colitis. The most significant role is played by fecal calprotectin as a marker of intestinal inflammation of necrotizing enterocolitis in premature children [72]. Myeloperoxidase (MPO) is a neutrophil enzyme that belongs to the peroxidase enzyme family and has bactericidal activity. MPO-deficient neutrophils perform the function of phagocytosis, but require the activity of the MPO enzyme when it comes to fungal infections. In a study by Rodríguez-Benítez MV et al. [73], MPO from meconium showed a correlation with fecal calpotectin in preterm infants with necrotic enterocolitis [74].





5. Therapeutic Directions of Treatment of Intestinal Dysbiosis


The development of the gastrointestinal microbiota of the fetus begins during intrauterine life, and a disturbed microbial balance in the mother’s gastrointestinal tract can be the cause of dysbiosis in the unborn child. The composition of the intestinal microbiota determines the appropriate type of immune response and the strength of intercellular connections in the intestinal epithelium. One of the basic types of intercellular junctions within the intestine are tight junctions (TJs). TJs are multiprotein complexes of integral membrane proteins (claudins and occludins) and cytoplasmic membrane proteins [75].



They are the most important regulatory element of intestinal permeability and maintain cell polarity by limiting the movement of proteins across the cell membrane. Disrupted intestinal colonization can damage the intestinal barrier by impairing the expression and function of TJ-building proteins, resulting in the loosening of the intercellular junctions. There is evidence to suggest that the disruption of the intestinal epithelial barrier increases the movement of bacteria and bacteria-associated products across the epithelium [76].



As a consequence, dysbiosis in the early neonatal period can result in the so-called leaky gut syndrome and promote the development of food allergies, recurrent infections, and autoimmune diseases, including irritable bowel syndrome, Hashimoto’s disease, obesity, asthma, and diabetes [77]. According to recent reports, the reduction in TJ expression in some neurodegenerative diseases (e.g., Parkinson’s disease) is associated with increased intestinal permeability, i.e., leaky gut syndrome [78].



It is necessary to use probiotic drops during the newborn period in order to reduce the immune response and achieve the balance of the Th1/Th2 subpopulation of T lymphocytes [26]. Microbiome-based interventions have traditionally focused on probiotics, usually lactobacilli and bifidobacteria, or prebiotics with non-digestible oligosaccharides [79].



Determining the genome is more important than the representation of the bacterial species. At present, there is increasing evidence that diseases are not triggered by the abundance of individual bacterial populations, but rather, are triggered by the collective microbiome (i.e., microbial consortia of functional genes and pathways) and its metabolites, which are called “functional core microbiome”. Clinically, the discovery of how we can alter the “functional core of the microbiome” to prevent or treat disease still has a long way to go before being put into practice [80].




6. Conclusions


The intestinal microbiota of a newborn is extremely prone to changes; therefore, its composition is influenced by the method of delivery, diet, use of antibiotics and probiotics by the mother, environment, socioeconomic status of the mother, geographical location, infections with pathogenic microorganisms, and many other factors. All of these factors can lead to dysbiosis, which creates predispositions for the development of disease from childhood to adulthood. This period of the newborn’s life could be crucial for interventions on the intestinal microbiota in order to reduce the risks of developing chronic diseases by correcting dysbiosis.
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Figure 1. The relationship between maternal microbiota and newborn immunity. Commensal microbes from the intestine of the pregnant woman, and the placenta and mammary glands affect the development of immunity in the fetus and the newborn by releasing short-chain fatty acids, and antibodies and changing the cytokine environment. 
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Figure 2. Effect of the modulatory role of intestinal microbiota and interactions between immune cells. Dendritic cells (DC) respond to microbes by secreting cytokines that trigger inflammation and stimulate the adaptive immune response by producing Tregs and sIgA by secreting IL-10. Parts of bacteria such as short-chain fatty acids (SCFA) induce T lymphocytes and B lymphocytes to produce gamma interferon (IFN-γ) from CD8+ T cells. Microbiota, SCFA, and IL-21 secreted from T follicular helper cells (Tfh) in Peyer’s patches (PP) contribute to the secretion of bacteria-specific sIgA. Sequestered fragments of bacteria (SFB) induce the production of Th17 cells. Tregs modulate the anti-inflammatory action of Transforming Growth Factor-β (TGF-β)-mediated DC and T helper 17 cells (Th17) e. DC and sIgA negatively regulate the pro-inflammatory function of Th17 cells by down-regulating synthesis 17 (IL17). 






Figure 2. Effect of the modulatory role of intestinal microbiota and interactions between immune cells. Dendritic cells (DC) respond to microbes by secreting cytokines that trigger inflammation and stimulate the adaptive immune response by producing Tregs and sIgA by secreting IL-10. Parts of bacteria such as short-chain fatty acids (SCFA) induce T lymphocytes and B lymphocytes to produce gamma interferon (IFN-γ) from CD8+ T cells. Microbiota, SCFA, and IL-21 secreted from T follicular helper cells (Tfh) in Peyer’s patches (PP) contribute to the secretion of bacteria-specific sIgA. Sequestered fragments of bacteria (SFB) induce the production of Th17 cells. Tregs modulate the anti-inflammatory action of Transforming Growth Factor-β (TGF-β)-mediated DC and T helper 17 cells (Th17) e. DC and sIgA negatively regulate the pro-inflammatory function of Th17 cells by down-regulating synthesis 17 (IL17).



[image: Ijms 24 05723 g002]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
\’ Peyer's patcl V






nav.xhtml


  ijms-24-05723


  
    		
      ijms-24-05723
    


  




  





media/file0.png





media/file2.png
Bacterial translocation
from gut to mammary

gland

IgG or IgA in breast milk
influences postnatal

microbiota or immunity

Jacterial

® translocation from
g@‘

‘g gut to p'i.u enta l
s ¥ 3 2avam—: comencsod

Transplacental transfer of
i cytokines hormones and
bacterial components such as

lipopolysaccharide (eg. SFGA

Microbial colonization of the

fetus may drive immune

programming prior to delivery






media/file3.jpg





media/file1.jpg
Bacterial translocation

from gut to mammary
gland

15G or IgA in breast milk
influences postnatal

Bacterial
translocation from

to placenta

Transplacental

transfer  of |

and

cytokines,  hormones,

lipopolysaccharide (eg. SFGA

Microbial colonization of

fetus may drive immune

programming prior to delivery






