Antibiotics as modulators of the intestinal microbiota: between good and evil
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The prevalence of obesity in the world has reached epidemic proportions over the past few decades. In 2013, 36.9% of adult men and 29.8% of women (age ≥20 years) are overweight (body mass index (BMI) 25–29.9 kg/m2) or obesity (BMI ≥30 kg/m2) [63], and recent trend analyzes show that the number of patients who are overweight or obese continues to grow worldwide [24]. Due to the multifaceted nature of obesity, there is no single or simple solution to combat this growing epidemic. Thus, new, highly productive individual interventions are needed for effective prevention and treatment of overweight and obesity.
Studies in animals and humans show that trillions of bacteria in the intestine are associated with energy homeostasis [51, 81]. Intestinal bacteria ferment indigestible carbohydrates, synthesize short-chain fatty acids (SCFA) and amino acids from them, and can thus make an "energy" contribution to the host [3, 65]. The byproducts of the bacterial fermentation process can affect the appetite and increase saturation [20], also by modulating the metabolism of bile acids [72] the microbiota can “control” alimentary obesity, “increasing” the caloric intake of food [2, 85]. In addition, intestinal bacteria can manipulate the individual's taste and dietary preferences [6].
Bacteria have mastered our planet for themselves about three billion years ago. Dr. M.J. Blaser describes this very interestingly in his book “Missing microbes: Our modern plagues“, which came out in 2014 and became a bestseller: “They (bacteria) made the oxygen we breathe, the soil, support our oceans. Slowly, inexorably, through trial and error throughout time, they invented sophisticated and reliable feedback systems that still support all of life on Earth. Ancient, but not primitive, bacterial cells, self-sufficient creatures — reach different shapes and sizes and adapt to almost every ecosystem on Earth ”[13]. From seventy to ninety percent of all cells in the human body are bacteria, represented by more than 10,000 different species. 99 percent of the unique genes in our bodies are bacterial. This population of more than 100 trillion microorganisms constitutes our microbiome: a collection of microbial communities that has evolved with homo sapiens to help organize basic life processes starting from the moment of birth.
Metabolic changes can be caused by a primary violation of the microbiota [22], which is associated with modern changes in human physiology [15, 30], which are initiated by external factors. Epidemiological studies with people have shown that treatment with antibiotics for the first six months of life [80] or giving birth to a child by caesarean section [16, 46] may increase the risk of overweight accumulation at a later age. These two interventions have no direct effect on calorie intake or on host metabolism [23], but have a large effect on microbiome [27, 30]. The mutually beneficial interactions of humans with their own microbes can be changed by many aspects of the modern lifestyle, including urbanization, international travel and dietary changes [28], as well as antibiotics [75].
Microbiome plays an important role in maintaining health, especially immunity and metabolism. It is also possible that the destruction of this ancient equilibrium can have serious consequences. But it was the last in people's minds when antibiotics that kill bacteria or slow down their growth appeared on the scene in the 1940s. Deadly previously could be prevented or cured. Surgery has become much safer. Side effects in antibiotics seemed few and insignificant. Today, antibiotics are invaluable for treating many serious infections and continue to save countless lives. The side effects of antibiotic treatment on the intestinal microflora range from self-sustaining “functional” diarrhea to life-threatening pseudomembranous colitis [12, 86]. The long-term effects of changes in the intestinal microbial landscape of humans are difficult to detect, but chronic conditions such as asthma and atopic diseases are often associated with the use of antibiotics in childhood and changes as a result of the intestinal microbiota [53, 66, 69]. Many chemical transformations in the intestine are mediated by specific microbial populations [64], which can provoke the development of cancer [56, 67] and obesity [9, 51], changes in the composition of the intestinal microflora can have other delayed serious health consequences [74]. The consequent of even one course of antibiotics on specific microbial populations under natural conditions can persist for many years [10, 52, 73].
The problem is not the use of antibiotics, but their use without indications. On average, Americans spend about 30 courses of antibiotics in 40 years of life. At the same time, over the past five decades, the number of overweight people has doubled, and with obesity, more than three times [68]. With overweight and obesity, there is an increased risk of serious diseases such as cardiovascular, cancer and diabetes. M. Nestle, head of nutrition and food research at New York University and the author of the Food Policy, argues that the cost of the disease associated with obesity will be “astronomical” [62]. For example, childhood obesity is a costly epidemic that affects every fifth child and can cost $ 19,000 per obese patient in life-long medical expenses [36]. In 2016, it was found that obese Australian preschoolers have 60% higher health care costs compared to children with normal weight, similar financial costs are expected in the US and the UK [41]. And in adult patients, obesity can be a greater health burden than smoking [58].
A study of a cohort of Danish women revealed that more than 40% of them received the antibiotic at least once during pregnancy [18]. In addition to disrupting microbiota transmission from mother to child, prenatal antibiotic effects have been shown to influence the weights of newborns, increasing the risk of obesity and associated metabolic disorders later in the child's life [47, 84].
An analysis of the database of antibiotic resistance in the United States in 2010, containing information on more than 70% of American prescriptions [44], demonstrated the widespread use of antibiotics, especially in infancy and childhood, which varied greatly depending on the region. Extrapolation of the data shows that, at the age of 2, an average American child received almost three courses of antibiotics (mainly for the treatment of acute infections of the ears and upper respiratory tract), about ten courses at the age of under 10 years and ≈17 courses at the age of under 20 years. Although these figures are strikingly high, they are consistent with previous national surveys [40, 55]. The relationship between the number of prescribed antibiotics and the level of obesity in the United States is shown in Fig. 1.
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	Fig. 1. On the left — BMI of US residents, on the right — the number of antibiotic therapy courses per 1000 US population [14].
 
	As can be seen from fig. 1, in those states where courses of antibiotic therapy are prescribed most often, the most obese people live. In contrast, in Sweden, the use of antibiotics from infants to adult patients is ≈40% of the amount prescribed in the United States [78]. This dichotomy suggests that most of the prescribed use of antibiotics in children in the United States is not needed, which is widely recognized by professional bodies, including the American Academy of Pediatric [43] and the Center for Disease Control and Prevention [37]. Nevertheless, the rate of pediatric use of antibiotics in the United States increased from 2000 to 2010 [50]. Even within the same region, there is a significant variation in the prescription of medicines among physicians, as evidenced by the recent extensive review of the practice conducted by a large medical academic center [39].
New epidemiological studies have confirmed the hypothesis that the effects of antibiotics in early life are associated with an increased risk of excessive obesity. In a study of more than 28,000 mother-child pairs of the Danish national cohort of newborns [5], it was found that antibiotic exposure in children during the first 6 months was associated with an increased risk of overweight at the age of 7, this effect in boys was more pronounced than in girls. These results were confirmed in the Avon Longitudinal Study of Parents and Children (ALSPAC) study, which involved more than 10,000 children. In the cohort of newborns ALSPAC, in which all known factors were controlled, the use of antibiotics during the first 6 months of life was associated with an increase in BMI at the age of 10, 20 and 38 months. The ALSPAC study also determined that maternal BMI is the second factor contributing to the development of obesity after exposure to antibiotics at an early age, and this effect is enhanced with age in children from mothers of normal weight compared with mothers who are overweight. In this large study, ≈11500 children born in the United Kingdom in 1991–1992 who received antibiotics for up to 6 months were observed, they had a greater risk of developing obesity at the age of 38 months (odds ratio 1.22) [80].
In studies with Canadian babies, antibiotics administered in the first year of life increased the likelihood that the child would be overweight at the age of 9 years and 12 years, as well as increased central obesity (a marker of metabolic syndrome) [8]. These effects were observed after the correction of other factors that affect body weight, such as diet, physical activity and smoking of mothers during pregnancy. A pronounced sexual dimorphism manifested itself, the effect was more pronounced in male children. A longitudinal study in the United States from 2001 to 2009 involving 65,480 children from Philadelphia also showed a link between antibiotics used in early life and childhood obesity, which was enhanced by early radiation and several treatments. The study authors concluded that repeated exposure to broad-spectrum antibiotics between the ages of 0 and 23 months is associated with obesity in early childhood. Since common childhood infections were the most common diagnoses associated with prescribing broad-spectrum antibiotics, narrowing the choice of antibiotics can potentially be a volatile risk factor for the formation of obesity in children [11]. Interestingly, these effects were significantly associated with the use of broad-spectrum antibiotics, but not with narrow-spectrum antibiotics. Finally, in a global cross-sectional study, antibiotics in the first year of life modulated body weight in children, and changes in both directions (increase or decrease) depended on where they lived, which was associated with an increased risk of overweight at the age of 5–8 years in boys [61]. In the same study, the increase in body weight or weight loss in girls depended on the geographic location, however, in general, these participants did not have statistically significant effects. All these epidemiological studies suggest that the effects of antibiotics on a very early lifespan (that is, in the first year of life) may affect the risk of obesity in the future. The gender specificity of these effects is still being studied [26].
The formation of the normal intestinal microflora of the infant depends on the vertical transmission of bacteria from the mother during labor; Thus, the use of antibiotics by the mother during pregnancy or a violation in childbirth can also affect the formation of the normal microbial landscape in the child and the subsequent increase in his weight. A study of 436 mother-child couples found an increased risk of obesity by 84% (33–154%) at the age of 7 if the mother received antibiotics in the second or third trimester of pregnancy [45]. An increased risk of obesity or overweight has been associated with cesarean delivery in several independent studies [16, 46]. Regardless of the prenatal use of antibiotics and other factors by the mother, babies born by caesarean section had a 46% higher risk of obesity than babies born naturally [59]. These studies suggest that the transmission of maternal normal microflora is likely to be a significant factor that forms the metabolic development in children.
In a 10-month, prospective, experimental study of three adults who received two courses of ciprofloxacin, Dethlefsin and Relman showed that the intestinal microbiota changed rapidly against the background of an antimicrobial effect. The composition of the microbiota stabilized after 10 months, but in an altered state [29].
French researchers observed forty-eight adult patients diagnosed with bacterial endocarditis (BE) (a group of antibiotics) who were compared with 48 people of comparable sex and age without bacterial endocarditis. Their BMI was determined one month before the first symptoms of BE and one year after discharge from the hospital. BMI increased significantly and significantly in patients who received vancomycin-plus-gentamicin (C + D) (p=0.03), but not in controls or in patients who received other antibiotics. Seventeen patients received an increase in BMI of ≥10%, and five of the group of antibiotics B + D developed obesity. Treatment C + D was an independent predictor of an increase in BMI of ≥10% (p=0.02). Weight gain was particularly pronounced after a six-week intravenous treatment of bacterial endocarditis B + D in men over 65 who did not undergo cardiac surgery [79]. 
The mechanism by which antibacterial agents increase growth and weight is not well known, but several hypotheses have been suggested [35]:
1. nutrients are more efficiently absorbed due to the thinner intestinal epithelium, and violation of its permeability;
2. nutrients are retained due to the reduction of competing microorganisms;
3. microorganisms responsible for subclinical infections are reduced or eliminated;
4. decreases the number of bacteria stimulating the growth of toxins and metabolites;
5. changes in the activity of bacterial enzymes that improve the efficiency of food metabolism. 
Thus, there is growing evidence of the role of intestinal microorganisms in relation to the energy conversion of nutrients [9] and their implications for obesity.
Violations of the intestinal microflora occur not only because of antibiotic treatment. Drugs accumulate in the meat of animals and poultry that we eat. Antibiotics are widely used as growth promoters in agriculture. In the 1940s. the use of Streptomyces aureofaciens contributed to weight gain in animals, leading to the discovery of chlortetracycline. Tetracyclines, macrolides, avoparcin, and penicillins are commonly used in animal husbandry to accelerate growth by increasing food intake, weight gain, and improving herd health [7]. Avoparcin, a glycopeptide structurally related to vancomycin, has been widely used in Europe as a growth promoter since the early 1970s until recently banned by the emergence of vancomycin-resistant enterococci [1]. This antibiotic has been shown to improve feed efficiency and increase weight in animals [33]. As a result, vancomycin-resistant enterococci are found in the meat, which have been released during infections in humans. In this regard, today the World Health Organization (WHO) recommends to minimize the use of antibiotics in animal husbandry. However, only in the European Union listened to her advice. The United States, China and Russia continue to actively feed them to animals, as well as end users. From 2005 to 2009 alone, the Russian market of antibiotics grew 2.3 times [1]. As a result, we can get meat, milk and other products with the presence of antibiotics in quantities exceeding the permissible sanitary norms. Their presence in products is marked as food additives Е700–Е800. For example, milk and meat may contain up to 100 micrograms per kilogram of tetracycline, a broad-spectrum antibiotic, according to the norms. This means that a person who drinks two glasses of milk per day consumes about 50 micrograms of tetracycline daily. This is not much, but it must be borne in mind that many people drink milk every day throughout their lives.
The use of the same antibiotics in animal husbandry and medicine is especially dangerous, since it contributes to the emergence of antibiotic-resistant bacterial strains that adversely affect human health, which is a long-standing problem in many countries. In the US, 80% of the total amount of antibiotics produced is used for livestock, and about 60% of them are the same names that are used in medicine. Their use is prohibited from 01/01/2017 [54]. In addition, in new studies, attention was paid to the question of whether there are direct metabolic effects on human health as a result of the consumption of contaminated products [31, 70, 77]. Approximately 70 years ago, veterinary scientists showed that the addition of low (subtherapeutic) doses of antibiotics to livestock feed or water led to the stimulation of its growth [76]. This effect was subsequently demonstrated in main domestic mammals (cows, pigs, and sheep), and in poultry [48]. A wide variety of antimicrobial agents represented these effects, regardless of the class of drugs (antibiotic or antiseptic), chemical structure, mode of action, and spectrum of activity [19, 38].
Pigs have the most antibiotics in their meat, fewer of them in chickens and even less in beef. In addition, farm shrimp and fish, even farmed salmon, have high levels of antibiotics because they are necessary for the prevention of disease. Even organic vegetables contain antibiotics, because they concentrate about 75% of the antibiotics obtained by domestic animals, and more precisely in their manure, which is used to fertilize the earth [83]. It is important to note that animals are fed with antibiotics at an early stage of life, because growth stimulation and feed efficiency (the ability to convert food calories to body weight) is higher than the use of antibiotics at an older age [38, 60]. The effects associated with age are consistent with the concept of a critical period in the formation of the host metabolism, with early age being more capable of change than older. According to experts, the use of antibiotics for domestic animals will increase by 67 percent by 2030, as the demand for protein is growing worldwide. In China, India, Brazil and Russia, it is expected that the use of antibiotics will increase by 99% — much more than the increase in the population of these countries. Many of these products will be exported [83].
How to prevent and correct metabolic disorders associated with the effects of antibiotics on the human body at different stages of his life? Obesity in humans is associated with a dysbiotic shift in the fecal microbiota, as well as with a low content of bifidobacteria [21]. On the other hand, energy restriction and weight loss are associated with increased levels of bacteria [25]. The altered microbiota in the intestines of obese subjects appears to be more effective in “assimilating” energy from the diet and may contribute to further weight gain [82]. Therefore, the intestinal microbiota is a potentially variable target for the prevention and/or treatment of obesity.
Probiotics (mainly bifidobacteria and lactobacilli) enter the human colon, where they are involved in processes such as modulating colon microflora, immunogenic reactions and metabolic processes. Probiotics can prevent infectious diseases, reduce cholesterol levels, stimulate the synthesis of vitamins and cytokines, and inhibit carcinogenesis. The safety and efficacy of certain strains in the context of these properties must be scientifically proven in order to consider them probiotic. In combination, prebiotics and probiotic bacteria form synbiotics that can provide even more benefits than probiotics or prebiotics separately [42].
The introduction of viable bacterial strains (probiotics) as a way to manipulate the intestinal ecosystem in order to reduce weight is currently being seriously studied [71]. A number of studies show that probiotics can affect the function of various types of bacteria in the intestines [34, 57], in several recent studies it has been found that probiotic supplements may contribute to weight loss [32].
Q. Zhang et al. published a meta-analysis of 19 studies, which showed a significant reduction in BMI of 0.49 kg / m2 (p <0.01) and a significant decrease of 0.54 kg (p <0.01) of body weight compared with control groups, the results of the meta-analysis are presented in fig. 2. Probiotic species and doses used varied in different studies. Eight tests used certain types of probiotics, and the rest used more than one type of probiotics. The total daily intake of probiotics varied from 106 colony forming units (CFU) to 1012 CFU. The duration of the test ranged from three to 24 weeks (average 8.76 weeks). A meta-analysis demonstrated that probiotics may be more effective in reducing BMI in people who are overweight or obese than people with a normal BMI. The study also showed a greater effect from the consumption of several, rather than individual types of probiotics [87].
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Fig. 2. Results of meta-analysis by Q. Zhang et al. [87].

H. Borgeraas et al. conducted another meta-analysis of 15 recent studies to identify the effects of the use of probiotics in overweight and obese patients. Two thirds (n = 10) of studies included one type of probiotic, and the remaining studies (n = 5) included two or more types of probiotics. The daily dose of probiotics varied from 1,0×109 to 4,8×1011 КОЕ, and the duration of the test ranged from 3 to 12 weeks (median: 8 weeks). Changes in body mass, BMI, fat mass / fat percentage, or related results, such as abdominal fat mass changes. The results of this meta-analysis are presented in Fig. 3. Evaluation of data showed that probiotic supplements reduce body mass (BM [95% CI], -0.60 [-1.19, -0.01] kg), BMI (-0.27 [-0.45, -0.08] kg/m2) and the percentage of fat (-0.60 [-1.20, -0.01] %), but the effect was small. Probiotic supplements also reduced body fat, although not significantly (-0.42 [-1.08, 0.23] kg) [17].
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Fig. 3. Results of meta-analysis by H. Borgeraas et al. [17].
 
In a multicenter, double-blind, randomized, placebo-controlled clinical interventional study, 87 subjects with high BMI (24.2–30.7 kg/m2) and increased abdominal visceral fat (81.2–178.5 cm2) were randomized to receive either fermented milk (FM) containing LG2055 (active FM, n=43), or FM without LG2055 (control FM; n=44). Subjects consumed 200 g/day FM for 12 weeks. In the active FM group, the area of ​​abdominal visceral and subcutaneous fat significantly (р<0.01) decreased from the initial level on average from 4.6 to 3.3%. Body mass and other parameters also significantly decreased (р<0,001) as follows: body mass — by 1.4%; BMI — by 1.5%; waist size — by 1,8% and hips — by 1,5%. None of these parameters was statistically significantly reduced in the control group [49].
Thus, antibiotics reduce the variety of intestinal microflora. They reduce the population of the main bacteria living in the intestines, paving the way for the growth of conditionally pathogenic, pathogenic bacteria and fungi. Also, the use of antibiotics can induce overweight and obesity in people. Probiotics are the "antidote" of antibiotic therapy — or at least this is the best "antidote" that today has a scientific and practical basis.
Conclusion. If antibiotics make people fat, then probiotics can be a saving grace. Antibiotics are necessary and potentially vital drugs that significantly reduce mortality and morbidity in humans. Today we get a clear idea of ​​how these bacterio-modulating agents can contribute to obesity. Understanding the costs of complications and the associated treatments, reasonable use of antibiotics is necessary. And all courses of antibiotic therapy — in pregnant women, newborn babies, children of different ages and adult patients — must be accompanied by the use of probiotics. Currently, many studies are being conducted in this area, and progress will continue in identifying specific types and strains of probiotics that are most effective in each specific situation.
Probiotics not only prevent and treat antibiotic-associated diarrhea, but also contribute to weight loss and reduce BMI, they can help improve immunity, prevent colds and atopic diseases, reduce stress and anxiety, improve cognitive abilities in Alzheimer's patients, help recover from injury, minimize complications of liver diseases, regulate blood pressure, reduce glycemia in diabetes and many other diseases. 
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Antibiotics as modulators of the intestinal microbiota: between good and evil
E. Y. Plotnikova, Y. V. Zakharova
Kemerovo State Medical University, Kemerovo, Russia
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In some countries of the world, the prevalence of obesity is increasing at the rate of an epidemic. A significant role in the staying healthy, strengthening immunity and normalizing metabolism is assigned to microbes. Among the drugs that are used to treat serious infectious diseases, antibiotics dominate as the drugs that keep on saving precious human lives. The side effects of antibiotic therapy on the intestinal microflora range from self-leveling and fast-passing “functional” diarrhea to life-threatening pseudomembranous colitis. Recently conducted epidemiological studies have shown that antibiotics are associated with a high risk of weight gain and the development of obesity. Violation of the intestinal microflora is caused not only by antibiotic therapy, but also by the intake of a number of products. Antibacterial drugs are widely used in agriculture as growth promoters, they are stored in the meat of animals and poultry that we eat. Obesity has been proven to be associated with a dysbiotic shift in the fecal microbiota and a low content of bifidobacteria. The hypothesis according to which the intestinal microbiota is a potentially variable target for the prevention and/or treatment of obesity is described in detail. Probiotics are agents capable of modulating and improving the intestinal microflora during antibiotic therapy. The review presents data demonstrating the ability of probiotics not only to prevent the development of dysbiosis that occurs when using antibiotics, but also to impede the emergence of overweight and obesity. The advantages of the use of probiotic Maksilak® containing lacto-, bifidobacteria, and oligofructose, during antibiotic therapy are considered.
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