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Abstract

:

Childhood malnutrition affects physiology and development. It increases infection rates, which may not present clinical signs in severe cases. The World Health Organization recommends prophylactic treatment with cotrimoxazole (SXT) and nutritional recovery to overcome this issue. This treatment is controversial, since evidence of a reduction in morbidity and mortality is not a consensus and could induce the development of antibiotic-resistant bacteria. Moreover, the impact of using this wide-spectrum antibiotic on gut microbiota in a critical period of development, and weakness is unknown. To understand how SXT prophylaxis could affect gut microbiota in undernutrition, we induced protein–energy undernutrition (PEU) in weaning C57BL/6 mice for three weeks and treated animals with SXT for two weeks. Using 16S rRNA gene sequencing, we compared the taxonomic composition and metabolic pathways of control mice, animals submitted to undernutrition (UND), treated with SXT, or undernourished and SXT treated (UND + SXT). We identified that UND mice had a significant increase in predicted pathways related to metabolic syndromes later in life. The prophylactic SXT treatment alone resulted in a significant loss in community richness and beta diversity. Furthermore, we identified the reduction of three genera in SXT treated mice, including the butyrate producers Faecalibacterium and Anaerotruncus. Both UND and double challenge (UND + SXT) resulted in a reduction of the amino acid’s biosynthesis pathway related to cell growth. Our results show that the SXT prophylaxis of young mice during an undernourishment period did not re-establish the undernourished microbiota community composition similar to healthy controls but induced a distinct dysbiotic profile with functional metabolic consequences.
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1. Introduction


Undernutrition still affects approximately 200 million children every year. It is considered one of the leading underlying causes of morbidity and mortality, according to the World Health Organization (WHO) [1]. Undernutrition is defined as the imbalance between the nutrients and/or energy ingestion and the individual’s basic needs to sustain the body’s homeostasis and its specific functions and, in the case of infants, adequate growth [1]. Additionally, the acute form of malnutrition during childhood affects several organs and functions, from bones to neuronal development, metabolism, immunity, and even the gut microbiota [2,3,4].



In recent years, the microbiota has emerged as one of the major contributors to maintaining the individual’s health status, performing a range of functions from nutrients metabolism, development and modulation of the immune system, direct protection against infections, and even influencing behavior and cognition [5,6,7,8]. Several factors can greatly modulate the early gut microbiota during neonatal life, including mode of delivery, breastfeeding, use of antibiotics, environmental exposure, and nutritional status [9]. Understanding how nutrition and the gut microbiota of an individual interact with each other is essential to better comprehend the pathogenesis of undernutrition and develop better prevention measures and more effective treatments [10].



Children suffering from malnutrition are more prone to infection, but they may not show signs of clinical infection [11]. As a result, the WHO recommends a course of cotrimoxazole, a broad-spectrum antibiotic, as a prophylactic treatment for severely malnourished children [12]. The treatment is controversial, being classified by the WHO based on weak evidence [13]. Researchers found no increase in survival in a multicenter, double-blind, randomized controlled trial [14]. There is also the issue of global concern in increasing microbial resistance [15] and the potentiality of disruption of gut microbiota, resulting in broad-spectrum antibiotics-induced dysbiosis [16]. Nonetheless, there is also the opinion that the use of cotrimoxazole during undernutrition treatment could preserve the structure of the microbiome or even be beneficial for it, since it would avoid the invasion of pathogens during a period of particular vulnerability [17].



In this study, we reproduced human infant undernutrition and its treatment in mice. The aim was to define the effects of undernutrition, cotrimoxazole, and their association on microbiome composition and functionality. Our results show that each situation results in a different type of dysbiosis, and that the WHO’s malnutrition preconized treatment might not lead to the re-establishment of a healthy gut microbiome.




2. Materials and Methods


2.1. Animal and Study Design


C57BL/6 mice with the age of 3–4 weeks were randomly housed in groups of three animals per microisolator cage (Alesco, Campinas, Brazil) on sterilized wood chip bedding under a controlled temperature (21 ± 1 °C) and humidity (50 ± 20%) with a 12 h light/dark cycle. All animals were acclimated for four days to recover from transport stress before beginning the experimental protocol. The mice had ad libitum access to sterilized distilled water and an irradiated diet during the acclimation period.



After acclimation, mice weighing 10.9 ± 1.52 g (mean ± SD) were randomly grouped into either the ad libitum control group or the undernourished group. The control group and the undernourished group were divided into two sub-groups to study the effect of antibiotic therapy on food intake and gut microbiota: no additional treatment and cotrimoxazole-treatment. Thus, the experiment was carried out in four groups: control group (CON) (n = 6), cotrimoxazole-treated group (SXT) (n = 6), undernourished group (UND) (n = 6), and undernourished and cotrimoxazole-treated group (UND + SXT) (n = 6). The undernourishment model protocol was adapted from Mittal and Woodward [18]. The undernourished groups (UND and UND + SXT) were fed with diets containing only 60% of the total food consumed by the CON and SXT groups, consisting of 1.4 g of food per animal consumed daily by the undernourished groups. Feeding was performed in the afternoon to respect the mice’s circadian rhythms. The food restriction protocol was sustained for three weeks.



The SXT protocol was carried out for two weeks before the end of the food-restriction period. The mice in the SXT and UND + SXT groups were treated daily with SXT (a combination of 25 mg/kg of sulfamethoxazole + 5 mg/kg of trimethoprim) for two weeks, as recommended by the WHO [12] for cases of severe malnutrition without apparent infection. SXT was purchased from a veterinary pharmacy with banana flavoring for greater palatability to the animals. The drug application volume was adjusted to 50 μL, containing 10 μL of cotrimoxazole and 40 μL of ultrapure water (Merck KGaA, Darmstadt, Germany). Finally, the drug was administered orally through a cannula and syringe system.



All procedures were performed following the Health Guide for the Care and Use of Laboratory Animals from the Brazilian College of Animal Experimentation and were approved by the Institution’s Ethics Committee under protocol number 5560250219. All efforts were made to minimize animal suffering and reduce the number of animals used in the experiments.




2.2. Fecal Sampling and DNA Extraction


Fecal samples were collected individually from the mice at day 0 (before the food restriction protocol) and at day 21 (end of the food restriction protocol). Samples were collected from each mouse independently by performing a tail-lift and aseptically collecting the fecal content directly from the anus into sterile tubes. The fecal samples were immediately transferred to liquid nitrogen and subsequently stored at −80 °C until processing.



According to the manufacturer’s recommendation, DNA extraction was performed on weighted fecal samples using a FastDNA™ SPIN Kit (MP Biomedicals, Santa Ana, CA, USA).




2.3. 16S rRNA Gene Sequence and Analysis


The DNA extracts were quantified with a Qubit dsDNA BR Assay Kit (Invitrogen™, Thermo Fisher Scientific, Carlsbad, CA, USA) and amplified using primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′) for the V3–V4 hypervariable region of the 16S rRNA gene associated with a barcode sequence, as described by Yu et al. [19]. Polymerase chain reactions were performed with 15 μL Phusion® High-Fidelity PCR Master Mix (New England Biolabs, Ipswich, UK), 0.2 μM of forwarding primer, 0.2 μM of reverse primer, and 10 ng of template DNA. Amplification conditions consisted of an initial denaturation at 98 °C for 1 min, followed by 30 cycles of denaturation at 98 °C for 10 s, annealing at 50 °C for 10 s, and extension 72 °C for 60 s, with a final extension of 72 °C for 5 min. Amplification was confirmed through electrophoresis in agarose gel, resulting in amplicons with approximately 400–450 bp. Amplicons were purified with Qiagen Gel Extraction Kit (Qiagen, Hilden, Germany) and prepared using a TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, CA, USA) following the manufacturer’s instruction. Finally, the library was sequenced on an Illumina HiSeq 2500 (Illumina, San Diego, CA, USA), resulting in 250 bp paired-end reads. 16S rRNA gene sequence was performed by GenOne Biotech (Rio de Janeiro, Brazil).



According to sequence size and Phred score, paired-end 16S rRNA gene sequences of low quality were filtered with Trimmomatic v0.36 [20]. Nucleotides with a Phred score under 33 at the beginning and end of each sequence and sequences shorter than 200 nucleotides were considered low quality and removed. Barcode and primer sequences were also removed. Paired-end sequences were merged using DADA2 [21], available with the Quantitative Insights Into Microbial Ecology 2 (QIIME 2) software [22]. Chimera removal, singletons filtering, amplicon sequence variant generation (ASV), and rare ASV removal were also assessed using DADA2 pipeline. The taxonomy was assigned according to VSEARCH using the Greengenes v13.8 database [23,24]. PICRUSt2 was used to predict metagenomic functions based on the normalized ASV tables [25].




2.4. Statistical Analysis of 16S rRNA Sequencing Data


All statistical analyses for 16S rRNA sequence data were performed in R v4.1.0 [26]. An alpha diversity measure of bacterial richness (observed species and Chao1) and diversity (Shannon and Simpson) were analyzed using the phyloseq R package [27]. The Student’s t-test or ANOVA followed by Tukey post hoc test were applied for parametric data, and a Mann–Whitney U test or Kruskal–Wallis followed by Dunn’s test of multiple comparisons for non-parametric data were applied to test the statistical significance of alpha diversity. The Bray–Curtis distance metrics were used to access beta diversity through the phyloseq R package [27] and vegan R package [28]. Multivariate permutation analysis of variance (ADONIS) was conducted with 10,000 permutations [29] to access the beta diversity statistical significance. A Principal Coordinates Analysis (PCoA) of the Bray–Curtis distance was performed using the vegan R package [28]. Differences in bacterial taxa abundance between experimental groups were evaluated using the Analysis of Compositions of Microbiomes with Bias Correction (ANCOM-BC) R package [30]. The ANCOM-BC methodology models the observed abundance through an offset-based log-linear regression model with a Benjamini–Hochberg False Discovery Rate (FDR) correction. Prediction metagenomic functions were analyzed through LEfSe analysis under the following conditions: the α value for the factorial Kruskal–Wallis test and pairwise Wilcoxon test among classes was <0.05 and the threshold on the logarithmic LDA score for discriminative features was >2.0. Significant data from LEfSe analysis were submitted to FDR correction for adjusted p-value. Data with p FDR < 0.05 were considered to be significant.





3. Results


3.1. Changes in Body Weight and Daily Weight Gain in C57BL/6 Mice during Undernourishment Induction


C57BL/6 mice aged 3–4 weeks were randomly assigned to the CON or UND groups (Day –3). The mice from the CON group were offered food ad libitum. The undernourishment protocol consisted of a reduction of 40% of the daily food consumption for three weeks (from experimental day 0 to day 21) [18] (Figure 1A).



The undernourishment protocol resulted in a significant body-weight loss compared to same-age healthy C57BL/6 mice (Figure 1B). The lowest body weight was observed at the end of the food-restriction protocol with undernourished mice weighing 10.99 g (± 1.18) and control mice weighing 19.62 g (±1.28) (p < 0.0001). As expected, the daily weight gain in undernourished mice (0.088 g ± 0.080) was significantly lower compared to the daily weight gain in control mice (0.449 g ± 0.078) (p < 0.0001) during the establishment of the food-restriction protocol (Figure 1C). At experimental day 21, the end of food restriction, the undernourished mice had a significantly lower body mass index (BMI) (0.088 kg/m2 ± 0.009) compared to the control mice (0.129 kg/m2 ± 0.008) (p < 0.0001).




3.2. Effects of Undernourishment on the Microbiota Composition and Function


The gut microbiota was analyzed through 16S rRNA gene sequencing of fecal samples to study the effects of undernourishment on the microbiota composition and function. After data processing and quality checking, there were 2,879,810 reads with an average of 115,192 reads per sample. Sequences were clustered into ASVs, resulting in 11,126 ASVs with an average of 445 ASVs per sample. We analyzed the fecal microbiota composition between the CON and UND mice at the end of the food restriction period. Regarding the microbiota composition, 17 main phyla were found, of which Bacteroidetes, Firmicutes, and Proteobacteria were the most abundant (Figure 2A). Alpha diversity analysis showed no difference in community richness (Observed ASV and Chao1) and diversity indices (Shannon and Simpson) between CON and UND mice (Supplemental Figure S1). PCoA was performed using Bray–Curtis distances to illustrate the intra-group microbial community’s differences after the undernourishment protocol, revealing distinct findings (Figure 2B). The UND microbiota was significantly different in community composition when compared to the CON microbiota (ADONIS with 10,000 permutations, p = 0.005, p FDR = 0.005).



An ANCOM-BC analysis was used to compare the gut microbiota taxa that were significantly different between the CON and UND groups (Figure 2C). When comparing taxa at the genus level, UND mice presented an increase in Veillonella (p FDR < 0.05), unclassified genus from order RF39 (p FDR < 0.05), Klebsiella (p FDR < 0.05), Haemophilus (p FDR < 0.05), Enterococcus (p FDR < 0.05), and Anaerostipes (p FDR < 0.05). Additionally, UND mice showed a decrease in Faecalibacterium (p FDR < 0.05) and Anaerotruncus (p FDR < 0.05).



Metabolic pathways were accessed using PICRUSt2 to determine whether the observed taxonomic differences between groups played a role in their functions. LEfSe analysis compared metabolic changes in the gut microbiota in each group (Figure 2D). All displayed pathways presented an LDA score > 2.0. The UND group changes were mainly related to cellular growth. Pathways related to the biosynthesis of sugar nucleotides [O-antigen building blocks biosynthesis (0.066 ± 0.004 vs. 0.073 ± 0.005; p < 0.001; p FDR < 0.001), UDP-N-acetyl-D-glucosamine biosynthesis I (0.052 ± 0.006 vs. 0.062 ± 0.007; p < 0.001; p FDR < 0.001)], amino acids [L-lysine biosynthesis I (0.074 ± 0.006 vs. 0.083 ± 0.006; p < 0.001; p FDR < 0.001), L-arginine biosynthesis II (0.081 ± 0.009 vs. 0.092 ± 0.006; p < 0.001; p FDR < 0.001)], cell membrane lipids [phosphatidylglycerol biosynthesis I (0.0921 ± 0.003 vs. 0.099 ± 0.006; p < 0.001; p FDR < 0.001), and phosphatidylglycerol biosynthesis II (0.0921 ± 0.003 vs. 0.099 ± 0.006; p < 0.001; p FDR < 0.001)] were less present compared to the CON group. Moreover, with the compromising of growth-related metabolic pathways, UND presented increases in cell component degradation pathways, such as carbohydrates [pentose phosphate pathway (0.073 ± 0.008 vs. 0.062 ± 0.005; p < 0.001; p FDR < 0.001)], polysaccharides [mannan degradation (0.047 ± 0.007 vs. 0.038 ± 0.005; p < 0.001; p FDR < 0.001)], purine nucleotides [urate biosynthesis/inosine 5’-phosphate degradation (0.112 ± 0.005 vs. 0.101 ± 0.008; p < 0.001; p FDR < 0.001)], and cellular wall [chitin derivatives degradation (0.00011 ± 0.00022 vs. 0 ± 0; p < 0.001; p FDR < 0.001)]. There was also an increase in the vitamin biosynthesis-related pathways of preQ0 (0.067 ± 0.007 vs. 0.05 ± 0.006; p < 0.001; p FDR < 0.001), 6-hydroxymethyl-dihydropterin diphosphate III (0.097 ± 0.005 vs. 0.088 ± 0.007; p < 0.001; p FDR < 0.001), and 6-hydroxymethyl-dihydropterin diphosphate I (0.096 ± 0.005 vs. 0.087 ± 0.007; p < 0.001; p FDR < 0.001).




3.3. Effects of Cotrimoxazole (SXT) on the Gut Microbiome


We analyzed the fecal microbiota composition between the mice from the CON and SXT groups at the end of the antibiotic treatment to study the effect of the SXT treatment on the microbiota compositions and functions. Regarding the microbiota composition, the same 17 main phyla found in UND were present in SXT (Figure 3A). An alpha diversity analysis showed a significant difference in community richness (Observed, p = 0.032, p FDR = 0.03204; and Chao1, p = 0.033, p FDR = 0.0336) between CON and SXT mice (Figure 3B). In contrast, there was no difference in diversity indices (Shannon and Simpson) between the groups (Figure 3B). The PCoA was performed using Bray–Curtis distances to illustrate microbial community changes after the antibiotic treatment (Figure 3C). The SXT microbiota was significantly different regarding community composition following the antibiotic treatment compared to the CON microbiota (ADONIS, p = 0.021, p FDR = 0.0218).



ANCOM-BC analysis was used to compare the gut microbiota taxa that were significantly different between the CON and SXT groups (Figure 4A,B). We identified differences at a phylum level; SXT mice presented an increase in Cyanobacteria and a decrease in Acidobacteria (FDR < 0.05) (Figure 4A). We also observed differences at a genus level; SXT mice had an increase in Anaerostipes, Turicibacter and unclassified genera from order YS2 and order RF39 (FDR < 0.05) (Figure 4B). In addition to that, SXT mice showed a decrease in Lactococcus, Faecalibacterium, and Anaerotruncus genera (FDR < 0.05) (Figure 4B).



Figure 4C showed the LEfSe analysis comparing metabolic changes in the gut microbiota of CON and SXT mice. SXT increased pathways related to nucleotide synthesis [5-aminoimidazole ribonucleotide biosynthesis I (0.113 ± 0.003 vs. 0.1104 ± 0.003; p < 0.001; p FDR < 0.001); adenosine deoxyribonucleotides de novo biosynthesis II (0.09398 ± 0.002 vs. 0.093 79 ± 0.002; p < 0.001; p FDR < 0.001); guanosine deoxyribonucleotides de novo biosynthesis II (0.09398 ± 0.002 vs. 0.093 79 ± 0.002; p < 0.001; p FDR < 0.001); superpathway of GDP-mannose-derived O-antigen building blocks biosynthesis (0.072 ± 0.003 vs. 0.068 ± 0.003; p < 0.001; p FDR < 0.001); CMP-3-deoxy-D-manno-octulosonate biosynthesis I (0.0627 ± 0.003 vs. 0.0553 ± 0.005; p < 0.001; p FDR < 0.001)], vitamin synthesis [thiazole biosynthesis I (0.0501 ± 0.003 vs. 0.0457 ± 0.004; p < 0.001; p FDR < 0.001); superpathway of thiamin diphosphate biosynthesis I (0.0803 ± 0.003 vs. 0.0743 ± 0.004; p < 0.001; p FDR < 0.001)], lipid metabolism [fatty acid elongation (0.098 ± 0.001 vs. 0.095 ± 0.002; p < 0.001; p FDR < 0.001)], and alcohols [polyisoprenoid biosynthesis (0.083 ± 0.001 vs. 0.08 ± 0.001; p < 0.001; p FDR < 0.001)]. In contrast, SXT decreased the carbohydrate and amine degradation [sucrose degradation III (0.055 ± 0.006 vs. 0.0724 ± 0.012; p < 0.001; p FDR < 0.001); superpathway of N-acetylglucosamine, N-acetylmannosamine and N-acetylneuraminate degradation (0.0403 ± 0.003 vs. 0.0536 ± 0.008; p < 0.001; p FDR < 0.001)], fermentation of pyruvate or short-chain fatty acids [acetylene degradation (0.0244 ± 0.004 vs. 0.031 ± 0.004; p < 0.001; p FDR < 0.001)], and formation of cell wall [teichoic acid biosynthesis (0.006 ± 0.001 vs. 0.009 ± 0.001; p < 0.001; p FDR < 0.001)] compared to CON mice.




3.4. The Use of Cotrimoxazole during Undernourishment in Infant Mice Does Not Revert Undernutrition Effects on Microbiota but Results in a Distinct Profile of Dysbiosis


The undernutrition treated with a prophylactic course of cotrimoxazole did not alter alpha diversity compared to UND and CON (Supplemental Figure S1). However, the CON, UND, and UND + SXT microbiota profiles are significantly different in community composition compared to each other (ADONIS, p = 0.0001, p FDR = 0.00019) (Figure 5A) (Supplemental Table S1).



A heatmap representation of the ANCOM-BC analysis showed that UND had a significant increase in most of the microbiome composition when compared to the CON and UND + SXT mice (Figure 5B) (Supplemental Table S1). We observed an increase in Haemophilus, unclassified Clostridiales, Klebsiella, unclassified Enterobacteriaceae, Sutterella, unclassified Desulfovibrionaceae, Adlercreutzia, and unclassified Clostridiaceae. Whereas UND+SXT presented significant increase of Anaerotruncus genus and the decrease of Sutterella, Parabacteroides, Lactococcus, Haemophilus, Candidatus Arthromitus, Streptococcus, Veillonella, Odoribacter, Anaerostipes, Adlercreutzia and Clostridium genus (Supplemental Table S1).



The LEfSe analysis comparing the metabolic changes in the gut microbiota of the control mice, undernourished mice, and double-treatment mice are presented in Figure 5C. The microbiota of UND + SXT mice presented a reduction in pathways related to energy production from organic substrates [methylaspartate cycle (0.00001 ± 0.00001 vs. 0.00006 ± 0.00006 vs. 0.00009 ± 0.00005 for UND + SXT, UND, and CON, respectively; p < 0.001; p FDR < 0.001)] and inorganic nutrient metabolism [superpathway of sulfur oxidation (0.02 ± 0.002 vs. 0.034 ± 0.012 vs. 0.027 ± 0.0064 for UND + SXT, UND, and CON, respectively; p < 0.001; p FDR < 0.001)] when compared to the CON and UND mice. The UND + SXT microbiota also presented an increase in pathways related to sugar nucleotide biosynthesis [dTDP-N-acetylthomosamine biosynthesis (0.071 ± 0.008 vs. 0.052 ± 0.011 vs. 0.065 ± 0.017 for UND + SXT, UND, and CON, respectively; p < 0.001; p FDR < 0.001)] and short-chain fatty acids fermentation [pyruvate fermentation to acetate and lactate II (0.332 ± 0.005 vs. 0.329 ± 0.012 vs. 0.325 ± 0.009 for UND + SXT, UND, and CON, respectively; p < 0.001; p FDR < 0.001)]. Moreover, UND microbiota presented an increase in the generation of precursor metabolites and energy pathways [pentose phosphate pathway (0.155 ± 0.024 vs. 0.187 ± 0.027 vs. 0.152 ± 0.018 for UND + SXT, UND, and CON, respectively; p < 0.001; p FDR < 0.001)]. Furthermore, CON microbiota presented an increase in pathways related to amino acid biosynthesis [L-lysine biosynthesis I (0.196 ± 0.009 vs. 0.189 ± 0.011 vs. 0.202 ± 0.012 for UND + SXT, UND, and CON, respectively; p < 0.001; p FDR < 0.001) and L-arginine biosynthesis II (0.225 ± 0.014 vs. 0.207 ± 0.017 vs. 0.227 ± 0.013 for UND + SXT, UND, and CON, respectively; p < 0.001; p FDR < 0.001)].





4. Discussion


In the present study, we characterized the gut microbiota profiles of undernourished (UND), cotrimoxazole-treated (SXT), and undernourished cotrimoxazole-treated (UND + SXT) C57BL/6 mice after three weeks of protein–energy undernourishment and compared them to healthy control mice (CON). Our experimental protocol was carried out in animals just after weaning, intended to resemble undernutrition in children. Moreover, the main objective of our study was to establish the effects of SXT on the microbiota of undernourished mice, a wide-spectrum antibiotic therapy recommended by the WHO and routinely used in undernourished children.



First, our results show that C57BL/6 mice who underwent three weeks of protein–energy undernourishment presented no significant differences in fecal microbiota richness compared to healthy controls. However, they did present a significant change in beta diversity analysis, findings which were also observed by Dinh et al. [31]. We did not observe major phylum-level alterations in UND mice compared to CON mice. We reported an increase in Veillonella, Klebsiella, Haemophilus, Enterococcus, and Anaerostipes, all consisting of anaerobic or facultative anaerobic genera. These findings support clinical studies where the infants’ malnutrition was associated with reducing anaerobic bacteria [32,33,34]. The Veillonella genus was previously related to the nutrition status deterioration of Indian children [35]. Monira et al. found that the Klebsiella genus was 174-fold higher in malnourished children from Bangladesh [34]. Regarding the reduced genus Faecalibacterium, our data lines up with Subramanian et al.’s study [4], which found this genus depleted in children with severe acute malnutrition from Bangladesh, and Monira et al.’s [34] study, which correlated the presence of this genus with a better nutrition status in children. We also predicted differences in metabolic pathways based on microbiota composition. In UND mice, the pathways involved in the biosynthesis and/or the degradation of carbohydrates, polysaccharides, purine nucleotides, and the cellular wall were increased. Although not yet fully elucidated, evidence indicates that gut bacteria directly affect host urate degradation [36]. Our model predicted an increase in the purine nucleotides degradation pathway, which leads to the urate biosynthesis, suggesting a possible onset of hyperuricemia and probably leading to metabolic dysfunctions later in life. Moreover, UND mice increased the pentose phosphate pathway, a metabolic pathway involved in glucose oxidation. The pentose phosphate pathway is increased in the gut microbiome after depleting body glycogen stores during periods of insufficient carbohydrate consumption [37], which is compatible with carbohydrate consumption limitation during food-restriction ingestion. Our results should be considered an exploratory analysis to guide future investigations once we conducted a LEfSe analysis, a methodology that uses effect size to filter significant events rather than FDR correction [38].



Despite the efforts to achieve better clinical outcomes, 10 to 15% of undernourished children cannot recover even after controlled treatment [39]. Several studies have reported a higher prevalence of clinically significant infections among children who have been hospitalized for severe malnutrition [40,41]. However, diagnosing severe infection is difficult during undernutrition, since affected children might not present clinical signs of infection [40], hence the WHO’s recommendation for the SXT prophylactic treatment along with the ready-to-use therapeutic food (RUTF). Adding to the debate regarding the WHO’s guidelines, we first characterized the antibiotic-driven disruption of this wide-spectrum antibiotic in healthy infant mice. The SXT mice had a significant loss in community richness (Observed and Chao1) but no changes in diversity indices (Shannon and Simpson). In the case of HIV-exposed infants, SXT therapy did not change the microbiome taxonomic composition or functional metabolic pathways [42,43]. Other studies with HIV and hematological patients found no significant difference in α-diversity in the gut microbiome after SXT prophylaxis [43,44]. Nonetheless, according to beta diversity analysis, SXT treatment resulted in a microbiota community profile distinct from healthy control animals, with four bacterial genera enhanced and three genera reduced. Our data suggest that SXT treatment led to the reduction of Faecalibacterium, a genus with major involvement in amino acids [45] and SCFA [46] metabolism, maintenance of regulatory T cells immune response [47], and intestinal epithelial barrier integrity [48]. The SXT treatment also led to the reduction of Lactococcus, an abundant member of the family Streptococcaceae, usually associated with a beneficial impact on its host because of its ability to produce bacteriocins and organic acids [49]. Additionally, we observed a decrease in Anaerotruncus, a genus that consists of butyrate-producing bacteria, after SXT treatment [50]. However, the increase in Anaerostipes, a lactate-utilizing, butyrate-producing bacteria, might compensate for the reduction of other SCFA routes in the SXT mice [51]. Together, our results suggest that SXT prophylaxis favors a gut microenvironment with fewer taxa responsible for SCFA production and immune system stimulation in addition to impairing the colonization of opportunistic pathogens.



The superpathway of GDP-mannose-derived O-antigen building blocks biosynthesis was elevated in the microbiome of SXT mice. The O-antigen is part of the bacteria’s outer lipopolysaccharide membrane [52]. Another molecule that constitutes the LPS is Lipid A [52]. The super pathway of (Kdo)2-lipid A biosynthesis was elevated in SXT mice, supporting the idea of a Gram-negative bacteria increase in STX-treated mice. LPS produced by healthy gut microbiota has an important role in the immunotolerance of the microbial community and was reduced in SXT mice [53].



Although gut microbiota modifications related to cotrimoxazole therapy are available in the literature, its effects in the undernourished gut microbiota and metabolic functions are still lacking. To elucidate the impact of SXT in the gut of undernourished mice, we compared undernourished mice treated with a prophylactic course of this antibiotic to healthy control mice. The microbiome taxonomic composition comparing the healthy control, UND, and UND + SXT mice demonstrated that the introduction of an SXT prophylactic course to undernourished mice did not fully recover the microbiota composition to a healthier profile. Compared to healthy controls, the reduction of the amino acid’s biosynthesis pathway in both UND and UND + SXT animals probably reflects the lack of food intake, which impacts cell growth. However, this lack of amino-acid synthesis could influence host physiology, as up to 20% of circulating plasma lysine, body protein lysine, and urinary lysine are derived from microbial sources [54]. In addition to being a precursor for protein biosynthesis [55], lysine regulates other amino acid synthesis pathways, such as arginine [56], which was also downregulated. Both lysine and arginine have been found to be reduced in stunted children [57].



Our study is the first to evaluate the effects of SXT prophylaxis on the undernourished gut microbiota of young animals. Nonetheless, it was not exempt from limitations, including experimental confirmation of functional predictions, evaluation of changes in the synthesis of specific gut bacteria-derived metabolites, and longer time of evaluation; these could inform the duration of the dysbiosis observed in each protocol and are points that should be addressed in future research projects.




5. Conclusions


Altogether, our results present the impact of the prophylactic cotrimoxazole treatment on gut microbiota and the associated metabolic functional prediction in a murine model of childhood undernutrition. The controversial treatment alters gut microbiota differently from undernutrition or SXT alone, creating a third dysbiotic profile that alters the metabolic pathways related to amino acid synthesis and energy production. Additional studies are necessary to determine if the functionl predictions presented here affect enterocyte metabolism, intestine permeability, or taxonomic changes related to the host immune system.
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Figure 1. Changes in body weight during undernourishment induction through food restriction. (A) Experimental design, C57BL/6 mice with 3-4 weeks old were submitted to 40% food restriction for 21 experimental days (exp. day 21). (B) Body weight (g) changes in male C57BL/6 mice during the experimental protocol. (C) Daily weight gain (g) for the 3 weeks food restriction period. (D) BMI at the 21st experimental day. n = 5 animals per group. Each dot or triangle corresponds to a single mouse. Experiments were repeated at least three times. Data for one typical experiment are shown. Statistical significances were assessed by Mann-Whitney U test. Data expressed as mean ± SD. **** p < 0.0001. 
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Figure 2. The gut microbiota composition and inferred functional content of gut microbiota between of control (CON) and undernourished (UND) C57BL/6 mice. (A) Relative abundance at the phylum level for groups of CON (n = 6) and UND (n = 7) C57BL/6 mice; (B) Principal coordinate analysis (PCoA) of Bray–Curtis distances among groups of CON (n = 6) and UND (n = 7) C57BL/6 mice. Each point corresponds to a community from a single mouse. Colors indicate group identity. Ellipses show the 95% confidence intervals. Intra-group differences were evaluated using ADONIS test (p < 0.05); (C) ANCOM-BC log fold change showing differentially abundant taxonomic clades in the gut microbiota of UND (n = 7) versus CON (n = 6) C57BL/6 mice; (D) LEfSe LDA scores showing significant pathway differences between CON (n = 6) and UND (n = 7) C57BL/6 mice of PICRUSt predicted the relative MetaCyc pathways abundances. Significant differences between groups were corrected with Benjamini–Hochberg False Discovery Rate p FDR < 0.05. 
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Figure 3. The gut microbiota composition of gut microbiota between of control (CON) and cotrimoxazole (SXT) C57BL/6 mice. (A) Relative abundance at the phylum level for groups of CON (n = 6) and SXT (n = 6) C57BL/6 mice; (B) richness (Observed and Chao1) and diversity (Shannon and Simpson) indexes for groups of CON (n = 6) and SXT (n = 6) C57BL/6 mice; (C) PCoA of Bray-Curtis distances among groups of CON (n = 6) and SXT (n = 6) C57BL/6 mice. Each point corresponds to a community from a single mouse. Colors indicate group identity. Ellipses show the 95% confidence intervals. Intra-group differences were evaluated using ADONIS test (p < 0.05). 
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Figure 4. The gut microbiota composition and inferred functional content of gut microbiota between control (CON) and cotrimoxazole (SXT) C57BL/6 mice. (A) ANCOM-BC log fold change showing differentially abundant taxonomic phylum in the gut microbiota of SXT (n = 6) versus CON (n = 6) C57BL/6 mice; (B) ANCOM-BC log fold change showing differentially abundant taxonomic genus in the gut microbiota of SXT (n = 6) versus CON (n = 6) C57BL/6 mice; (C) LEfSe LDA scores showing significant pathway differences between CON (n = 6) and SXT (n = 6) C57BL/6 mice of PICRUSt predicted the relative MetaCyc pathways abundances. Significant differences between groups were corrected with Benjamini–Hochberg False Discovery Rate p FDR < 0.05. 
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Figure 5. The gut microbiota composition and inferred functional content of gut microbiota between of control (CON), undernourished (UND), and cotrimoxazole-treated undernourished (UND-SXT) C57BL/6 mice. (A) PCoA of Bray–Curtis distances among groups of CON (n = 6), UND (n = 7), and SXT (n = 6) C57BL/6 mice. Each point corresponds to a community from a single mouse. Colors indicate group identity. Ellipses show the 95% confidence intervals. Intra-group differences were evaluated using ADONIS test (p < 0.05); (B) heatmap representation of ANCOM-BC analysis showing abundance for the 20 most differently significant genus (p < 0.0001) in the gut microbiota of CON (n = 6), UND (n = 7), and SXT (n = 6) C57BL/6 mice; (C) LEfSe LDA scores showing significant pathway differences between CON (n = 6), UND (n = 7), and UND + SXT (n = 6) C57BL/6 mice of PICRUSt predicted the relative MetaCyc pathways abundances. Significant differences between groups were tested with Kruskal–Wallis test (p < 0.05). 
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